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1. Intfroduction

Metal oxides (MOXs) are excellent materials for a number of sensing applications
[1,2]. Their bulk properties correspond to a wide bandgap semiconductor spontaneously
doped in nature by the presence of intrinsic point defects related to oxygen atoms [3]. Their
surface properties are determined by the existence of surface trap states, acting as electron
acceptor or donor centers [4], which are strongly influenced by chemisorbed molecules, and
play a central role in the electron transport properties [5]. These physical and chemical
properties (together with their low cost) make MOXs particularly suitable for ultraviolet
light detection and chemical gas sensing [2]. Among these materials, zinc oxide (ZnO) [6]

and tin dioxide (SnOz2) [7] have attracted great attention in both fields of sensor technology.

Today, the availability of MOX nanowires [8,9] and the possibility to apply them in
functional sensing devices [10,11] opens the door to a deeper comprehension of the chemical
and light interactions behind their sensing response. This Dissertation is completely
devoted to the theoretical modeling and experimental assessment of these processes with
individual nanowires. The election of SnO2 and ZnO nanowires was motivated by their

attractive features from the materials science and device development points of view.
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Motivations from the materials science point of view.

Materials science is playing a central role in the development of novel and better
sensor devices with superior performances. In many cases, these improvements are not
based on a trial-and-error approach. Indeed, major advancements are driven by a deeper
comprehension of the mechanisms and processes that provide to the materials their
functionality [12]. Theoretical modeling of the material’s properties is the driving force

behind this knowledge-guided approach.

There exists an enormous theoretical background to explain most of the material’s
properties. From the solid-state and semiconductor physics [13] to the atomistic quantum
chemistry [14], every theory makes a number of assumptions regarding the structural and
morphological ordering of the materials that must be bear in mind when comparing
simulations with experiments. In order words, the experimental validation of the theoretical

predictions requires a certain control of the structural properties of the specimens.

The recent progress in the synthesis of a great variety of one-dimensional
nanomaterials [15,16] and the development of nanomanipulation and nanocharacterization
techniques [16,17] make possible fundamental studies with nanowires not even conceivable
few years ago. Besides the new phenomena related to the nanoscale [18], the structural
properties of the nanowires are also attractive (Figure 1.1). On the one hand, nanowires are
single crystalline materials [8,9,15,16]. This essentially is one of the major approximations
assumed in solid-state and semiconductor physics (periodic boundary condition or the
Block’s Theorem [13]). On the other hand, the nanowires are enclosed by well-defined
surfaces ordered at atomic level [8,9]. As described in Chapter 3, this is the key assumption

in the state-of-the-art atomistic models that describe gas-surface interactions.

ZnO NW

Figure 1.1. High Resolution Transmission Electron Microscopy (HRTEM)
analysis of one of the MOX nanowires used in this work. Crystalline and
defect-free ZnO grow along the [0001] direction. Surface roughness is less
than 2 monolayers. Images courtesy of Dr. J. Arbiol.
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For all these reasons, the opportunity to study only one of these MOX nanowires
opens the door to experimental scenarios which are closer than ever to the theoretical
models. To take advantage of this opportunity was one of the most compelling reasons that

motivated the present work.

Motivation from the sensor devices point of view.

Current trends in sensors technology are pursuing to integrate both the control
electronics and the sensing materials in microelectronic systems [19]. This exciting goal
implies reducing the amount of sensing material as much as possible with the only
limitation of the electrical access. In the last years, the possibility to control, manipulate
and contact individual nanowires of MOXs opened the door to study nanosensors

[10,16,17,20] which are close to the ultimate integration limits.

To date, the use of polycrystalline and particulate MOXs has been the best option to
implement low-cost sensing devices [2,21]. However, the random nature of the network of
crystallites and the key role played by the grain boundary effects [3] obscure the study of the
transduction mechanism behind their response to external stimuli. Recent findings
demonstrated that, in the appropriate conditions, the conduction along individual nanowires is a
relatively straightforward situation that makes possible to gain deeper insight into the

connection between transport properties and sensing interactions [10] (see Figure 1.2).

In applications where the transduction is a surface mediated process (such as
chemical gas sensing), the use of nanomaterials improves the sensor response due to the
dramatic increase of the surface-to-volume ratio in these materials [22]. But, what is more
important, the well-defined and stable surfaces of the nanowires also improve the stability
and reversibility of the sensing processes [11,22]. Moreover, the use of individual nanowires
also provides and optimum scenario from the dynamic response point of view: chemicals
and other analytes do not need to diffuse across tortuous porous networks and can easily
reach the nanowire’s surface [23]. In applications where the sensing interactions occur in
the bulk (such as light detection), the use of single crystalline nanowires enhances the

efficiency of the photon-electron interactions [24].

Despite there are still many technological challenges that hamper their application
in real life [20], the study of these devices is contributing to preview and envisage the
outstanding properties that can be exploited in the next future. The exploration of these

prospects has also encouraged this work.
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Figure 1.2. Schematic representation of conductometric chemical gas sensors
based on MOX nanoparticles and nanowires. (a) In the case of a layer of
nanoparticles, the electrons must flow across a random network of crystallites
of arbitrary sizes and shapes. From the electron energy point of view, the
electrons must overcome a number of potential barriers [both metal-
semiconductor barriers at the contacts (eVc) and intergrain boundary barriers
(eVB)]. The influence of the gas on these barriers determines the response of
the sensors. From the electrical point of view, this is equivalent to an
arbitrary network of resistors corresponding to the metal-semiconductor
contacts (Rc), the grain boundary interfaces (Rg) and the MOX grains (Rg).
From the dynamic point of view, molecules must diffuse across the inter-grain
pores and this process partially determines the response and recovery times.
(b) In the case of bundles of nanowires, the situation is essentially the same.
(c) Instead, in the case of individual nanowires in 4-probe configuration, the
conductometric response is only determined by the changes in the conduction
channel along the nanowire (Rxw). In this measurement configuration, the
parasitic contributions arising from the metal-semiconductor interface are
eliminated. Micrograph courtesy of R. Jiménez-Diaz.

To conclude this introduction, I believe that the words of a wiser man may
summarize better the spirit of this work. On December 29th of 1959, Richard P. Feynman,
later awarded with the Nobel Price in Physics, gave his famous lecture “There’s Plenty of
Room at the Bottom” at an American Physical Society meeting at Caltech. According to his
own words, “The problems of chemistry and biology can be greatly helped if our ability to see
what we are doing, and to do things on an atomic level, is ultimately developed — a
development which I think can not be avoided”. I am conscious that we are still far away
from this magnificent vision and I only dare to say that this work may humbly contribute to

its accomplishment.
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1.1 Dissertation Outline

The objectives that steered the course of this Ph.D work are summarized in the

next chapter (Chapter 2: Objectives).

The most relevant aspects of the methodologies used by the author during his
Ph.D work are presented in the third chapter (Chapter 3: Methodology). This includes
detailed information about the atomistic calculations performed, about the utilization of
MOX nanoparticles and nanowires in sensor devices and about the electronic platform
developed to interface with the here—studied devices. All this information is presented as it

was published in 2 book chapters and 1 scientific paper.

The results of this work and their discussion (Chapter 4: Results and Discussion)
are organized in 3 units, which correspond to the different areas developed by the author
during his Ph.D work. Units are organized in a way that they include a short introduction
to the particular topic, followed by the main results obtained (presented as they were
published in scientific peer-reviewed journals) and finally, the most significant conclusions

of every unit are summarized. This third chapter is organized as follows:

Unit 1: Gas Molecules — MOX interaction. This unit is devoted to the study of the
chemical processes that take place at the surface of MOX nanowires. Firstly,
ab initio atomistic calculations were applied to determine which surface
terminations are realistic at the typical working temperatures of the
sensors. Subsequently, the same theoretical framework was used to analyze
their interaction with some relevant target gases (mainly NO and NOz3) yet
unexplored from the atomistic point of view. These theoretical conclusions
were experimentally validated with individual nanowires. As a result of
these findings, other theoretical approaches, which are alternative to the
conventional surface-centered description of the gas—MOX interaction, were
proposed. Moreover, a novel strategy to operate these sensors that
represents an important reduction in the power consumption of these
devices was developed. The results of this unit were published in 6 scientific

papers.

Unit 2: Light — MOX interaction. In this unit, the photoresponse of MOX nanowires
is described and modeled on the basis of the principles ruling the transport

properties in semiconductors. The insight obtained in the previous unit into

Ph.D Dissertation m
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the surface properties of these materials was used to explain the long-term

photoconductive states that limit the performance of MOX nanowires as
light detectors. These findings, which are supported experimentally, were

reported in 2 scientific papers.

Unit 3: Simultaneous Gas — Light — MOX interaction. The results obtained in the
two previous units were used to propose, model, implement and validate an
alternative approach to operate these chemical sensors based on the
photoactivation of the surface chemical interactions. In addition to this, the
influence of the atomic arrangement at the surface of MOXs on their
luminescence was shown to be a good experimental method to probe the
surface atomistic ordering. The results of this unit were published in 5

scientific papers.

In the last chapter (Chapter 5: Conclusions), the most significant conclusions of

this Ph.D Dissertation are summarized.

At the end of this manuscript two appendices contain the CV of the author
(Appendix A: Scientific Curriculum) and a mandatory summary in an official language of
the Universitat de Barcelona (Appendix B: Resum en catala).

The author sincerely hopes that this structure, which is relatively new in the
Department of Electronics of the Universitat de Barcelona, will facilitate the

comprehension of the here—presented results.
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2. Objectives

The main objectives of this Ph.D Dissertation can be summarized as follows:

1.

2.

3.

To understand and model the operation mechanisms of conductometric sensors based
on individual metal oxide nanowires. This includes the applications in the field

of chemical gas sensors and in the field of light detectors.

To take advantage of the well-kown characteristics of the nanowires, such as the
large surface-to-volume ratio, the high crystalline quality, or the surface
stability, in order to have access to well-defined experimental situations close

to the theoretical models.

To assess to what extent the above-mentioned characteristics the nanowires are
advantageous in gas and light sensing applications. Also, to identify other

properties of the nanowires that can be beneficial in the fields treated here.

To explore, on the basis of the previous results, alternative approaches to operate the
sensors based on individual nanowires and to evaluate their performances for

future applications.
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3. Methodology

In a Ph.D Dissertation based on a compendium of papers, the inclusion of a chapter
devoted to the methodological details of the techniques used during the development of the
Ph.D work is not mandatory. For the reasons detailed below, the author has considered
convenient to include information concerning selected theoretical and experimental
methods. As usual, details of the rest of techniques are given in the experimental section of

each paper.

In first place, the fact that this Ph.D work served to start with ab initio atomistic
calculations in the Department of Electronics motivated the author to describe, in detail,
the theoretical and procedural aspects of the formalism used: the Density Functional
Theory. These details are presented in the form of a book chapter (Paper I). The author
thanks Prof. P. Ugliengo for his exciting invitation to write this chapter and hopes that its

contents will be especially useful for the future activities of the group in this field.

In second place, the experimental activities developed in this Ph.D work took
advantage of the know-how and the long experience of the group in the synthesis,

characterization, manipulation and fabrication of nanomaterials and nanodevices. The




—

details of this expertise are summarized in a review book chapter of the activities of the

group (Paper 2). The author of the present Dissertation is thankful to Prof. J.R. Morante,
Prof. A. Romano-Rodriguez and the rest of the co-authors for sharing their expertise and

encouraging him to contribute to this chapter.

In third place, besides the scientific results presented in this Ph.D Dissertation
which are detailed in the Chapter 4, the author would like to present his contribution to the
technological and methodological background of the group. This is an electronic platform to
interface with the nanowires and monitor their conduction properties which has been
extensively used during the development of the experimental activities of this work. The
details about the platform are presented in a scientific paper (Paper #) which shall not be
considered for the evaluation of the author’s work (since it was evaluated in the Ph.D
Dissertation of another co-author). The author is thankful to Dr. F. Herndndez-Ramirez for

his kind invitation to participate in this work.
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1. INTRODUCTION: HOW SENSING
NANOMATERIALS MEET TERAFLOPS

1.1. What is a Chemical Gas Sensor?

During the last 50 years, many laboratories have dedicated
great efforts to the development of Chemical Gas Sensors. These
devices necessary for safety in home and industrial applications,
for combustion control, and for environmental monitoring.

Metal oxide chemical sensors, that exhibit a variation of
resistance under gas exposure, seem to fulfill the requirements of the
different applications, being low-cost enough to reach mass imple-
mentation in domestic, industrial and automotive applications.
Because of its lower price in front of the other devices, they are
currently the most widely used gas sensors for gas identification.

In the 1950’s, Brattain and Barden showed [1] that the gas
adsorption at Ge surface lead to a variation of the resistance. Since
then, the first structure built to be used as gas sensor is attributed
to Seiyama et al. [2] who developed a metal oxide chemical
sensor based on ZnO. Few time later, Taguchi patented the first
semiconductor gas sensor [3]. The first chemical sensor based
on SnO, was developed in 1970 by Taguchi [4] and was commer-
cialized by Figaro. Since then SnO, has also become the most
studied material for chemical gas sensors. During the 80’s TiO,
was investigated as sensing material for exhaust applications and,
today, it is widely used as oxygen sensor in vehicles. In fact many
metal oxides exhibit a variation of their electrical resistance
when exposed to gases [5, 6, 7].

A general sketch of the interaction of the gas with the sensing
material from the solid-state point of view is depicted in Figure 1.
In fact, chemisorption and reduction with oxygen vacancies
mostly dominate the sensing mechanisms in metal oxide chemical
sensors. To understand this behavior, answering a variety of
related questions is required:

+ Ahout the canture of one
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1sing material
surface, how are they fixed and which are the involved
physic and chemistry.

e Concerning the kinetics of the surface reactions, at which
rate the molecules adsorb/desorb onto/from of surface, and
which are the rates of the surface reactions.

¢ Regarding the conductance level, how the presence of gas
influences the conduction mechanisms of the electrons
through the sensing material.

¢ At electronic level, which are the consequences of such
reactions, and how redistributes the electron bands.

Many authors have partially contributed to answer these questions
[6, 8-12] and we summarize an small part of this knowledge in
the next section.

1.2. Sensing Phenomena: A Fast Overview

It is accepted [8] that oxidizing molecules (O,, NO, and CO,)
create acceptor levels because they capture electrons at the
surface from the bulk, while reducing molecules (H,, CO, CH,)
introduce donor levels because they give electrons to the metal
oxide through the creation of an oxygen vacancy. Consequently
the surface charge per area unit Q trapped during the chemisorption
can be expressed as

Q= eU:DD(e)f(EF ~E)dE —J.:ODA EIE- EF)dE} D

surface

bulk <—

Epo, (eV)

Zn0 3 (D) Prysisarption: §04 gos — £02,phys
(@) chemisarption 50, g0, —= 703 chem
‘ (3) Annecling of surfoce defects Vy, + 0z gas — 0.5

a L]
(@ Annecling of butk defects Vo + 5 0p gos == 0,

l (5) Interstitial surface oxygen: 50, gog—> 0,4

(8) Interstifiol bulk o:yﬂn:i-oa gas— O

Figure 1. Characteristic solid-gas (O,) interaction steps by the dependence
of the potential energy on distance from the surface with several relative
minima. Evaluated surfaces are (110) for TiO, and (10-10) for ZnO.
Reprinted with permission from [8], W. Gopel et al., Phys. Rev. B 28,
3427 (1983). ©1983, American Physical Society.

with Dp(E) and D,(E) the donor and acceptor surface states
densities per area unit. This scheme is shown in Figure 2.
When the molecule is chemisorbed as (X2)®~ the band bends

a value AV . This bending can be evaluated by using a Kelvin
.

probe that measures the changes in the work function A¢. The

variations in the work function can be related with changes in

Schottky barrier as,
A = —eAV, + Ay + A(Ec —Ep), @)

although the variations in the bulk Fermi level position can be
neglected if bulk diffusion of atoms or ions also can be [9]. In
this point, although Romppainen et al. [10] have considered the
possibility of mobile oxygen vacancies when the temperature is
high enough, in the work [11] it is shown experimentally how
the oxygen vacancies distributions seems to be frozen at normal
working temperatures (<300°C), at least for SnO,,.

In the case of variations due to changes in the electron affinity,
its origin consists in an induced dipole moment attributed to the
adsorption complexes:

a e.E& A
ﬂd:“%ad 3)
S

This term was first introduced by Gopel et al. in equation (2) to
explain the differences between the changes in the work function
and the Schottky barrier.

The bending of the bands evaluated as Schottky barrier can be
related with changes in resistivity with
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Figure 2. Schematic representation of chemisorption and charge transfer
at a semiconductor surface in the surface electron band scheme. The gas
phase molecule X& forms the precursor physisorption state. Similar
graph appears in many works such as [13].

Besides, the equation (2) allows relating the chemisorption
phenomena (figure 2) with the evolution of the electron bands
and gives a useful expression to evaluate this effect both by
experimental and theoretical approaches. This effort is absolutely
necessary since one of the main drawbacks of this kind of sensors
is the selectivity and stability, which make them not usable for
many precise or harsh applications. As a part of surface science,
this basic knowledge is still under development.

1.3. Present Trends in Sensing Materials and
Devices: How Supercomputing Can Assist

Sensing phenomena take place at the surface, as previously shown
(see Figs. 1 and 2). Actually, as the band bending is a weak
phenomenon, much surface is required to transduce the chemical
signal into an electrical one. In the recent years, a wide variety of
technological routes to produce nanometric sensing materials
were exploited and applied to gas sensors. Most of them gave
valuable results, and the sensitivity of the devices was dramatically
increased [12]. However, basic understanding of gas/surface
interaction was still not mature. Despite the use of very sensitive
devices, a simple cross exposure with different gases could be
difficult to overcome [13]. This problem was mainly associated
to the use of spherical nanoparticles.

Since a few years ago, the present trends have significantly
changed with the use of new 1D and 2D nanostructures (nanowires,
nanobelts, nanoribbons) [14]. Many laboratories can produce
nanobelts or nanowires of sensing materials (see an example in
Fig. 3) and also many of them dispose of facilities for the fabri-
cation of nanodevices such as Focused Ion Beam equipments (an
example is shown in Fig. 4 from [15]).

Kolmakov et al. [16] have recently reviewed the use of low
dimensional structures for chemical gas sensing and catalysis.
Among other outstanding properties suggested by system with low

ZnO NW
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Figure 3. a) SEM micrograph of ZnO nanowires grown in a CVD furnace.
With the standard Vapor-Liquid-Solid method using gold as a catalyst,
well formed nanowires are obtained: longer than 10 im and thinner than
100 nm. b) TEM micrographs of the same samples. Notice the crystalline
quality of the nanowire and the well terminated surface (High Resolution
TEM inset). TEM images courtesy of Dr. J. Arbiol.

dimensionality, these authors indicate that low dimensional sensing
materials usually are better defined stoichiometrically and have
a higher level of crystallinity than the multigranular (spherical)
materials currently used in sensors, potentially reducing the insta-
bility associated with percolation or hopping conduction.

This point is crucial for the use of computational techniques.
Since today, facilities for the computation of spherical nanocrystals
including at least thousands of atoms were not available. However,
for the computation of a nanobelt it is possible to simulate a
surface, and the straightforward use of symmetries reduces the
problem dramatically.

In this context, the use of Density Functional Theory (DFT)
becomes a good choice for a plurality of facts:

¢ Itis an Ab Initio technique, and no previous experimental
results are required.

¢ Itisavery well established theory (Nobel Prize!) [17, 18].

¢ DFT allows to take advantage of translational symmetry in
crystals (by the applications of the Bloch’s Theorem), but it
is also possible to describe systems with truncated symmetry
(like surfaces) or non-symmetric systems (like molecules).

¢ Since its development, DFT has been widely used by
chemists for the understanding of molecules and some of
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Figure 4. SnO, nanowire contacted using FIB nanolithography.
Dimensions: L = 11 um (length) and D = 55 + 5 nm (diameter). Notice
the 4 Pt—electron beam contacts fabricated in the proximity of the
nanowires for 4-probe measurements. Reprinted with permission from
[20], E Hernandez-Ramirez et al., Nanotechnology 16, 5577 (2006).
©2006, IOP - Institute of Physics.

them focused on catalysis. Some of the topics and methods
of catalysis can be readily interpreted and applied in
chemical sensing.

e The obtained results can be linked with experimental
results, as we tray to expose in this chapter.

As summary, the opportunity for the application of DFT to
chemical gas sensors is recently open and we will try to introduce
it. For this, besides this first introductory section, we have
structured the present chapter in two more sections. In Section 2,
an overview of the DFT procedures applied to chemical sensors
is presented, including how to compute surface, bulk and nanopar-
ticles stability (even when reducing/oxidizing atmospheres are
present) as well as the basics of chemisorption computation and
ab initio thermodynamics. Finally, Section 3 is fully devoted to
review the reported work on: SnO.. ZnO and TiO,. three of the

FEVICW NC Ieporiea Work onl snll,, Znt) anc 110, thiree of e

most important materials for gas sensing applications.

2. DFT PROCEDURES TO CALCULATE
AND MODEL THE PHYSICS AND
THE CHEMISTRY OF THE
SENSING MATERIALS

2.1. Surface and Bulk Models

As previously remarked, transduction in chemical sensors is
essentially a surface phenomena. From the point of view of the
sensing materials we could be interested in determining which
are the surface orientations that minimize the surface energy to
be able to predict the most energetically favorable shape or the
most relevant orientation to focus further studies. Latter, we
could be interested in understanding the interaction between

surfaces and sensing materials. In all this cases, in order to obtain
meaningful (and converged!) results, it is crucial the election of
appropriate models to describe the properties in which we are
interested. So that, in this section we will center on the different
ways a surface can be described. In addition to this, since a bulk
analysis is always the preliminary step for a surface study we will
give some general ideas on crystal models.

The number of atoms involved in real systems (a solid, a sur-
face or a particle) is virtually “infinite”; so that, the use of models
to reproduce the properties of interest with a limited number of
atoms 1s unavoidable. Usually, two approaches are used to ideal-
ize the physical reality: the exploit of the periodic symmetry or
the use of a finite embedded model. The periodic approach is ideal
for bulk solids since not only translational symmetry properties
can be used to lighten the calculations but also point symmetry
properties can be exploited. Moreover, the properties of interest in
solid state science are usually represented taking advantage of the
symmetry properties: a good example of this are the band struc-
ture plots. Additionally, there exists a number of non-local prop-
erties such as the elastic constants, the chemisorption energies,
coverage effects, k-space properties,... Under this approach (as
explained hereunder) big supercells are needed to represent low
density bulk point defects and slab models are necessary to
descript surfaces but, in any case, the material must be properly
described. Nowadays, there exist a vast variety of efficient and
parallel computational codes that use this approach [24-33] but
only DFT (and, in some cases HF) Hamiltonians are available. So
that, the electronic correlation is roughly described and there are
problems with excited states. On the other hand, there are many
properties of extended systems that are local in nature as, for
example, the geometry of adsorbed species, XPS and IR spectra
of adsorbed species, spectroscopic transitions of defects (I cen-
ters) and magnetic coupling. For this reason, cluster models are
also of great interest since it is possible to use with them the most
sophisticate methods of quantuim chemistry that provide reference
values for other less accurate techniques. Then, in spite of the
“infinite” material is roughly represented (cluster always have
edges and convergence with respect to cluster size must be care-
fully checked), an appropriate treatment of the electronic correla-
tion can be achieved and the excited states are not a problem.

From now on, we center on the periodic approach because it
is the most usual election in the current literature on chemical
sensors. The reader should keep in mind the existence of both
approaches that correspond to two extreme points of view and
choose one or another depending on the problem: accuracy versus
efficiency needs to be carefully considered.

The description of a bulk crystalline solid is usually done in
terms of its unit cell: an spatial arrangement of atoms which is
tiled in three-dimensional space to describe the crystal. This unit
cell is given by its lattice parameters: the length of the cell edges
(a,b,c) and the angles between them (o.,B,y). The positions of the
atoms inside the unit cell are described by the set of atomic posi-
tions (x;,y;,2;) measured from a lattice point. So that the crystal
structure consists of the same group of atoms, the basis, posi-
tioned around each and every lattice point. This group of atoms
therefore repeats indefinitely in three dimensions according to
the arrangement of the lattice.

The defining property of a crystal is its inherent symmetry by
which we mean that, under certain operations, the crystal
remains unchanged. Besides the translational symmetry always
present, the crystal may exhibit rotational symmetries, mirror
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Table 1. Lattice parameters and fractional atomic positions of SnO,-
cassiterite tetragonal phase. Data taken from [35].

SnO, tetragonal
Space group a b c o B v
P4 /mnm 47374 47374 31864 90° 90° 9O
(136)
Irreducible atomic basis
Element x/a y/b zlc
Sn 0.0 0.0 0.0
O 0.30562 0.30562 0.0
Translational atomic basis
Element x/a y/b z/c
Sn 0.0 0.0 0.0
Sn 0.5 0.5 0.5
o} 0.30562 0.30562 0.0
o} 0.69438 0.69438 0.0
o} 0.19438 0.80562 0.5
o} 0.80562 0.19438 0.5

symmetries, and the so-called compound symmetries which are a
combination of translation and rotation/mirror symmetries. A
full classification of a crystal is achieved when all of these inher-
ent symmetries of the crystal, not only the (purely) translational
symmetry described by the lattice, are identified.

The characteristic rotation and mirror symmetries of the
group of atoms, or unit cell, are described by its crystallographic
point group. The space group of the crystal structure is composed
of the translational symmetry operations in addition to the opera-
tions of the point group. This description in terms of the space
group (there are 230 distinct) can reduce the number of atoms in
the basis since some of them can be symmetry equivalent.

In practice, the lattice parameters and the atomic positions of
the material of interest can be obtained from the literature or
from a crystallography database [19]. Let us use the most common
phase of tin dioxide (SnO,) as an example. In Table 1 we present
the crystallographic data of tetragonal SnO, (so called rutile or
cassiterite) produced with data from [20]. The space group, the
lattice parameter and the irreducible base (2 atoms) contain all
the information needed to generate all the atomic positions
within the unit cell (6 atoms) (see Fig. 5).

The unit cell for the ideal bulk is the starting point to generate
models to study, for example, low density bulk phenomena like
defects and impurities or surfaces phenomena. In the first case,
a supercell approach is needed and consist on building a bigger
periodic cell (so-called supercell) by repeating AXBXC times the
unit cell along every crystallographic axis. Following the previous
example, a 3X3x3 supercell of SnO, cassiterite would contain
162 atoms (54 tin and 108 oxygen). If we are interested in dealing
with atomic vacancies a minimum density of 1 vacancy every 162
atoms could be studied with a model of this size. This illustrates
clearly that theoretical studies of dopants with concentrations
of less than 1 dopant every 10° atoms increase the size of the
supercell (and thus, the computational cost) dramatically. So that,
the study of bulk defects is extremely complex and requires the
accurate test of the approximations made in the theoretical models.
Some ideas on how to deal with this kind of probiems are given
in Section 2.2 and further information on this field can be found
elsewhere [21].

In the case of surfaces we will focus on the construction of
periodic slab models. An ordered surface can be obtained by
cutting the three-dimensional bulk structure of a solid along a
particular plane to expose the underlying array of atoms. The way
in which this plane intersects the three-dimensional structure is
very important and is defined by the Miller Indices (this notation
is commonly used by both surface scientists and crystallographers
since an ideal surface of a particular orientation is nothing more
than a lattice plane running through the 3D crystal with all the
atoms removed from one side of the plane). The Miller indices
can be easily obtained constructing the required atomic plane,
taking reciprocals of its intercepts on axis and rationalize to give
whole numbers. The example in Figure 6(a) shows the unit cell of
SnO, cassiterite with a highlighted plane that intercepts the axis at
1, 1, o; so that, the Miller indices of this plane are (110).

In fact there are a total of 6 faces related by the symmetry
elements and equivalent to the (110) suiface: any surface belonging
to this set of symmetry related surfaces may be denoted by the more
general notation {110} where the Miller indices of one of the surfaces
is enclosed in curly-brackets. As a final comment, only in the cubic
system the (hkl) plane and the vector [hkl] are normal one to another.

Notice that the selected plane does not define a unique surface
termination as shown in Figure 6(b). So that, when modeling
surfaces with slabs not only its orientation is important, but also
its termination should be specified. The first step is to know what

Figure 5. Ball and stick representation of the SnO,-cassiterite unit cell. a) Irreducible atomic basis (2 atoms), b) atomic basis (6 atoms) obtained
applying point symmetries on the previous basis, and ¢) crystal cell obtained when applying full symmetries on a) or translational symmetries on b).
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a) b) ©

Figure 6. Ball and stick representation of a) the SnO,-cassiterite unit
cell with the 110 plane highlighted, b) a slab obtained when cutting 3
stoichiometric layers of SnO,(110), and ¢) another possible 3-layer-thick
SnO,(110) slab: in this case, the outermost layers are substoichiometric.

is meant by ‘layer’. Lets try to shed some light on this point with
the description of several low index surfaces of SnO,-cassiterite
(Figure 7 from [22] shows several surfaces orientations of this phase).

In bulk SnO,, each Sn is coordinated to six oxygens situated
at the vertices of a distorted octahedron in which four oxygens
(equatorials) lie in the same plane and have shorter Sn-O bonds than
the other two oxygens (apicals). On the low-index (110), (100),
(101) and (001) surfaces, truncation of the octahedral gives rise to
different coordination combinations for the outermost tin cations.
On the (110) surface (Fig. 7(a)) we find both five- and six-fold
coordinated tin. In the coordination polyhedron of the five-fold
coordinated tin, one apical oxygen is missing and the equatorial
oxygens lie in the surface plane. For the six-fold coordinated tin
cations the equatorial oxygens are located in a plane formed by
the [110] and [001] directions, giving rise to rows of two-fold
coordinated oxygens in the [001] direction. These oxygens lie
above the plane of cations and are called ‘bridging oxygens’. The
resulting structure is formed by alternating layers O-5n,0,-O with
zero charge and the surface has no net dipole. The (100) surface
is shown in figure 7.b. In this surface the totality of the tin atoms
are five-fold coordinated. One apical oxygen is missing and the
equatorial oxygen plane is rotated by 45° with respect to the surface
normal, so that bridging oxygens are also found. The resulting
surface can be thought of as a layered O-Sn-O structure in which
a layer is rotated 90° with respect to the previous one. The (101)
surface is shown in Figure 7(c). In this surface all tins are five-fold
coordinated, with an equatorial oxygen missing. As we move in
the [10-1] direction, the orientation of the truncated octahedra
change respect to the surface normal. The octahedra are joined by
their vertices through oxygens, and consequently, there is a slight
difference between equatorial and apical bond lengths we find
two rows of oxygens in the [10-1] direction lying above and below
the tin plane. This is because these oxygens are bonded to one tin
like an equatorial oxygen and like an apical oxygen to the other
structure. The resulting surface is quite corrugated and the layers
are, in this case, best formulated as (O,-Sn,-O,). Finally, the (001)
surface is shown in Figure 7(d). Here all the tin cations are four-
fold coordinated and all the oxygens are two-fold coordinated.
The equatorial plane is perpendicular to the surface and the two
oxygens above the tin plane are missing. The resulting surface
is quite flat and its layer structure is formed by SnO, planes.
Notice that in all cases, the formulation of the layer preserves the
stoichiometric and its repetition normal to the surface arises
the same termination.
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[110] (010}
170] 100]
[001] J—L ot —%
Bridging O (O5)
5-fold Sn (Sn1)
6-fold Sn (Sn2) Bridging O

A
‘l_:n-plane‘o (08) // ¥ Soldgn  Sub-bridging O

\

(a) (b
(101} (001
_ 010) i
(101 (100
Bridging O 5-fold Sn 4-fold Sn
/ \ 200/

Figure 7. The low-index surfaces of SnO,: a) (110); b) (100); ¢) (101);
d) (001), with Sn (light spheres) and O (dark spheres) ions shown in
unrelaxed positions. Terminology for referring to surface ions is shown.
Reprinted with permission from [37], J. Oviedo and M. I. Gillan, Surf.
Sci. 463, 93 (2000). ©2000, Elsevier.

Once understood the surface of the material in terms of
stoichiometric layers it is possible to describe its termination in
terms of the assumed definition of layer: for example, in the
case of Sn0,(110) it is possible to distinguish between the stoi-
chiometric surface (Fig. 6(b)) and the reduced terminated
where all the oxygen bridging atoms have been removed.

In the analyzed examples, both sides of the generated slab are
equivalent and all the layers are electrically neutral: in these
cases, when evaluating surface properties we should keep in
mind that we are calculating them twice (more details on this are
discussed in Section 2.3). However, there exist systems on which
both sides of the slab are intrinsically different and present net
dipole moment no matter how thick they are: that is the case of
polar surfaces like ZnO(0001) that deserve special treatment.

Once defined the surface model, there exist two different
approaches too deal with the new two-dimensional symmetry:
while periodic boundary conditions are applied in the plane of
the material (Born - Von Karman’s boundary conditions) some
codes apply them as well in the direction perpendicular to the
slab and others force the wavefunctions to zero at infinity. The
first approach requires to define a vacuum region between
periodic images of the slab (so a supercell must be build) and the
second does not. Notice that in the first case we will have to
worry about the convergence of the property of interest not only
with respect to the thickness of the slab but also with the vacuum
gap (apart of the usual convergence issues like basis set, k-point
sampling, ...).

Before starting to work with ab initio calculated total energies,
an important remark must be made to justify why Gibbs free
energies are usually approximated by total energies from first
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principles calculations [23]. DFT total energies E_(V,{N,}) are
evaluated for a certain volume V of the unit cell that contains an
arrangement of atoms {N;} which is related to a thermodynamic
quantity, the Helmholtz free energy F At zero temperature,
neglecting zero-point vibrations:

F(T,V,{Nl}) =Ea (V’{Ni}) +Fip (T,V,{Ni}) ®

Fain (T VAN }) = By (T, VAN }) = TS (TVAN }), ©)

where E; and S, are the vibrational energy and entropy. On the
other hand, the Gibbs free energy can be written as

G(T.p.{N }) = F(T.p.{N. })+pV(T.p.{N; }). %)

For p < latm and V ~ 1 A3, (pV) <10 meV which is negligi-
ble compared with F(T,p,{N;}) (of the order of tenths of meV).
Therefore,

G(T.pN}) = B (VAN + B (TVAND). ®)

The E,;; and S 5 contributions to I, can be calculated from
the corresponding partition function of an N-atomic system [24]
and, in general, F; contribution is of the same order as the
numerical accuracy of usual DFT calculations (~20 meV) [23].
Therefore,

G(T.pAN}) = B (V.{N}). ©)

2.2. Bulk Stability

There exist many properties of the materials that are attributed to
its bulk volume; in fact, as previously stated, the first approximation
of the study of crystals is assuming an infinite material. In this
way, many electron and vibrational properties such as the opto-
electronic interaction, transport properties and the vibrational
spectra are successfully explained with bulk electron band and
bulk phonon diagrams.

The possibility of evaluating these electron and phonon
energetic levels is included in the majority of DFT codes so further
information on this point can be found elsewhere [24-33]. We
will center in how to analyze some bulk properties of interest in
gas sensing applications such as the most stable phase of the bulk
material (which will determine not only the transport properties
but also the surface arrangements) and the stability of (charged)
intrinsic point defects (which has dramatic consequences on the
electric response of the materials).

A first point of discussion is to determine the most stable
atomic arrangement of a material under certain environmental
conditions, or, in other words, the most stable phase. In this
point, we will center on the bulk phase: surface modifications are
discussed in detail in Section 2.3.

The widely accepted argument to determine the way the
atoms will arrange is that the most favorable phase is the one that
minimizes the energy per formula unit [25]. If small deformations
are applied to the unit cell, the total energy per formula unit E, as
a function of the cell volume (or the volume per formula unit V)
can be plotted [25]. This total energy will present a minimum
corresponding to the equilibrium or relaxed configuration: i.e
that lattice parameters that minimize the total energy (or minimize

the forces and the stress over the atoms) for a given phase. The
previous plot can be fitted by an equation of state such as the third
order Murnaghan equation:

E(V)=E, - By Vo + BoV {(V/VO)

+1 10
B'-1 B' B'-1 } (10)

where Ey, V, and B, are the total energy, volume per formula
unit, and bulk modulus at zero pressure (P), respectively, and
B’=dB/dP is assumed to be constant. If the zero of energies is set
to the sum of total energies of the isolated atoms contained in the
unit cell, the absolute value of the energy IEO’\ at the minimum of
each curve can be considered as a rough estimate of the equilibrium
cohesive energy of the corresponding material phases. So that,
the most stable phase will present the maximum cohesive energy
IE,l at the considered conditions.

A clear example of this can be found in Figure 31, where a
phase diagram (data taken from Jaffe and Hess [25]) is presented.
The material under consideration was ZnO in three phases:
wurtzite, zinc-blende and rocksalt. Their results clearly illustrate
that the most stable phase (under ambient conditions) is wurtzite.

The transition pressures (P;) between one phase an other
could be determined by calculating the Gibbs free energy (G) for
the two phases that is given by

G=E;+PV-TS. (11)

Since theoretical calculations are performed at T =0 K, the Gibbs
free energy becomes equal to the enthalpy,

H=E, +PV. (12)

For a given pressure, the stable structure is the one for which the
enthalpy has its lowest value: the common tangent to the curves
plotted in figure indicates the phase-transition pressure. This is
also illustrated in the example of Figure 31 where a transition
pressure of 8.57 GPa is obtained.

When the electron transport properties are important (such as
in gas sensing applications), another point of great interest is
being able to determine the contribution to the conductivity of
the charged intrinsic point defects.

The formation energies of the defects can be calculated using
the total energies supercells big enough to reproduce defect
concentrations with physical meaning (see Section 2.1). For
compound systems, the formation energies depend on the atomic
chemical potentials. In addition, those of charged defects also
vary with the electronic chemical potential, i.e., Fermi energy.
Let us assume a general metal oxide whose formula is MXOy. For
a defect in a charge state g, the formation energy is given by
[41-43]

Etomation (@ = Er (@ —n, g —nopo +qEp (13)

where E; is the total energy of the supercell with a defect in a
charge state q, ny and n, are the number of metal and oxygen
atoms in the supercell, W, and L are the atomic chemical poten-
tials, and E, is the Fermi energy*.

For these charged defects, the total charge of supercells has to
be neutralized using jellium background. Energy shifts associated

*u , the chemical potential of a charge is Wy = EF —TS. We used = Egp
as usual in solid state physics applications.
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with the jellium neutralization can be corrected by the total
energy difference between the neutral and charged systems.
Further details on this can be found elsewhere [26].
Ly and [, are variables correlated as

Xy + YHo = 8M,0, (bulk) 14
where g MOy (bulk)? the Gibbs free energy the bulk M Oy is a
constant value calculated as the total energy per M, O, unit formula.
The total energies per atom for the bulk metal and the molecular
oxygen can be chosen as the upper limits of L, and [, respec-
tively. There are two extreme conditions: the oxygen-rich limit
Xy = Enioyuy ~ YMogon) and Ly = o) and the metal-rich

limit Uy = By and YHo = oy ~ X“M(_bmk)) N
While the atomic chemical potentials describe the conditions

under which the materials are grown, the Fermi energy depends
on the concentrations of native defects and impurities. Therefore,
the formation energies of native defects can be discussed as a
(linear!) function of the atomic chemical potentials and the Fermi
energy on the basis of equation (13). Notice that, when assuming
Ep as a variable, the slope correspond to the charge state that
gives the lowest formation energy with respect to the Fermi level.

To illustrate this, Figure 8 reprints the Formation energy
versus the Fermi level position calculated by Oba et al. [27]
for ZnO under oxygen-rich and metal-rich conditions (Fig. 8(a, b),
respectively). Different slopes indicate different charge states of
each intrinsic defect. For each defect specie, only the state that
gives the lowest formation energy with respect to the Fermi energy
is shown for clarity. The cross point of two lines of different
slope, corresponds to the electron level of the thermal transition
between both charge states. Notice that the Fermi energy is
measured from the valence band maximum, and the conduction
band minimum is shown at 0.95 eV. The calculated value of
0.96 eV is considerably smaller than the experimental band gap
of 3.36 eV [28], which is known to be due to the DFT. This may
cause some systematic errors in absolute formation energy.

Several methods to correct the formation energies of defects
to overcome the underestimation have been suggested. The main
ideas are the following: the conduction band can be rigidly
shifted upward to match the experimental band gap. Donor-type
defect states, which are expected to have characters similar to
states in the conduction band, are assumed to follow the upward
shift. Acceptor-type defect states are expected to have characters
similar to valence states and, thus, left unchanged. According to
the upward shift, the formation energies of donor-type defects are
assumed to increase by the energy of the conduction band shift
multiplied by the occupation number of the defect states. On the
other hand, those of acceptor-type defects are assumed to remain
unchanged. Since this is still a controverted point, some authors
choose to present their results uncorrected.

2.3. Surface Stability

TUnder ideal crvstal conditions, all surfaces are eneroeticallv unfavorable

Under ideal crystal condiions, all surtaces are energetically unfavorable

since they have a positive free energy of formation. A simple reason
for this comes from considering the formation of new surfaces by
cleavage of a solid and recognizing that bonds have to be broken
between atoms on either side of the cleavage plane in order to split
the solid and create the surfaces. Breaking bonds requires work to be
done on the system, so the surface free energy contribution to the
total free energy of the system must therefore be positive.

o=V, »{)-—O‘ o T® Vo Rardl
-0-0,_, -&0, -m-Zn

oot

itot

-&-Zn

oct

Formation Energy (eV)

Formation Energy (eV)

Ferml Energy (eV)

Figure 8. Defect formation energies as a function of the Fermi energy
for a) the oxygen-rich limit 1, = Wznoguti) ~ Mooz) a0d Mo = Hog and b)
the zinc-rich limit p, = Hynpuri @04 Mo = Ko = Mznguik For each
defect species, only the charge state that gives the lowest formation
energy with respect to the Fermi energy is shown. Change in the slope
indicates transition in the charge state, which is shown with symbols.
The valence band maximum is chosen as the zero of the Fermi energy; the
vertical line at 0.96eV corresponds to the conduction band minimum.
The subscripts in the notation of defect species indicate defect sites, e.g.,
“Zn” and “i:oct.” denote the zinc lattice and octahedral interstitial sites,
respectively. Reprinted with permission from [45], E Oba et al., J. Appl.
Phys. 90, 824 (2001). ©2001, American Institute of Physics.

The unfavorable contribution to the total free energy may,
however, be minimized in several ways [29]:

1Y Dy vadiiniao thn nma it ~AF caefonn aean avencad
1) l)_y IC\JU\/IIIE UuIC alllvulit Ul suliacc arca CA}JUDCU
(2) By predominantly exposing surface planes which have a

low surface free energy.
(3) By relaxing/reconstructing the local surface atomic
geometry in a way which reduces the surface free energy.

The first and second points will be discussed in Section 2.4.

Of course, systems that already have a high surface energy (as
aresult of the preparation method) will not always readily convert
to a lower energy state at low temperatures due to the kinetic
barriers associated with the restructuring. Such systems (e.g., highly
dispersed materials such as those in colloidal suspensions or
supported metal catalysts) are then “metastable”.

It should also be noted that there is a direct correspondence
between the concepts of “surface stability” and “surface free
energy” i.e. surfaces of low surface free energy will be more stable
and vice versa. One rule of thumb is that the most stable solid
surfaces are those with:
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(1) ahigh surface atom density
(2) surface atoms of high coordination number

For example, if we consider the individual surface planes of an
fee closed packed solid, then we would expect the stability to
decrease in the order fee(111) > fee(100) > fee(110). However,
note that the two factors are obviously not independent, but are
inevitably strongly correlated.

It has to be noticed that the above comments only strictly
apply when the surfaces are in vacuum. The presence of a fluid
above the surface can drastically affect the surface free energies
as a result of the possibility of molecular adsorption onto the
surface. Preferential adsorption onto one or more of the surface
planes can significantly alter the relative stabilities of different
planes. The influence of such effects under reactive conditions
(e.g., the high pressure/high temperature conditions pertaining in
heterogeneous catalysis) is, yet, poorly understood.

A final comment should be made regarding the equilibrium
atomic position on the surface: as a consequence of the removal
of part of the neighboring atoms of the outermost layer, their
atomic position is expected to change. Their equilibrium position
will be the one which minimizes the energy of the system. So that,
to obtain meaningful results, energetic calculations on surface
always imply the relaxation of the surface (that implies small dis-
placements of the atoms of the most external layers). In other
words, the surface atomic positions obtained from the cleavage
of a perfect crystal do not appear in the physical reality. Several
strategies can be followed for the relaxation process assuming that
modern DFT implementations contain routines to fully minimize
the total energy with respect to all the geometric degrees of freedom
(6 degrees of freedom for the cell an 3 more for the position of
every additional atom). If it is not the case, a careful exploration
of the space of configurations is necessary and, obviously, this
could become virtually impossible for large atomic models [30].

In any case, the optimization of the geometry of the bulk unit
cell is necessary before generating the surface slabs. Once the
surface models are constructed, different possibilities can be
used for further geometry optimizations. In order to simulate the
constrains that bulk imposes to surface in physical systems,
several constrains can be imposed in the slab relaxation: several
authors propose to fix the supercell parameters [22, 31] or to
freeze some slab layers such as the inner ones [50-52]. Any the
election and as previously stated, slab geometry optimization
with respect to the total energy is mandatory when dealing with

total eneroies of quirface modelg
tolan Snergies o1 suriact moaeis.

From the point of view of first principles calculations, the surface
energy of stoichiometric surfaces is calculated from the difference
in energy of the surface ions to those in the bulk per unit surface
area [22]

Egap —nE
Esurf _ slab A bulk (15)
where E . is the surface energy, E . the total energy per
repeated slab supercell, E, . the energy per unit cell in the bulk,
n the ratio between the number of atoms contained in the surface
slab and the number of atoms contained in the bulk unit cell
(thus, depends on the number of layers used) and A the surface
area per repeated unit (both sides are considered). Notice that
since all the energies involved in (15) are obtained after geometry
optimization, the effective E, ;, energy in the slab may be different
than the one obtained in an infinite crystal calculation.

SnO,-cassiterite (110) surface 7A-thick-vacuum
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Figure 9. GGA surface free energy for the SnO,(110) surface as a
function of the number of layers in the slab model calculated with
equation (2.11). Notice that the surface model relaxation drops the
surface free energy value down to 60%.

The most straightforward way to extract the quantity E' , is
to fit with a straight line the total energy of the slab E values
versus the slab thickness n (except in the case of the thinnest
slab) and to take the slope E', , [32]:

Egap = 2AE ¢ + 0By (16)

Figure 9 shows the surface free energy for the SnO,(110)
surface as a function of the number of layers in the slab model.
Notice that the surface model relaxation drops the surface free
energy value down to 60%. In this case, the difference
between the E, ;, corresponding to an infinite crystal and the
effective B’ |, value necessary to converge E ;is about 0.15 eV
per 6 atoms in the unit cell.

The previous description is valid for non-polar and stoichio-
metric surfaces. For polar surfaces, the surface free energy value,
as described in (15), does not converge when increasing the number
of layers since, inevitably, both surface terminations are present
in a slab calculation and exhibit a dipole moment perpendicular
to the surface that leads to an spontaneous polarization P, inde-
pendent of the slab thickness. Consequently, even if no external
electric field is applied, an electric field will be present in the
inner part of the slab [33]. To make the inner field vanish, appro-
priate electric charges must be placed in both sides of the slab but,
in any self consistent method, this will happen “automatically”
producing what is usually referred as the “metallization of polar
surfaces”. However the amount of charge that can be transferred
from one side to the other of the slab is limited by the band gap
and the slab thickness. The residual electric field vanishes only
with the inverse of the distance between the two surfaces (1/D).
Therefore, to get good converged results for the surface geometries
and energies, very thick slabs have to be used; this makes the
investigation of the polar surfaces computationally very demanding.
Ideally, one should calculate all quantities of interest for different
slab thickness D and extrapolate the results to 1/D — 0.

For all this, the surface energy is not well defined in polar
surfaces and, to be able to compare the relative stability of
the nonpolar and polar surfaces, the discussion must be made in
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terms of the cleavage energies. In the extreme case of nonpolar
surfaces its cleavage energy is twice the surface energy (both sides
of the slab are identical). As an example, for the polar surface
ZnO(0001) the plot of the cleavage energy versus 1/D presents
a simple linear behavior and the converged result is taken as the
extrapolation 1/D—0 (or D—=) (see Fig. 10) [34].

For nonstoichiometric surfaces with different reduction
percentages its relative stability not only depends on their relative
surface free energy but also on the environment that surround
them. In this point we will follow the methodology for the
interpretation of ab initio calculations on surface models in terms
of oxidation — reduction thermodynamics described by Reuter
and Scheffler [23]. We consider the surface of a generic metal
oxide M,O, in contact with an atmosphere at a given pressure
p an temperature T. In the equilibrium,

G(T»PvNM’NO) —2(T,p) = Ny (T.p) + Nolio (T.p) ~ (17)

where X(T,p) is the surface free energy, N, and N, are the number
of metal and oxygen atoms, respectively, and L, lL, their respec-
tive chemical potential. We obtain y(T,p) normalizing I'(T,p) to
energy per unit area by dividing through the surface area A and
modeling the surface system by a slab with two equivalent surfaces

1
Y(T’P) = E[Gdab (T,p,NM,NO ) = Nyl (T’P)

—Nolo (TvP):I'

Now A is the area of the surface unit cell and N, and N, are the

18)

number of atoms in the 3D supercell. If there is enough M O,
bulk to act as a thermodynamic reservoir, then

Xty (T,p) + o (T.p) = gl (T.p) 19

where gis the Gibbs free energy per formula unit MXOy. Therefore,

1 1
¥(T.p)= E{Gm (T’p’NM’NO)_;NMgE/ImC])( (T.p)

(20)
+(§NM -No )uo (T’P)}
and applying (9)
1 1
Y(T,p) = ﬁ{ slab (TsP’NM’No)— _NME‘E/‘IJJCI)( (T’P)
) @1

+(§NM - No)“o (T,P):|
where Eg,, is the DFT total energy of the slab and ER%‘(T,p) the
corresponding DFT total energy per M O, unit. Using (15) and
assuming that n = N /x, this formula can be rewritten as:

I
V(T.p) = Equr = —*Ho(Top) @2

where I'y = 1/2 [N, — (y/X)N,] is the excess of oxygen at the
surface. Equation (22) enables to know how 7y depends only on
U Notice that —=I'/A defines the slope of the line representing
the surface free energy as a function of {1, and depends only on
the atomic composition of the slab (i.e: surface composition). For
stoichiometric surfaces I'; = 0 and (22), is reduced to

Y(T.p) = Equs- 23)

39 T T T
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Figure 10. GGA cleavage energy of polar ZnO(0001) versus 1/D (or,
equivalently, the number of equally-spaced layers). This presents a simple
linear behavior and the converged result is taken as the extrapolation
1/D—0 (or, equivalently, D—). Data taken from [55].

[tis important to establish the range of L, with physical meaning.
For low values of W, (oxygen-poor limit) MXOy breakdowns
into M (solid) and O, (gas):

e (T.p) = 2o (T.p). @4

where gtk
Using (19):

w(T-p) is the Gibbs free energy of the bulk metal.

. 1
min[ 16, (T.p)]= ;[gﬁ%‘ (T.p)-xgl™(T.p)] @9
For high values of [l (oxygen-rich limit) O, condenses on the
metal oxide surface:

1 1
Ho(T.p)= &8, (T.p) ~ JEE (26)

where EE? is the total energy of a free O, molecule. Introducing
the Gibbs free energy of oxide formation:

AG(T.p) = gfif (T.p) —xeli* (T.p) - Te83(Tp)  27)
and considering again (9)

AG(T.p) = AB(V) = E (V) - xER* (V) - JEE (V). (28)

Finally, the range of 1 is

1 1
;AE(V) <Ho—5EG <0 29)

Equation (22) represents the general recipe of how to retrieve
Y(T.p) from L, but for chemical and physical purposes it is con-
venient to relate 1, to a given T and p. It can be done considering
that the surrounding O, atmosphere forms and ideal-gas-like
reservoir, and then [35]:

1
Ho(T.p)= HO(T,P0)+5kBT1H[£J' (30)
Po
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Figure 11. Slab model of the SnO,-cassiterite (110) surface. Relevant
surface sites and atoms are identified. Reprinted with permission from
[58], I. D. Prades et al., J. Electrochem. Soc. 154, H657 (2007). ©2007,
The Electrochemical Society.

For standard pressure, all the terms needed to compute
Uo(T,p,) can be found tabulated in thermochemistry charts [36].
Choosing as the zero reference state of [1(T,p) the total energy of

oxygen in an isolated molecule, {1, “Ch(OI\,p) =12 EO o = 0>
itis possible to calculate u(T,p,) as:
1
Ho(T.po) =& mh(OKaPo)‘*‘EAG(ATvPo,Oz)- €19

Finally, let us present a brief application of the presented theory
to the SnO,(110) reduced and oxidized surfaces [37]. For SnO,,
the excess of oxygen is defined as I'; = 1/2 (N, — 2Ng ). In this
case, the oxygen chemical potential p1,(T,p) was found tabulated
as a function of the temperature and the partial pressure of O,
in [36]. Following the previous procedure, DFT calculations pro-
vided estimations of y which are to evaluate surface free energy
yof a particular surface termination (I'.)) for a range of ., values
that are function of T and p. In order to consider i, values with
physical meaning, a pair of remarks are necessary: regarding
physically reachable temperatures, it is important to keep in mind
that SnO, dissociates in SnO + O, at temperatures above 1500°C
[38] and, for gas sensing applications under ambient conditions,
the oxygen partial pressure can be fixed at atmospheric conditions
(i.e.: ~0.21 bar). With these constrains, U, must be restricted to
values from —2.7 €V (at 1500°C and 0.21 bar) to 0 eV (at —273°C).

Semancik and co-workers observed that simple heating of a
stoichiometric SnO,-cassiterite(110) surface under UHV to temper-
atures above 22§°C leads to loss of Opygg and the formation of
oxygen bridging vacancies (Opiggvac) (s€€ Flg 11) [39, 40]. If the
temperature is raised above 525°C, in-plane oxygen vacancies
(Oypianevae) €an be produced, but usually forming complex
configurations with the presence of Ogyggyse and other Oy py. e
It is worth noting that, as stated in [39], the vacancy generation
temperatures may be dependent on the parlicular samples used
and the oxygen pressure. In any case, it is accepted that Opyggvae
can be generated at lower temperatures than O forming
these last more complex configurations [41].
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Figure 12. Surface free energies for different terminations of the
SnO,(110) surface as a function of the oxygen chemical potential. The top
axis shows the corresponding O, gas temperature for atmospheric air
equivalent conditions (i.e., oxygen partial pressure of ~0.21 bar) [57].
Reprinted with permission from [58], J. D. Prades et al., J. Electrochem.
Soc. 154, H657 (2007). ©2007, The Electrochemical Society.

Figure 12 presents Y(l,,) straight line plots for several surface
terminations. Regarding single oxygen vacancies per slab unit
(I, =-0.5) it is remarkable that Op ;.. become more stable than
the stoichiometric configuration at §7O °C whereas O . cvne 4O
so at 480°C (points o and B). Thus, the thermodynamics of the
formation of single OBridgVac results fairly explained with ab initio
calculations but, with the model used, it is not possible to determine
the threshold temperature above which a single Oy . .. - will be
more stable than an OBndgw1c In order to study this point and
remembering the complex configurations suggested in [39], double
oxygen vacancies per slab termination have been considered (I,
=-1). Notice how all these complex configurations cross the one
single OBridgVac line at temperatures between 640 —780°C (point &).

In summary, under ambient conditions, the stoichiometric
surface configuration is the most stable, as it was expected. When
temperature is raised above 270°C the formation of single OBndgVac
becomes possible and, even at higher temperatures (above 480°C),
the formation of single isolated Oy . ... is plausible. Still, at
higher temperatures (above 640°C) the multi-vacant configura-
tions are the most probable. This predicted evolution is compatible
with the known behavior with slightly higher temperatures than
under UHV conditions as expected due to the presence of ambient
oxygens that could make harder the vacancy generation.

With the intention of giving a more complete view of the
surface stability, several oxidized configurations were considered
and, remarkably, these are only metastables in the complete range
of temperatures under atmospheric oxygen partial pressure. The

difficulty in oxidizing the surface may arise from the fact that

the cations in SnO

10, are already in their maximum oxidation
states, which prevents the further addition of monatomic O~
species to the surface.

We should stress that here there are compared only certain
discrete degrees of oxidation — reduction of the surface because
of the size of the slab used in these calculations (2 X 1 unit
cells wide). For example, in the case of OBﬂdgv,{1 N FO =-0.5and
FO = -1 correspond to 50% and 100% reduction of the surfaces,
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but, in the real system, intermediate compositions may be stable
at different conditions of pressure and temperature. Slightly
reduced surfaces can then be stable at temperatures lower than
those estimated above.

2.4. Nanoparticles Stability

Many fundamental properties with strong influence in the sensing
capabilities of nanomaterials have a strong dependence on particle
size [42, 43]. Moreover, to synthesize nanoparticles with uniform
and reliable properties many parameters such as size, tempera-
ture, chemical environment, electric fields, optical irradiation,
choice of substrates, surfactants, and the composition (or choice
of dopants) may be used to manipulate shape at the nanoscale
[65-73]. Accurate and explicit computational studies of nano-
particles, which account for factors influencing the previous
experimental parameters, are very computationally demanding
and difficult to extend to sizes above 1-2 nm. This is not only
due to the large computational resources required to calculate the
optimized shape of nanoparticles with first principles methods,
but also because of the large set of structures that must be explicitly
examined in order to effectively sample structure space. Even when
order-N methods and massively parallel computers become readily
accessible. Therefore, it is highly desirable to use a theoretical
approach that is predominantly analytical, and is based on a limited
set of experimental or theoretical data.

This began with the classical work of Wulff [44] who predicted
the shape of macroscopic crystals based on the minimization
of the total surface energy. The so-called Wulff construction
describes the equilibrium shape of crystals, given by the convex
envelope of planes (perpendicular to the surface normals) that
minimizes surface energy for a given enclosed volume. The
distance of a surface plane from the center of mass of the crystal
is proportional to the surface energy of that plane.

Another theory (based on a Gibb’s summation) was introduced
by Barnard and Zapol for use with isolated (unsupported)
nanostructures, which included both surface and edge energies,
as well as corner energies, surface tensions and bulk elastic
energy. A detailed outline of the range of applicability of the
theory can be found elsewhere [45], along with information on
how to use the theory to optimize the shape of any nanocrystal as
a function of experimentally relevant parameters such as size,
temperature, or surface chemistry [46].

Here we will sketch the main ideas of this model. For a
given nanoparticle of material in phase X, the free energy may
be expressed as a sum of contributions form the particle bulk,
surfaces, edges and corners such that,

Gé _ Ggulk + G;urface + Gidge + G;omer (32)
where,
Gbulk A GO( )
M
Gsuﬂace — pz g] x_|
Px
(33)

edge = qu ’Y}J

G = _thksxk(T)
Px Tk

X

in terms of the molar mass M and density p, of the material on
phase x. Here (in terms of the temperature T), stm‘fa“ is
expressed in terms of the surface to volume ratio q and v,(T)
the surface free energy of facet i; G, ¢dge i expressed in terms
of the edge to volume ratio p and %, (T) the edge free energy of

edoeg i- and C COMET jo exnressed in fprmq of the corner to volume

edges j; and expressed in terms of the corner to volume
ratio w and 8 «(T) the corner free energy of corners k. The
weighting factors are defined so that,

The values 7,(T), 7» (T) and g, (T) must be calculated for all i, j,
and k of interest usmU an appropriate computational method such
as Density Functional Theory and the same convergence; and the
rations q, p, w weighting factors must be calculated explicitly for
each shape and facets therein.

However, this does not account for the effects of surface
tension on the particle that are significant at the nanoscale and
may not be ignored. The surface tension produces an effective
pressure on the particle, which may be addressed by introducing
the resulting (usually compressive) volume dilation (or average
strain) e. The effect of this dilation is to reduce the molar volume.
Therefore, the model including the effective pressure becomes:

G? = AG? (T)+M(1 —e)

X

PZ gjxxj (T)

35

+ quini (T)+ Wz e (T)
i k

In general, the volume dilation due to surface tension ¢ (and
the material compressibility §) may be approximated using the
Laplace —Young equation, where R is the mean radius of the
particle, so that,

_ 2Bo(T)
e= R 36)
where,
:ZQGXI(T). G7)

This approach assumes that the particles are spherical and that
the surface tension is independent of the orientation. The pressure
induced at any point of the surface is directed to the center of
curvature and proportional to the curvature at that point. The
validity of this approximation has been demonstrated for faceted
nanoparticles over 500 atoms [45].

Using geometrical arguments it can be shown that the contri-
bution from edges and corners can be neglected for nanocrystals
above 5-6 nm. Below this size regime, the explicit morphology
could be considered performing calculations of isolated nanopar-
ticles. Similarly, above, 75-100 nm in diameter, the free energy
of the surface is negligible compared with the bulk contribution
and bulk strain becomes as important as the surface strain. For
these reasons, this model is best applied to particles between 3
and 100 nm in the reduced form:

= AGy (T)prM(l—e){quini(T)} (38)

X
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Figure 13. The experimental results show that there are three types of
ZnO nanobelts: a) Type I and b) Type II, each with different growing
directions and cross-sections. The growing directions are dependent on
the size if the nanobelts, and the lengths can be up to few millimeters.
Reprinted with permission from [81], A. S. Barnard et al., Chem. Phys.
Lett. 419, 313 (2006). © 2006, Elsevier.

where only surface and bulk contributions are considered. Notice
that while ,; can be computed as detailed in Section 2.3 surface
tension can be approximated by:

o= d0G _AG 9

oA M G2
Therefore, applying series of two-dimensional dilations to the
slab in the plane of the surface and plotting the computed total
energy (E; ~ G) versus the slab area A the surface tension G can
be obtained as the slope.

A successful application of this model to materials used in
chemical sensing application is the case of TiO,, where a broad
study has been reported investigating the relative stability of quasi-
spherical and faceted anatase nanoparticles [47], and the effect
of particle shape on the size-dependent phase transition between
anatase and rutile nanoparticles [48]. The study also included
an investigation of the effect of water on the shape of TiO, nano-
crystals, [49] followed by a systematic study on the effects of
surface acidity on the shape and phase stability of anatase and
rutile nanoparticles less than 100 nm in size [50], with results
in good agreement with experiment.

Another example involves the prediction of the grown
morphologies of ZnO nanobelts [51]. Two types of nanobelts
(experimentally observed) were considered growing along (10-10)
[Type I] and growing along (0001) [Type-II] (see Fig. 13). When
varying the nanobelt length and thickness, Type-II nanobelts
were predicted to be consistently lower in free energy than
Type-1. In contrast, when varying the nanobelt width (Fig. 14),
an orientational transition was observed at a Type-II width of
76 nm (or a Type-I width of 176 nm) in excellent agreement
with experimental X-ray nanodiffraction observations.

2.5. Chemisorption

The adsorption of molecules onto a surface is a necessary pre-
requisite to any chemical process at the surface such as chemical
sensing. There are two principal modes of adsorption of mole-
cules on surfaces: the physical adsorption (physisorption) and the
chemical adsorption (chemisorption). The basis of distinction is the
nature of the bonding between the molecule and the surface. With
physisorption: the only bonding is by weak Van der Waals-type
forces and there is no significant redistribution of electron density
in either the molecule or at the substrate surface. In chemisorption
a chemical bond, involving substantial rearrangement of electron
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Figure 14. Total Gibbs free energy of Type I and Type II ZnO nanobelts
(as defined in Fig. 13). The decreasing surface area corresponds to an
increase in: a) length, b) thickness, ¢) width d) total cross-section area,
and e) the width-to-thickness ratio. The cross over in ¢) at a Type II width
of 76 nm indicates the size dependence of the orientational transition.
Reprinted with permission from [81], A. S. Barnard et al., Chem. Phys.
Letz. 419, 313 (2006). © 2006, Elsevier.

density, is formed between the adsorbate and the substrate; the
nature of this bond may lie anywhere between the extremes of
virtually complete ionic or complete covalent character.
Consequently, the second case will deserve the major attention
when studying the detection of chemical
their electric effect on the conductivity of the sensing material.
As previously stated, first principles codes provide the total
energies per volume unit of the atomic model contained in the
simulation cell. Itis possible to evaluate the energetics of the gas-
surface interactions building appropriate atomic models of the
initial and final configurations of the interaction such as the clean
surface slab and the isolated molecule (see Fig.15(a, b), and

species by measurine
= J O =]
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AET(OK)= ET(surface+mo|ewle) - [ET(cIean surface) + ET(molecuIe)]

Figure 15. Graphic representation of the atomic models implied in
energy valance of equation (40).

the surface plus the molecule system (Fig. 15(c)). With the 3 total
energies of these 3 models the interaction energy (now an
adsorption) can be obtained as follows:

E +E

Tinitial — ET(clean surface) T(molecule)

Erfina = ET(clean surface+molecule)
AE, 4 = AE1 = Erging — Eriniia

0

Accordingly, a negative value of AE_; means that the adsorption
is exothermic, it being possible for this to occur spontaneously
without entropic considerations (DFT deals with the ground
state at OK). Obviously, the energetics of the inverse interaction
(desorption) exchange the initial and final states.

We will center the discussion on the non-dissociative molecular
chemisorption. The depth of the chemisorption well is a measure
of the strength of binding to the surface. The location of the
global minimum on the horizontal axis corresponds to the equi-
librium bond distance (r,) for the adsorbed molecule on this surface

o Thig TEY T thic oo ox race tha s oo

7 S| AT
(see 1ig. 10). 111 uls ljaltluulal case e energy AL,

s COTTESpONS
to an exothermic adsorption and it is negative (one can also often
find the depth of this well associated with the enthalpy of adsorp-
tion AHads). Therefore, there is no barrier to be overcame in the
adsorption process and there is no activation energy of adsorption
(i.e. Eigs =0). There is, of course, a significant barrier to the reverse,
desorption process. Clearly, in this particular case, the magnitudes
of the energy of adsorption and the activation energy for desorption

can also be equated:
Egg{s = AEads or Egcets = 7AHads 1)

Is important to point out, from the point of view of the computa-
tional procedures, that to obtain meaningful total energies an
their corresponding interaction energies, it is necessary to ensure
the effective cancellation of errors between the large energies
that appear in equation (40). From the point of view of the atomic
models, supercell dimensions and atomic arrangements must be
initially set as similar as possible in initial and final models.
Additionally, identical sampling grids for the k (and, in some
codes also for r) space must be used. In these conditions, relax-
ations of the structures must be performed in order to get total
energies corresponding to the equilibrium configuration (avoiding
as much as possible “user dependant” results due to the initial
arbitrariness in the position of the atoms).

Moreover, other sources of error such as the basis set super-
position error (BSSE) must be taken into account. BSSE correction
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Figure 16. Schematic representation of the surface-molecule interaction
potential as a function of the distance between them.

to the binding energy of a system of components A and B (in our
case, the surface slab and the molecule) should be estimated as
the sum of the energies of component A and component B in the
geometries of the combined system AB with the basis sets of A
and B, respectively, minus the sum of the energies of component
A and component B in the geometries of the combined system
AB with the basis set of the combined system AB (i.e. with ghost
states). Further details on this can be found elsewhere [52].

As a final remark, the applicability of the approximations made
in equation (9) where the vibrational contribution to the Gibbs free
energy is assumed to be negligible should also be verified.

From the energetics of the interaction of the gas with the
sensor surface, many macroscopic parameters (such as residence
times or desorption temperatures) can be estimated providing a
deep understanding of the sensing mechanisms.

Let us begin analyzing the adsorption/desorption Kinetics.
The rate of adsorption of a molecule onto a surface R,y is
governed by the rate of arrival of molecules at the surface and the
proportion of incident molecules which adsorb effectively. In
other words, we can express the rate of adsorption (per unit area
of surface) as a product of the incident molecular flux F and the
sticking probability S.

Rads =S-F (42)

The flux of incident molecules is given by the Hertz-Knudsen
equation

P
F=ee e
2mmkT 3

where P is the gas pressure, m the mass of one molecule and
T the absolute temperature. The sticking probability is clearly a
property of the adsorbate/substrate system under consideration
and must lie in the range 0 < S < 1. It depends on the existing
coverage of adsorbed species (0) and the presence of any activa-
tion barrier to adsorption. Therefore,

S=1(0)ex izcds g
Pl &7 4
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where E:gf is the activation energy of the barrier for adsorption
and f(0) is some, yet undetermined, function of the existing
surface coverage of adsorbed species. Combining the equations
for S (43) and F (44) we obtain the following expression for
the rate of adsorption:

f(e)pP —E2
R 4 = —m——exp| —2L 45
** 2mmkT CXP( RT )

The above equation indicates that the rate of adsorption is
expected to be first order with regard to the partial pressure of
the molecule in the gas phase above the surface: this can be
generalized introducing the kinetic order of the reaction X as an
exponent of P. Additionally, it should be recognized that the
activation energy for adsorption may be dependent on the surface
coverage (i.e. bggf =E(0)). If it is assumed that the sticking prob-
ability is directly proportional to the concentration of vacant
surface sites (which would be a reasonable first approximation
for non-dissociative adsorption) then f(0) is proportional to (1-6);
where 0 is the fraction of sites which are occupied (the Langmuir
definition of surface coverage).

An adsorbed molecule present on a surface at low temperatures
could remain almost indefinitely in that state. As the temperature
of the substrate is increased, there will come a point at which
the thermal energy of the adsorbed species is enough that one of
these possibilities may occur:

e a molecular specie may decompose to yield either gas
phase products or other surface species.

¢ an atomic adsorbate may react with the substrate to yield a
specific surface compound, or diffuse into the bulk of the
underlying solid.

e the species may desorb from the surface and return into the
gas phase.

‘The last of these options 1s the non-dissociative desorption process.
In the absence of decomposition, the desorbing species will
generally be the same as that originally adsorbed but this is not
necessarily always true.

The rate of desorption of an adsorbate from a surface R, can
be expressed in the general form:

R s = KN* (46)

where N is the surface concentration of adsorbed species, x
the kinetic order of the desorption and k the rate constant for
the desorption process. The order of desorption can be predicted
because we are concerned with an elementary step of a “reaction”:

X Atom (ads) — Atom, (gas). @7

The rate constant for the desorption process can be expressed in
an Arrhenius form,

d _Edes
k es _ A ex act 48
Pl (48)

where E;lfts is the activation energy for desorption and A is the
pre-exponential factor, that can also be considered to be the “attempt
frequency” v at overcoming the barrier to desorption. This then
gives the following general expression for the rate of desorption

dN
Rdes =T

_pdes
=v N at 49
dt exp( RT ] “9)

In the particular case of simple molecular adsorption, the pre-
exponential/frequency factor (v) may also be equated with the
frequency of vibration of the bond between the molecule and
substrate (around 103Hz). This is because every time this bond
is stretched during a vibrational cycle, can be considered an
attempt to break the bond and hence an attempt to desorb.

In the following, it is going to be shown how these simple
kinetic definitions can be connected with many of parameters
relevant in gas sensing.

From the point of view of a gas sensor, a net response to a
gas presence will be possible if the average time the target gas
molecule remains adsorbed <t _..> bigger than the average time
between adsorptions <t

s> Lhese times can be estimated with
the previously described R, and R

des’

1
R 's=
ads (tads>
1 (50)
Rdes ‘8=

(tresid )

where s is the exposed surface of the active material to the gas.
So that, sensing will only be possible if <t 4> >> <t ,>. In the
range of <t ;> = <. > the presence of gas will be transduced
just like noise.

Once guaranteed the detection with energetic and kinetic
arguments, it is possible to determine the effect of the adsorbed
gas on the conductivity of the material. As stated previously
(Section 1), in the case of independent nanoparticles, the
Schottky barrier determines the variation of conductivity after
gas exposures. As we will see, this barrier can be calculated from
the integration of Poisson equation of the electronic charges at
surface. Therefore, the final result depends on the geometry of
the sensing material but, for simplicity and in order to illustrate
the connection between conductivity and coverage, we will assume
spherical geometry as done by some authors [53, 54].

So that, let us assume that we have a set of spherical
nanocrystals of diameter 1. and only one oxidizing specie (such
as NO, or O atoms) fixed and distributed uniformly on their
surface OxL. In has been demonstrated that the adsorption sites
Og e Which are related to oxygen vacancies [55, 37], will fix
oxidizing species and will produce a spatial charge region (or
depletion region) when ionized. This spatial charge region is
depleted of conduction electrons until a certain depth (between
%L and 1). Therefore only ionized impurities lay as charged
species in the depletion region.

Taking into account the high density of oxygen vacancies present
in the material [56, 57] and the fact that this vacancies are the main
impurity contribution, we can assume that the conduction electron
density will approximately equal to oxygen vacancy density.

The Poisson equation leads to (in 1D for simplicity),

2
a—z\/ = betweenl < |x| < 4L 51)
ox €€,

where (4.—1) denotes the external depleted shell of the grain.
Integrating twice this equation and applying the continuity con-
dition in the potential (V(0) = V) and in the field (dV/dxl,_, = 0)
we obtain

Vx)= 2

o (x-1P+V, between I<[x|<YL (52
€8¢
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and we can obtain the height of the Schottky equation,

F vl B _ ey .2 _
V, = V(FL) -V —SSEOL (53)

in the case of a fully depleted grain, or

—el [Ox_I ]2
V, = V(4L)- V() = e 54
0t'b

in the case of partial depleted grain. But, as pointed out in the
work [58], the expression (54) is only valid when the oxygen is
fixed with a state below the Fermi level. In general, N surface
charged states lying in E, energy bands are distributed by a
Fermi-Dirac statistics. This gives the following expression for
the Schottky barrier:

—eN2 E,~E:\[*
V, = s |—1 + exp( s __F ﬂ (55)
2ee,Np | KT

In the case of oxidizing molecules, as they fix electrons at the
surface, they can be considered as creating acceptor levels and its
energy state should be located below the Fermi level. This fact
has been experimentally shown for (110) TiO, surfaces [59], by
LCAO cluster model [60] and DFT calculations [22, 31, 55, 61]
in (110) SnO, surfaces.

Following the expressions found by Bethe [62], it is possible
to calculate the density of current by thermoionic emission
between grains as,

KT 2 eV —eV
I =—en, | —— s al 1| (6
T Cnb[zm*n) SXP(KT] GXP( KT j (56

where V_ is the biasing potential seen by the nanocrystals, therefore
if there are G resistors —nanograins—, the actual potential seen by
agrainis V= V./G. Thus, when

\Y
Ve KT 57
G
we can approximate,
I, ~e’n [;)llz ex (eVS )V 58
T b 2m* KT P KT a (58)
and deriving we obtain the conductivity as
c=¢’n [;)1/2 ex| (eVS j 5
*Lommrr ) “PUkr 59

Substituting the expression for the Schottky barrier (54) in this
equation and with the definition of coverage

o]
0=——=— (60)
[OSmeac ]
in this case, the conductivity leads to
2 1 /4 _ezl[OSusac ]2 6’
c=e"n = exp ©1)
2m nKT 8eegyn, KT

and this equation gives a useful expression of the conductivity as
function of the coverage which can be estimated as a function of
the temperature of the sensor-gas system and the pressure of the
gas form the DFT energetics.

Note that in the previous derivation, a single electron transfer
for every single adsorption is assumed. An approximate value
of this charge transfer between surface and adsorbate can be
computed with a simple population analysis (such as Mulliken)
available in many DFT codes.

The equilibrium that may exist between the molecules
adsorbed on a surface and the molecules in the gas phase is a
dynamic state. In other words, the equilibrium represents a state in
which the rate of adsorption of molecules onto the surface is
exactly balanced by the rate of desorption of molecules back into
the gas phase. Therefore, it should be possible to simply derive an
1sotherm for the adsorption process by considering and equating
the rates for these two processes. Equaling equations (45) and (49),

P-£(8)
£(8)

=(T) (62)

where the terms f(0) and {’(8) contain the pre-exponential surface
coverage dependence of the rates of adsorption and desorption,
respectively, and all other factors have been taken over to the right
hand side to give a temperature-dependent “constant” characteristic
of this particular adsorption process, C(T).

Certain simplifying assumptions can be made. The first is one
of the key assumptions of the Langmuir isotherm that supposes
that adsorption takes place only at specific localized sites on the
surface and that the saturation coverage corresponds to complete
occupancy of these sites. Also, let us further restrict our consider-
ation to a simple case of reversible molecular adsorption.
Under these circumstances, it is reasonable to assume coverage
dependencies for rates of the two processes of the form:

» Adsorption: {(6)=c (1-0) i.e. proportional to the fraction
of sites that are unoccupied.

* Desorption: £'(8) =c’ 0 i.e. proportional to the fraction of
sites which are occupied by adsorbed molecules.

where 0 is the fraction of sites occupied at equilibrium. Substitution
into equation (62) then arise

P-(1-6)

T B(T) (63)

where B(T) = (¢/¢)-C(T) and, after rearrangement this gives the
Langmuir Isotherm expression for the surface coverage
bP

0= 64
1+bP ©

where b (= 1/B(T)) is a function of temperature and contains an
exponential term of the form

des ads
w - ...cxp{%} (65)

b=..cxp
Consequently, b can only be regarded as a constant with respect
to coverage if the enthalpy of adsorption is independent of cover-
age (this is the second major assumption of the Langmuir
isotherm). Further information on other isotherms or the study of
dissociative processes can be found elsewhere [29].
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An extremely relevant parameter of a sensor is its working
temperature. Heating the active material to the appropriate
temperatures can improve dramatically the response to a target
gas and even force the desorption of undesired interfering
gases. So that, linking the energetics of the surface-gas interaction
with temperatures at which the desorption takes place is extremely
relevant.

There exist a range of techniques for studying surface reactions
and molecular adsorption on surfaces which utilize temperature-
programming to discriminate between processes with different
activation parameters. Among them, the most useful for single
crystal studies is Temperature-Programmed Desorption (TPD).

Conceptually, the experiment is simple, involving the
adsorption of one or more molecular species onto the sample
surface at low temperature (frequently 300 K, but sometimes
sub-ambient) and the subsequent heating of the sample in a
controlled manner (preferably so as to give a linear temperature
ramp) while monitoring the evolution of species from the surface
back into the gas phase.

The data obtained from this experiment consist of the intensity
of each recorded mass fragment as a function of time/temperature
(see Fig. 18). In the case of a simple reversible adsorption process
it may only be necessary to record one signal - that attributable to
the molecular ion of the adsorbate concerned. The following
points are worth noting:

¢ The area under a peak is proportional to the amount originally
adsorbed, so that proportional to the surface coverage.

e The position of the peak (the peak temperature or the
maximum desorption rate temperature) is related to the enthalpy
of adsorption or, in other words, to the strength of binding
to the surface, as shown below.

One implication of the last point is that if there is more than one
binding state for a molecule on a surface (and these have signif-
icanily different adsorption enthaipies) then this will give rise (o
multiple peaks in the TPD spectrum.

In a temperature programmed desorption experiment in which
the temperature is increased linearly with time from some initial
temperature TO, as:

T=T,+pt and dT =t (66)
The intensity of the desorption signal I(T), is proportional to the
rate at which the surface concentration of adsorbed species is
decreasing. This is obtained by combining (49) and (66) to give

~Ege
e | 67
XP[ RT ©7)

This problem may also be considered in a rather simplistic
graphical way (see Fig. 17): the key is to recognise that the
expression for the desorption signal (67) is basically a product of
a coverage term ( N* - where N depends on T ) and an exponential
term (involving both Egé’ls and T). Initially, at low temperatures
E;‘g‘ >> RT and the exponential term vanishes. However, as the
temperature is increased this term begins to augment very rapidly
when the value of RT approaches that of the activation energy
Eggf . By contrast, the pre-exponential term is dependent upon
the coverage N(T) at the temperature concerned. This term will
remain at the initial value until the desorption rate becomes
significant as a result of the increasing exponential term. Then, it

dN  VvN*

===

TMDR

N(T) |
©
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exp(-E, ***/RT) i
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Figure 17. Qualitative representation of the two factors involved in
equation (67). While the pre-exponential factor decreases with tempera-
ture, the exponential grow: its combination qualitatively leads to the
peak shape of the TPD signal with a maximum at Ty

will decrease rapidly until the coverage is reduced to zero. The
shaded area is an approximate representation of the product of
these two functions, and, hence, also an approximate representa-
tion for the desorption signal. This illustration may be simplistic
but it clearly shows why the desorption process gives rise to a
well-defined desorption peak.

In order to relate the activation energy of a desorption process
with its associated desorption peak let us assume non-dissociative
molecular desorption; in this case the desorption kinetics will
usually be first order (i.e. x =1 ). The maximum desorption signal
in the I(T) trace will occur when dI/dT = 0

AW B
dar| B RT

and, remembering that the surface coverage changes with temper-
ature N = N(T),

d d de:
ﬁ Easts exp[_Eacets ] + Xexp(_Eacts de =0 (69)

=0 (68)

B RI? RT | B RT JdT
Substituting dN/dT from equation (67) we obtain
B v [~Ea ~Eiat
——ex €x] =0
Rz BOPTRT [P R (70)

The solution is given by setting the expression in square brackets

equal to zero,
d de:
B _V exp[ —pes ]
RTI\Z/IDR B RTypr

W

B

)

where we have now defined the temperature at which the desorption
maximum occurs to be T = T,,p (the maximum desorption rate
temperature). Unfortunately, this equation cannot be re-arranged to
make Ty, the subject, but it can be noticed that:
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Figure 18. Top: Experimental TPD spectra of NO and NO, desorbing
form a dehydroxylated SnO,(110) surface (Reprinted with permission
from [93], E. Leblanc et al., Sens. Actuators B 62, 67 (2000). © 2000,
Elsevier.). Bottom: Calculated TPD spectra for NO and NO, considering
all the configurations detailed in Table 2 (see labels). Reprinted with
permission from [58], J. D. Prades et al., J. Electrochem. Soc. 154, H657
(2007). ©2007, The Electrochemical Society.

* as E% increases, then so Ty, (the peak temperature)
increases.

e the peak temperature is not dependent on the initial coverage
N(t=0); consequently, it does not change with N(t=0).

¢ the shape of the desorption peak will tend to be asymmetric,
with the signal decreasing rapidly after the desorption
maximum.

To conclude this section, some results on the interaction of NO,
and SO, with the SnO,-cassiterite (110) surface [37] are
presented to illustrate how the theoretical study of surface-
adsorbate interactions provides a valuable tool to understand
the complex interactions underlying gas detection with metal oxides.

Since the election of realistic adsorption sites at working
pressure and temperature is necessary to analyze meaningful
adsorptions of target species, the thermodynamic stability results
presented in previous sections (Section 2.3) are recovered: in
short, surface single oxygen vacancy configurations become stable
above 270°C (Opjgiper point &) and 480°C (Oyypyy,, point B
while multiple vacancy reductions do so above 650°C (point d),
being all this compatible with previous experimental observa-
tions [39, 40]. So that, all these sites are considered in the gas
adsorption modeling.

Table 2 summarizes the calculated adsorption

of NO and NO,. For NO, oxygen sites are the most ene etlcally
favorable. In contrast, the energetically preferred adsorption
sites for NO, are the oxygen vacancy associated. Additionally,
based on Mulliken population analysis results, NO is predicted to
release charge to the sensing surface (Aq < 0) while NO, captures
charge (Aq > 0); this is compatible with their reducing and
oxidizing character, respectively.

It is important to notice that the difference between the
preferred adsorption sites of NO and NO, indicates that by
generating vacant sites and adjusting their density, the feasibility
of adsorption onto SnO, of NO versus NO, may be changed.

As previously detailed, AE, ; results can be linked with maximum
desorption rate temperatures (T ;) of temperature-programmed
desorption (TPD) experiments. Desorption temperatures are
obtained by means of the equation (71). The adjusting parameters
were set according to the experimental conditions of [63] where
an experimental TPD spectrum can be found for NO and NO,
desorption from an SnO,(110). The validity of the calculations is
shown in Figure 18 where the simulated TPD spectrum (obtained
solving equation (67) for each adsorption configuration) is com-
pared with the experimental TPD result of the desorption of
NO and NO, from SnO,(110) [63]. We recall that it is possible
to calculate the desorption activation energies (and their corre-
sponding desorption temperatures) for the specific adsorption
configurations analyzed. In contrast, an experimental TPD spec-
trum provides the temperature range over which species are
desorbed by considering a plethora of adsorption configurations
present in a real sample. Consequently, we would expect the
calculated temperatures to belong to the corresponding experi-
mental TPD signal range. Our theoretical predictions of Type
for the few adsorption cases considered fall within the wide
experimental desorption peaks from [63].

Once validated the adsorption model, it is possible to discuss
their contribution to the transduction. Observing Figure 18, can be
deduced that, at the usual working temperatures (i.e., maximum
sensor sensibility, from 150 to 250°C [64]), the relevant adsorp-
tion configurations for NO, are those related with Sny y -and Oy . -
vacancies. Besides, OBridgin configurations contribute at higher
temperatures. This is compatible with the charge variation of
the adsorbed species (Aq): NO, over and in plane sites captures
more charge than over a bridging site.

It is known that S ou, avidly saturates I‘VOZ adsorption sites,
reducing the sensing capablllty of SnO, [65]. In the present
calculations, the strongest adsorptions w1th1r1 the cases studied
correspond to SO,. This theoretical behavior is compatible
with the experimental evidence of poisoning. In particular, SO,
adsorbs more strongly than NO, to vacant oxygen sites but, the
difference in the calculated AE  values is smaller for Op v
related adsorptions (the higher temperature peak in the NO, TPD
spectrum). This suggests that the poisoning strength depends
on the adsorption site involved in the process. So, SnO,(110) in
which the presence of OBndeac dominates and there are few
Olpiancvae Would appear to be a better sensor candidate as it
would experience less poisoning. Linking this with the surface
reduction stability described previously, it is clear that in order
to avoid the massive apparition of Oy o, . ~the temperature of
the sensing material should not exceed 480°C. If an occasional
single O panever 18 Present below this temperature, adsorption
onto such a site should be avoided to diminish the effect of the

poisoning, and so, the sensing material should work at temper-
atures higher than 200°C which favors the dcgglpuon of Mﬂ
from an Op . .. Finally, to obtain good sensing behav101
over a large range of the target gas concentration, adsorption
sites must be kept unsaturated. In other words, the sensing
material should work at a high desorption rate temperature to
achieve a steady state where the adsorption/desorption ratio is a
function of concentration. Consequently, according to the NO,
TPD spectrum, temperatures between 200 and 300°C do not
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Table 2. Calculated adsorption energies (E,;) for NOx and SO, on several adsorption sites of the SnO,(110) surface and
maximum desorption rate temperature (T p) estimated for the experimental conditions of [93]. Several surface terminations

(Ty) from the stability analysis (fig. 12) were considered.

Adsorbate Surf. term. (I'O) Adsorption site AEads [eV] TMDR [°C] Aq [e-]
NO 0.0 Obigging -1.32 198 @ 021
0.0 1 prane —0.24 52 ® -0.02
-0.5 Bridging -1.18 167 © -0.24
-0.5 Bridging Vic —-0.42 89 @ 0.5
-1.0 Bridging Vic —0.98 153 ©® 010
NO, 0.0 Bridging +1.51 — —
0.0 SNy prane —0.52 94 ® +0.42
-0.5 Bridging Vic (single bonded)  —2.31 502 & +0.31
05 Bridging Vac™ Tnplane . +0.34 — N -
-1.0 Bridging Vic (single bonded) ~ —2.02 424 ® +0.65
° (double bonded) ~ —1.95 400 W) +0.57
-1.0 Opyidging vie™SMpiane —-2.11 454 ®© +0.68
—0.5 Ol planevac (single bonded) ~ —1.26 178 w4061
-1.0 [nPlaneVac (double bonded) v0.74 120 @ +0.92
SO, 0.0 Bridging +1.72 - —
0.0 N}y pane —0.86 128 +0.50
-0.5 OBndgmo . (single bonded) -2.05 435 +0.43
—0.5 OEndgmv s SPprane . +1.12 - -
-1.0 OBndgmo Vac (single bonded) +0.26 — —
° (doble bonded) -2.56 606 +0.72
-1.0 Okridging Va~SMnplane _ -2.97 741 +0.95
0.5 Olplancvac (single bonded) —2.98 748 +0.53

Source: A Aanpfl and relnrmrprl wit]

The hlectrochemlcal Society.

appear to be very promising. All these considerations suggest
that to achieve the best adsorption conditions and diminish poi-
soning by SO,, the optimum working temperatures are between
300°C to 450°C (left side of the high temperature desorption
peak of NO,).

To conclude, the described analysis of surface-gas interaction
18 a valuable tool to understand the main sensing features of
metal oxide-based chemical sensors.

3. DFT MODELS AND RESULTS
IN SENSING MATERIALS: DESIGN,
CHARACTERIZATION AND
CHEMISORPTION

As introduced in Section 1, materials that change their properties
depending on the ambient gas can be used as gas sensing materials.
Many metal oxides are suitable for detecting exhaust, hazardous,
volatile organic gases, and so on, either reducing or oxidizing.
For instance, all the following oxides show a gas response in
their conductivity: Cr,0O,, Mn,O;, Co,0,, NiO, CuO, CdO, MgO,
S10, BaO, In,0,, WO,, TiO,, V,0,, Fe,0,, GeO,, Nb,Og, MoO,,
Ta,0,, La0;, CeO,, Nd,O;, and many others [66, 67, 68].
However, the most commonly used gas sensing materials are
SnO,, ZnO, and TiO, [69] so that we will center the following
review sections on the theoretical studies of this materials. In the
paradigmatic case of SnO, (which was one of the first considered
and still is the most widely used material for these applications)
there is an obvious close relationship between the gas sensitivity
of oxides and their surface chemical activity and thus gas sensing
applications and catalytic properties should be jointly considered.
So, again, the theoretical study for sensing applications is mainly
centered on the surface (see Section 2).

One aspect of the first principles analysis of surfaces is to
elucidate the interaction between molecules and solid surfaces by
studying well-defined systems as described in Section 2.5. As it
becomes more visible that oxides often play an intricate role in
chemical processes, surface studies of well-ordered oxides or bulk
oxides surfaces are becoming more popular [100-102]. Recent
surface studies of metal oxides,
surfaces can be rather complex [70, 71]. For the same oxide many
different surface structures and compositions exist and the surface
phase one obtains depends largely on the preparation conditions
in surface science experiments. Consequently, it is assumable
that during catalysis and gas sensing applications different local
arrangements involving stoichiometry and microstructure could arise
depending on the operation conditions (temperature, atmosphere,
and so on). Not all oxide surfaces may be equally active and thus
by tuning the operation conditions to favor one phase over the
other better activity, selectivity, or gas sensing sensitivity may be
obtained. Again, this decision can be assisted by the theoretical
analysis of the interaction with molecules (Section 2.5) of several
stable surface configurations (Section 2.3).

On the other hand, a great variety of self-assembled nanoscale
materials have been recently discovered. Following the example
of tin oxides, SnO nanodiskettes [72], SnO, nanobelts, and other
nanoscopic materials [73] have been obtained. SnO, nanobelts
have the bulk-like cassiterite structure and are only of the order of
10 to 100 nm in the cross-section and up to several mm in length.
Their surfaces are low index bulk terminations and thus should
exhibit similar properties to single crystal surfaces. A simple
vapor phase transport growth can be employed to grow many of
these tin oxide nanostructures. Besides, many non-isotropic
nanostructured materials have gas sensing properties. This fact
and their large surface to volume ratio make them promising
materials for well defined, highly sensitive gas sensors. Again,
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Figure 19. a) Ball and stick representation of the SnO,-litharge unit cell. b) 3X3X2 supercell of the same phase showing the layered structure. Grey

spheres represent Sn and red spheres represent O atoms.

even in the case of nanostructures, focus the theoretical study on
the surface and the most stable shape of the nanostructured active
metal oxides (Section 2.4).

3.1. Sn0O,

The ab initio study of tin oxide has been motivated by its appli-
cations as oxidation catalyst, transparent conductor, and as the
main solid state gas sensor material. In this section, we review
some relevant first-principles works that describe the physical
and chemical properties that make tin oxide a suitable material
for sensing applications. The key for understanding many aspects
of SnO, surface properties is the dual valence of Sn. The dual
valence facilitates a reversible transformation of the surface com-
position from stoichiometric surfaces with Sn*" surface cations
into a reduced surface with Sn?* surface cations depending on
the oxygen chemical potential of the system. Additionally, this
double valence is responsible of the stability of tin monoxide. For
this reason, theoretical studies on the bulk electronic structure
of both tin mono and dioxide are reviewed in Section 3.1.1. The
rich variety of surface terminations for different environmental
(working) conditions in tin oxide makes extremely important to
know which of them are the most relevant and how their electron
structure differs from the bulk. Section 3.1.2 is dedicated to
review the theoretical findings on this topic. Finally, the interac-
tion with gas molecules has been extensively studied and some
of the main results reonrdlno the most |mnnrt2nf target gases are

presented in Section 3. 1.3.

3.1.1. SnO and SnO, Bulk Properties

There are two main oxides of tin: the more stable stannic oxide
(Sn0O,) and the less stable stannous oxide (SnO). The existence of
these two oxides reflects the dual valence of tin, with oxidation

states of 2+ and 4+ SnO is less characterized compared with
SnO,. For example, its electronic band gap is not accurately
known but lies somewhere in the range of 2.5 eV to 3 eV. Thus
SnO exhibits a smaller band gap than SnO,, which is commonly
quoted to be 3.6 eV. Also, there are no single crystals available
that would facilitate more detailed studies of stannous oxide.

The crystal structure of stannous oxide (SnO) is shown in
(Fig. 19). It has a tetragonal unit cell with the litharge structure,
isostructural to PbO. The symmetry space group is P4/nmm and
the lattice constants are a = b =3.8029 A and ¢ = 4.8382 A [74].
Each Sn and O atom is fourfold coordinated with a bond length
of 2.23 A. The structure is layered in the [001] crystallographic
direction with a Sn,,—-O-Sn,, stack sequence with a gap
between two adjacent Sn planes of 2.52 A. The positive charge of
the Sn* ions is screened by electron charge clouds between the
Sn planes, thus reducing the Coulombic repulsion between
adjacent Sn layers [108-110]. These charge clouds, or charge hats,
arise from Sng electrons that do not participate in the bonding for
Sn(II) and thus can be described as a lone pair.

The total density of states of SnO is characterized by four
peaks labeled A-D in Figure 20(a) (from [75]). These four struc-
tures are mainly O, states, which are hybridized with Sn-p and
Sn-s states. Structure A corresponds mainly to hybridization with
Sng states, structure B also has some 5s character, while structure
C results from hybridization between O, and Sng states. The

last state D has significant 5s character. In contrast to SnO, SnO,
character at the VBM. Fioure 20(b)

aracle gure Z2U0(D)

does not exhibit any Sn
does n 1bit any
shows DOS calculations 5for SnO,. It can be dlfferentlated three
energy regions. The VBM is mainly of 02p character, while the
center region results form hybridization of Sng with O , and
only the bottom of the valence band has some Sns character
SnO, is much better characterized than SnO,, since stannic oxide
(SnO,) is the most abundant (i.e., stable) form of tin oxide and is
the one of technological significance in gas sensing applications
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a) SnO Electrically, SnO, is a wide band-gap semiconductor that
- TOTALDOS e ] behav¢s as a gogd insu_lalor in its stoichi_orpelric form. Non—
i stoichiometric, in particular oxygen deficiency, makes it a
4 conductor (n-type). Kili¢ and Zunger [ 78] showed that the formation
energy of oxygen vacancies and tin interstitials in SnO, is very
0.0 N . I
_oos low and thus these defects form readily, explaining the often
=3 n“::f L observed high conductivity of pure, but non-stoichiometric, SnO,.
‘C‘,g-gs"o Defect levels for oxygen vacancies lie just 114 meV below the
= conduction band minimum (CBM) and thus can be easily thermally
= 0.000 ionized. For Sn interstitials a level 203 meV above the CBM was found
[l implying a spontaneous donation of electrons into the conduction
< - band (n-type). This analysis fo'r non—sFoichiometric, pure SI}O2
> o suggests that the first two scenarios outlined above may be active.
ZO:I 3 Figure 20(b) shows the orbital character of the valence band and
Loo conduction band. It can be seen from this representation that for
g r SnO, the empty Sng, and O, orbitals make up the bottom of the
;: [ ’ . g _conduction band A more detai. ed band structure calcul_ation for SnO,
3.0 1.0 s0 90 130 is presented in Figure 21(a). With these general properties for the bulk
ENERGY (eV) electronic structure in mind we will turn to the electronic structure
of stoichiometric and reduced SnO, low index surfaces later.
b) SnO2 As a final remark, the electronic structure of bulk SnO, has
[T ——— been calculated for Sb as an impurity dopant [79]. The impurity
atom has one valence electron more than the cations of the host
— total electron DOS : : . : :
T BODA ey OrO b lattice. Then, a dpnz_ltlon of the extra electron into the cor_lductl_on
4 — PDOS over Dzsiarhi!ﬂl? band upon substitutional replacement of a cation by the impurity
= - ﬂggi po 2:5: Z::',":,i dopant may be expected. Band structure calculations for Sb doped
i:: SnO, suggested (see Fig. 21(b)) the formation of a Sb,, like band
L3 7 in the SnO, band gap with a free electron-like character at the
-:; J I'-point. It was concluded that this band could be a half-filled
; metallic band and that additional thermal excitation into the Sn-like
@) 2r bands could increase the conductivity. However, these calcula-
% tions were performed on a unit cell with a Sn;SbOg composition,
1 i.e. a much higher Sb concentration than is reasonable in real
materials with Sb concentrations of a few tenths percent at most.
(A .
=10 3.1.2. $n0, Surface Properties

0
energy [eV]

Figure 20. Density of states calculations for a) SnO (Reprinted
with permission from [111], V. M. Jiménez et al., Phys. Rev. B
60, 11171 (1999). © 1999, American Physical Society.) and for
b) Sn0O, (obtained from a DFT-LDA calculation). Labeled A-D
features of the electron density of states of SnO are described in
the text. pDOS stands for projected density of states.

and oxidation catalysts. As a mineral, stannic oxide is also called
cassiterite (so called rutile) that has a tetragonal unit cell with a
space-group symmetry of P42/Dmnm. The lattice constants are a =
b=4.7374 A and ¢ =3.1864 A [76]. In the bulk all Sn atoms are
sixfold coordinated to threefold coordinated oxygen atoms. More
details on this structure and its low index surfaces are given in
Sections 2.1 and 2.3, respectively.

In addition to thig tetragonal phase, there also exists a slightly
more dense orthorhombic high pressure phase. Suito and co-workers
[77] showed that in a pressure-temperature diagram the regions
of tetragonal (lower pressure) and orthorhombic (higher pressure)
phases can be separated by a straight line of the equation

p =140.0 + 0.022T (72)

where the pressure p is given in kbar and the temperature T in °C.

The low energy surfaces of SnO, have been described in Section
2.3. Their surface energies with a termination that maintains the
bulk stoichiometry have been calculated by several authors
[116-121] and are summarized in Table 3.

For these bulk terminated SnO, surfaces, i.e., surfaces with
surface-tin atoms in their bulk Sn** oxidation state, the (110) sur-
face exhibits the lowest energy surface followed by the (100),
(101), and (001) surfaces. The fact that the (110) surface is the
lowest energy surface can be appreciated by investigating the
crystallographic orientations of the bulk termination of single
crystals or nanocrystals. In Figure 22, it is shown a photograph
of a single crystal grown by a vapor phase transport technique.
It is obvious that the {110} surfaces make up the majority of the
surface area followed by the {100} faces and small {101} faces.
No {001} faces are obsrved. Although this crystal does not nec-
essarily represent an ideal crystal one would obtain from a
Wulff’s construction [80], it clearly demonstrates the preferential
terminations of a SnO, single crystal.

Due to the double valence of tin atoms, it has been shown that
both the stoichiometric Sn*" and the reduced Sn* bulk terminations
(see Fig. 23) are feasible and that the surface termination one
obtains on these surfaces depends on the equilibrium conditions
with the gas phase [81]. Details on this point will be given in the
following sections.
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Figure 21. Band structure cluster calculations for a) SnO,, b) Sb doped SnO,. Reprinted with permission from [115], K. C. Mishra, et al., Phys. Rev.

B 51, 13972 (1995). © 1995, American Physical Society.

3.1.2.a. Thermodynamic Surface Stability

Recent ab initio atomic thermodynamics calculations have been
dealing with the compositional variations of oxide surfaces under
various chemical potentials[124—128]. In these works the surface
energies, that are functions of the chemical potential, are computed
for different surface structures and compositions as described in
Section 2.3. Therefore, different surface compositions have dif-
ferent surface energies for different oxygen chemical potentials
(i.e., at a given partial pressure and temperature). Obviously, the
thermodynamic stable surface is the one with the lowest energy
at a given oxygen chemical potential. So that surface structure may
change as a function of the chemical potential or, in the case of
sensors, the working conditions. Consequently, the theoretical
prediction of realistic surface models for different working con-
ditions is an issue to be addressed for the latter study of surface
molecule interactions.

For the low index surface orientations previously presented,
the stoichiometric, i.e. SnOz, bulk termination is the energetically
favored surface only at high oxygen chemical potentials. At
fower oxygen chemical potentials oxygen depleted surface
phases become energetically favored (see, for example, Fig. 24).
This is in agreement with the experimental LEIS studies that
showed compositional transitions of the surfaces upon vacuum
annealing [82]. In the following the structures and thermo-
dynamic stability of different surface phases of the (110), (101)
and (100) crystallographic surface orientations are presented.

The SnO,(110) shows the most complex behavior of the three
surface orientations presented. It has been found experimentally
found that it reduces at the lowest temperature under vacuum, but
a high degree of disorder observed in STM studies made it
impossible to derive a reliable surface model [83]. Different
reduced surface structures were evaluated by DFT calculations in
order to find a likely surface structure for low oxygen chemical
potential. These structures included the proposed [84] structures
for 4x1 reconstruction with periodically removed in-plane oxy-
gen atoms, various different arrangement of removed surface
oxygen atoms, as well as constellations of threefold coordinated
Sn atoms in non-bulk positions. For all these considered models
the two structures that showed the lowest surface energies in
some ranges of the oxygen chemical potential are, in one hand,
the stoichiometric surface (at high oxygen potential, see Fig. 23(a))
and, on the other, a surface that in addition to removed bridging
oxygen atoms also has every other row of in-plane oxygen
atoms removed (at low oxygen chemical potential, see Fig. 23(c)).
These structures were found independently by two research
groups [85]. The dependence of the surface energy of this iwo
surfaces on the oxygen chemical potential is shown in Figure 24.
The reduced surface structure leaves threefold coordinated tin
and oxygen atoms at the surface and a surface layer with SnO
composition. Thus Sn is attaining a 2+ oxidation state.
Furthermore, such a surface structure still exhibits a 1x1 unit
cell. This surface phase becomes favored over the stoichiometric

Table 3. Surface free energies of stoichiometric surfaces in SnO,-cassiterite in J/m? calculated with different DFT

approximations.

Surface B3LYP GGA LDA

orientation Ref [117] Ref [118] Ref [58] Ref [121] Ref [122] Ref [119, 120]
{110} 1.20 1.04 1.01 1.01 1.21 1.30-1.40
{100} 1.27 1.14 1.32 — 1.29 1.66-1.65
{101} 1.43 1.33 1.49 142 1.60 1.55
{001} 1.84 172 1.87 — — 236
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Figure 22. Photograph of a SnO, single crystal grown by a vapor phase
transport technique. Reprinted with permission from [107], M. Batzill
and U. Diebold, Prog. Surf. Sci. 79, 47 (2005). © 2005, Elsevier.

surface at a chemical potential —2.4 eV. It is worth pointing out
that the surface energy is lowest if every second row of in-plane
surface oxygen atoms is removed instead of alternatingly removing
oxygen atoms from adjacent rows. This thermodynamic result is
consistent with vacancy formation energies calculated by Oviedo
and Gillan [86]. They pointed out that the energy for oxygen
vacancy formation is lowest for in-plane oxygen atoms if an
entire oxygen row is removed. For such geometries, the formation
energy was comparable to the energy that it takes to remove
bridging oxygen atoms. Thus, the formation of in-plane oxygen
vacancy rows does not exhibit a high formation energy, at the
contrary to an intuitive feeling.
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Figure 24. Dependence of the surface energy on the oxygen chemical
potential for the different bulk termination: the stoichiometric and the
reduced SnO,(110) surfaces. When oxygen chemical potential falls
below —2.4 ¢V due to environmental conditions, the stoichiometric SnO,
surface becomes unstable and should transform to reduced SnO, at the
equilibrium. Data taken from [62].

In other communications, based on the experimental results
from Cox and co-workers [81], a half reduced surface with only
bridging oxygen atoms removed (Fig. 23(b)) was often assumed.
A detailed analysis of this surface termination is presented in
Section 2.3 as well as other partially reduced surfaces.

The basic argument that surface structures that exhibit either
a SnO or a SnO, composition are favored, also applies to the (100)
and (101) surfaces. The difference between these surfaces and the
(110) surface is, however, that in (100) and (101) the removal of

Figure 23. Ball-and-stick models of SnO, low index surfaces. a), d), and f) show bulk termination of the stoichiometric (110), (100), and (101)
surfaces, respectively. b), e), and g) show surfaces with reduced oxygen concentration. These surfaces are obtained by removing twofold coordinated
bridging oxygen rows from the stoichiometric surfaces. ¢) corresponds to a surface that, having removed bridging oxygen atoms, also has some rows

of in-plane oxygen atoms removed.
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Figure 25. Surface energy as a function of the oxygen chemical poten-
tial for stoichiometric and reduced surfaces for a) the (100) and b) the
(101) surfaces of SnO,. Data taken from [62].

the twofold bridging oxygen atoms leaves threefold coordinated
Sn atoms and a SnO-like surface layer. Thus simple bulk termi-
nations of the crystal exist that have surface tin atoms in either
the 4+ or 2+ oxidation state. Consequently, these two surfaces
can convert from a SnO, stoichiometry to a SnO composition by
removal of bridging oxygen atoms. The absence of significant
surface reconstructions has been verified experimentally by LEED

and STM. They show the same unit cell for reduced and oxidized

surfaces. Relaxation of the two surface terminations for the (100)
and (101) surfaces have been calculated by DFT. Somewhat,
surprisingly, the reduced surfaces show less surface relaxations
compared to the stoichiometric bulk terminations [85].

Experimental observation of a dual surface termination is con-
firmed by ab initio atomistic thermodynamic calculations of fully
relaxed surfaces. Figure 25 shows that the oxygen-rich surfaces
(see Fig. 23(d) for (100) and Fig. 23(f) for (101)) are preferred
at high oxygen chemical potential, while the reduced surfaces
(F1g. 23(e, g)). become favored if the oxygen chemical potential
is reduced. According to this figure the (101) surface reduces
at somewhat higher chemical potential (—1.8 eV) than the (100)
surface (2.1 eV).

3.1.2.b. Surface Electron Structure
Electron structure calculations have been performed for stoichio-
metric and reduced (110) surfaces[134—136]. For the stoichiometric

surface, i.e., a bulk terminated surface including bridging oxygen
atoms, surface states above the top of the valence band have been
predicted by calculations by Oviedo and Gillan [86], as well as
by Miki-Jaskari and Rantala [87]. It has been proposed that this
surface state is formed by p-orbital electrons of the bridging oxy-
gen atoms and results in a flat band about 0.8 eV above the bulk
valence band maximum. Removal of bridging oxygen atoms
causes formation of defect states within the band gap. At first, for
low densities of bridging oxygen vacancies a separate peak at the
bottom of the band gap appears. Eventually, with all the bridging
oxygen atoms removed, a broad distribution of defect states fills
the entire band gap associated with fourfold Sn?* ions with in-plane
oxygen p contribution [87, 88]. Further reduction of the surface
by formation of in-plane oxygen vacancies has also been investi-
gated. In this case, surface states with Sn** charge are formed
[87], these states have a tendency to lie also in the band gap [88].

In Figure 26, reproduced from [85], the results from band
structure calculations for three different bulk terminations are
presented. The stoichiometric SnO,(110) surface exhibits surface
states within the bulk band-gap reéion (Fig. 26(a)), in agreement
with the above-mentioned calculations. These states are nearly
flat, with one just above and the other 0.2-0.3 ¢V above the
bulk VBM. The band structure calculations for a surface with
removed bridging oxygen atoms only are also shown in Figure 26(b).
Such a surface would have a strongly dispersed surface state
that extends up to 2 eV above the bulk VBM at the M-point of
the surface Brillouin zone. Other reported DFT calculations for
the same surface structure show the same features. The elec-
tronic structure of the surface with bridging and in plane oxygen
rows removed (Fig. 23(c)) is shown in Figure 26(c). This struc-
ture also exhibits surface bands in the bulk band-gap region, but
they only extend less than 1 eV into the bulk band gap from the
VBM in agreement with other works.

No band structure calculations for the (100) surface have been
reported. The only reported band structure calculations for the
(101) surface is shown in Figure 27(a) and (b) for the reduced
and the stoichiometric surfaces, respectively from [85]. The
binding energy in the calculations, which is set to OeV, is refer-
enced to the VBM. The bulk bands projected onto the (101)
surface are indicated by the gray shaded area and surface states
and resonances by the dotted lines. Similar to the band structure,
calculations for the stoichiometric (110) surface calculations
predict surface states distinct from the bulk-valence band for the
stoichiometric (101) surface.

3.1.2.c. Dopants at the Surface

Important characteristics of doped tin oxide surfaces are surface
conductivity and reactivity, for instance in the context of gas sensors
[89, 90]. These properties can be strongly influenced by the
amount, distribution and chemical state of Pd dopants in addition to
associated deformation of the supporting SnO, surface[141-143].
The electronic conductance increase associated to the sensing func-
tion is explained to be a result of adsorbates or their products acting
as donors and/or causing structural changes like decrease of oxygen
content of the surface, which also cause a similar effect. Even in
idealized cases, quantitative theoretical investigations of these
properties is almost impossible. For instance, electronic conductivity
of metal oxides is problematic because of different activated processes
and scattering of charge carriers, which depend on external condi-
tions and environment [91, 92] (e.g., oxygen partial pressure and
different surface coatings).
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Figure 26. From top to bottom, surface band structure calculations for
bulk terminations indicated in Figure 23(a), (b), and (c), respectively.
Grey shaded area represents the projection of the bulk bands on the
surface and red-dotted lines indicate the surface bands. Reprinted with
permission from [132], M. Batzill et al., Phys. Rev. B 72, 165414 (2005).
©2005, American Physical Society.

Miéki-Jaskari and Rantala have shown in DFT calculations
that Pd can adsorb to various anionic and cationic sites depending
on surface reduction and external conditions [93]. At anionic
sites Pd—Sn bond lengths significantly exceed Sn—O lengths in
bulk and surface. They predicted that on perfect stoichiometric
(110) support, clustering of Pd results, while on reduced surfaces, the
palladium—metal oxide interaction may also cause deformations
of the supporting surface layer by Pd substitution of surface layer
atoms. Additionally, they observed that strong binding of Pd with
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Figure 27. Band structure calculations for a) the reduced and b) the
stoichiometric SnO,(101) surface (see Fig. 23(f) and (g), respectively).
Grey shaded area represents the projection of the bulk bands on the
surface and red-dotted lines indicate the surface bands. Reprinted with
permission from [132], M. Batzill et al., Phys. Rev. B 72, 165414 (2005).
©2005, American Physical Society.

surface tin atoms can enhance release of oxygen from stoichio-
metric surface, which makes tin sites on surface more reactive. In
the reduced surface containing Sn?* type of ions has smaller band
gap that was slightly below the gap of the Pd/SnO, surfaces con-
sidered. Surface in-plane oxygen vacancies were found to be pre-
ferred adsorption sites (E,  below —4eV) for Pd adatoms, some of
which are expected to be or become available in the case of oxy-
gen deficient surfaces. Fourfold and fivefold coordinated surface tin
atoms provided adsorption sites also. Binding was weaker at the
stoichiometric (110), (100) and (101) surfaces than at the reduced
(110) surfaces. In these cases, Pd is bound with bridging oxygen
and/or surface tin atoms. The weak attraction between palladium
adatoms can enhance the alignment and nucleation of Pd adatoms
along [001] surface direction, especially in the case of stoichiometric
(110) surface. Least coordinated (3 or 4) surface tin atoms of the
reduced SnO,(110) surfaces were predicted to be preferred sub-
stitution sites of Pd among tin atoms. They proposed that, on one side
the observed substitution reactions may be connected with the
experimentally observed formation of tin alloy on Pd/SnO,_
surface. On the other, once the continuous Pd rows has been formed,
or the surface cations of Sn?* or Pd* types are present at the surface
with large density, the thin film conductivity can be increased due
to the decrease of the band gap and de-localization of conduction
band states. This may be associated with increased reactivity, over
the stoichiometric surface and over the case in which some in-plane
oxygen sites are occupied by Pd.
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3.1.2.d. Surface Conclusion

It has been shown that a change in the oxygen chemical potential
of the gas phase results in a shift in the surface phase diagram
towards an oxygen rich or poor surface that implies the thermo-

dynamic stability of one or other surface termination. Additionally,
it has been shown that different surface terminations imply dif-
ferent surface electronic structure: the surface states for reduced
SnO, surfaces and defect states at oxygen vacancies have been
observed to lie low within the band gap for all three surfaces
investigated. Since charge transfer to adsorbed molecules is
responsible for the gas response, these changes of the surface
electronic structure may play an intricate role in the gas sensing
mechanism. So there can be expected altered molecule—surface
interactions when modifying the working condition (i.e.: temper-
ature and partial pressure of the surrounding gas). Finally, it has
been remarked that theoretical works are helping to understand
the great influence of dopants, such as Pd, at the surface of
SnO, in gas sensing applications.

3.1.3. Molecule Adsorptions

Despite the importance of molecular interactions with SnO,, in
its applications as gas sensor and heterogeneous catalyst, relatively
few experimental surface science studies of molecular adsorption

and reactions on SnQ, sinele crystals have been performed
and reactions on SnU, singic crystais have odeen periormead.

Furthermore, most of these studies have been concentrated on the
SnO,(110) surface where are also centered most of theoretical
works. Much of this work has been performed by Cox and co-
workers. In their studies they assumed simple bulk terminations
with different oxygen concentration. However, it has been discussed
in Section 3.1.2 that the surface structure of SnO,(110) can be
quite complex. Nevertheless, many of the conclusions drawn by
Cox and co-workers regarding surface-composition dependent
reactivity are still valid. In the next sections we review some of
the first-principles works on molecular reactions.

3.1.3.a. 02

Although there is evidence for complex oxygen/SnO, interac-
tions, which are instrumental for triggering gas responses, there
is little knowledge about specific adsorption geometries.
Calculations were conducted in order to understand better the
interaction of O, with SnO,. The adsorption of O, on stoichio-
metric (110) [147-150] and (101) [94] surfaces as well as at
oxygen vacancies has been theoretically investigated. Neutral O,
adsorbs extremely weakly on stoichiometric SnO, surfaces,
with calculated adsorption energies less than —0.02 eV for the
(110) surface. However, at bridging-oxygen vacancies adsorption
is strong. Dissociation of O, adsorbed at vacancy sites with one
O atom filling the vacancy and the other adsorbing at neighboring
five fold coordinated Sn sites has been shown to be exothermic
for the (110) surface [95]. A thorough investigation of oxygen
adsorption on stoichiometric and various reduced surfaces by
DFT calculations was performed by Oviedo and Gillan. They

confirmed that O, cannot adsorb PY(\H’]PFI’H“I”V on the stoichio-

metric (110) surface. Weak adsorption is p0531ble at the fivefold
coordinated Sn sites with an adsorption energy less than —0.4 eV.
Much stronger adsorption is possible at bridging-oxygen vacancy
sites with an adsorption energy of up to —1.8 eV. There was
also evidence that a bridging oxygen vacancy can bind three O,

molecules simultaneously, one at the vacancy site and two at the
neighboring fivefold Sn sites.

Using a point-charge model, Yamaguchi et al. studied the
stability of different oxygen anion species stabilized at bridging-
oxygen vacancy sites at the (110) surface. They concluded that a
low concentration of O~% and O~ can be expected if considering
the energy diagram for different oxygen species.

Ml _Tagkar: ot ol atudied the charce accumulation of oxveen
Maki-sasgar €t ar. sluGied e cnarg accumuiauon Oi OXygen

species adsorbed on an ideal and defective SnO,(110) surface
with excess charge by DFT calculations [95]. An excess charge
of 10*'-10% ecm™ influenced the oxygen surface chemistry of
SnO, and allowed to model the ionosorption of oxygen. With
additional charges, an O~ ion adsorbs at fivefold Sn sites, while
without additional charges a 02_2 complex is favorable. This latter
structure is identical to the adsorption of O, at a bridging-oxygen
vacancy site and can also be viewed as the initial step of oxygen
adsorption. An energy of 2eV/O™, is being released upon trans-
formation of the initial adsorption geometry to the final geometry
in the presence of excess charge.

For the SnO,(101) surface, DFT calculations showed that O,
adsorbs at oxygen vacancy sites with a significant charge
transfer forming an O~ species [94].

Recently, Mazzone and Morandi [96] reported a quantum
mechanical study of the adsorption properties of defective
SnO, nanostructures based on a semi-empirical Hamiltonian.
CIVQL‘«]HInP SnO,-cagsiterite nanograins, with a size and shape
compalable VVlth the experlmental ones, where con51dered
The results on the adsorption of both O, and CO show that the
presence of the defects enhances the grain cohesion and favors
adsorption. The conductance has a functional relationship
with the structure and the defective state of the nanograins and
its dependence on these quantities parallels the one of the
binding energy.

3.1.3.b. NO,

A detailed DFT study on the adsorption of NO, 1\702 on the
SnO,(110) surface is presented in Section 2.5 and reported in.
There it is shown that the strongest adsorption of NO and NO,
over SnO,(110) takes place over surface oxygen atoms and
surface oxygen vacancies, respectively. From the point of view of
the charge transfer, NO release charge to the surface while NO,
captures it being this compatible with their respective reducing
and oxidizing behavior.

Other DFT calculations of NO, adsorption on SnO,(101)
were performed in view of an observed gas response of SnO,
nanoribbons (or nanobelts) [94]. It was found that NO, adsorbs
either with a single bond to a single fivefold coordinated Sn
surface atom or in a bidentate structure to two Sn atoms. The
difference in the binding energy between these two configura-
tions is small implying that a bidentate bonded NO, molecule can
easily break one bond, rotate around the remaining bond, and
re-bond to another Sn atom. Thus NO, molecules are expected to
be mobile at room temperature. If two NO, molecules meet at the

surface an oxygen atom is transferred from an NO, molecule to
the other formingo chnnn]v bidentate bonded NO. qnd wnql.lv

e oth 1g stror bidentate bonded } nd a weak
bonded NO that may desorb from the surface. The NO,; molecule
is not expected to be mobile at room temperature. There is
significant charge transfer from the SnO, substrates of ~0.4 elec-
trons to the NO; molecule. This should result in a drop of the
conductivity of the nanoribbons. Nitrogen K-edge XANES spectra
confirmed the presence of NO, and NO; at the surface of these
nanoribbons with NO, being the dominant species [94].
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3.1.3.c. CO

Melle-Franco and Pacchioni investigated the interaction of CO
with the fivefold Sn site at the stoichiometric SnO,(110) surface
by quantum-mechanical calculations [97]. Only CO adsorption
with the C-end oriented to the surface was considered as the
favored adsorption geometry. It was found that electrostatic
effects play a dominant role in the interaction. Chemical bonding
with charge donation from the CO 56 level to the empty Sn states
and CO polarization was also found. Unlike for TiO, [98] or
Cu,O [99, 100] no back donation from the oxide to the CO
molecule was observed. Overall, the CO adsorption was rather
weak with an adsorption energy of —0.25 eV.

Ciriaco et al. [101] calculated the influence of CO adsorption
on the electronic structure of SnO,. CO adsorption at Sn sites
resulted in a shift of the Fermi level. They also discussed the
possibility of abstraction of lattice oxygen to from CO, and
found that this is a thermodynamically disfavored process.

Recent works of Mazzone and Morandi [96, 102] studied the
adsorption of CO onto SnO,-cassiterite clusters based on DFT
calculations. Their results indicate the formation of a stable complex
formed by the cluster, with an essentially unchanged shape, and by
the deposited molecule which has a small displacement and rota-
tion with respect to the incidence conditions. An extensive testing
on the parameters needed by the DFT formulation indicated fluc-
tuations of either the structural parameters or the structure of the
allowed energy levels. Three sources for these effects were iden-
tified, i.e. the evaluation of the spin distribution, the choice of the
correlation potential and the limited size of the basis sets.

3.1.3.d. CO,

Cluster and periodic ab initio calculations showed that the
stoichiometric SnO,(110) surface is rather unreactive towards
CO, [103]. CO, interacts electrostatically with fivefold Sn cations
with the molecular axis perpendicular to the surface. On the bridging
oxygen atoms CO, is chemisorbed with the formation of a surface
carbonate. However, this process is almost thermoneutral and the
chemisorbed state is metastable.

3.1.3.e. H,0

Water omnipresence and the consequently unavoidable “contami-
nation” of any surface with water exposed to ambient conditions
ensures continuous interest of surface scientists in the interaction
of water with inorganic materials [104, 105]. The adsorption of water
on tin-dioxide surfaces plays an important role for its applications
as gas sensing material. For this application, device applications get
considerably affected by the presence of water [106]. Furthermore,
many gas sensors are intended to detect harmful gases in the
environment under ambient conditions, and water is constantly
present in these applications. In the use of SnO, gas sensors it was
early recognized that SnO, was not just sensitive to inflammable
gases but also was sensible to humidity [107].

Recently, DFT calculations have been performed in order to
obtain a better fundamental understanding of water adsorption on
the stoichiometric SnO,(110) surface as well as on the reduced and
stoichiometric SnO,(101) surfaces. These studies are summarized
in the following.

First principle DFT calculations show that (partial) dissociative
adsorption on the stoichiometric (110) surface are favored.
Goniakowski and Gillan found that for SnO,(110) dissociated
water is the most stable configuration [108]. However, as pointed
out by Lindan [109] because inter-molecular bonding was not
explicitly addressed in these calculations these conclusions are of

(a) 1.74 eV (b) Unstable (c) 1.56 eV

(@) 1.77 eV

(e) 1.72 eV (f) Unstable

Figure 28. Schematic representation of the adsorption geometries of
water on SnO,(110) by DFT calculations considered in [166].
Oxygen, tin and hydrogen are represented by large, small filled and
small open circles respectively. Half coverage (top) and monolayer
coverage (bottom) are considered. The presented adsorption energies
are favorable to the adsorption and should be considered negative for
coherence with the rest of the present text. Reprinted with permission
from [166], P J. D. Lindan, Chem. Phys. Lett. 328, 325 (2000).
©2000, Elsevier.

limited use [110]. Lindan studied half and full monolayer cover-
age of water and found that, in both cases, complete dissociation
is the most energetically favored adsorption. However, while for
half monolayer coverage no molecular adsorbed water was stable,
at full coverage a half dissociated/half molecular adsorbed water
geometry was found to exhibit an slightly lower adsorption energy
compared to the fully dissociated structure. The considered
adsorption geometries and the adsorption energies are shown in
Figure 28. Bates [111] confirmed theoretically many of Lindan’s
conclusions for the full monolayer cverage on SnO,(110) and
extended the studies using a larger surface unit cell.

Although all the theoretical studies point towards preferential
dissociation of water on SnO,(110), experimental studies have
ambiguously confirmed this conclusion. Gercher and Cox [112]
performed UPS and TPD studies of water adsorption on
SnO,(110) single crystals. Molecular desorption peaks at 200
and 300 K were observed and desorption at 435 K was attributed
to OH disproportionation. In their study they found only 10-15%
dissociated water on the stoichiometric, reduced (all bridging
oxygen atoms removed) and highly defective surfaces (with
in-plane oxygen vacancies). It was observed an increase in disso-
ciation to about 35% on a less defective surface. This suggested
that a limited number of in-plane vacancies promotes dissocia-
tion, but further increase in vacancies decreases the dissociation
probabilities. A downward band bending of —0.1 eV was observed
for water adsorption on stoichiometric SnO,(110) surfaces [113].
This implies an electron transfer from water to the sensing material
and is consistent with the increase in conductivity of SnO, gas sensors
in a humid atmosphere.

Water adsorption on the (101) surface was studied on both the
stoichiometric and reduced bulk terminations by UPS measurements
and DFT calculations [114]. A strong difference in the water
adsorption was observed depending on the oxidation state of the
surface. Adsorption studies at 110 K are shown in Figure 29
(a—c). It can be observed in the difference spectra (spectra that
have the contribution of the clean surface subtracted from the
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Figure 29. Water adsorption on the reduced and stoichiometric SnO,(101) surface studied by UPS measurements and DFT calculations. Adsorption at
110 K is shown in (a)—(c) for the reduced surface (a) and stoichiometric surface (b). Band bending effects upon water exposure is plotted in (c) for the two
surfaces. UPS measurements for water exposure at 160 K is shown in (d) for the reduced surface and in (e) for the stoichiometric surface. Only on the
stoichiometric surface (e) adsorption and dissociation of water is observed at 160 K. Models of water adsorption derived from DFT calculations are shown
in (f) for the reduced surface and (g) and (h) for the stoichiometric surface for molecular and dissociative water adsorption, respectively. Calculated adsorp-
tion energies are also shown. Reprinted with permission from [62], M. Batzill and U. Diebold, Prog. Surf. Sci. 79, 47 (2005). ©2005, Elsevier.

water exposed samples) weak additional features on the stoichio-
metric surface. These may be assigned to orbitals of OH from
dissociated water. If water is adsorbed at higher temperatures
(160 K), a stronger difference is observed between the two surfaces
(Fig. 29(d-e)). At this temperature significant water adsorption is
observed on the stoichiometric surface only. Furthermore, there
is clear indication of dissociated water in the difference spectrum
for the stoichiometric surface. In addition to valence band photo-
emission, band bending effects upon water adsorption was also
investigated. Figure 29(c) shows that water adsorption at 110 K
causes a much stronger downward band bending on the stoichio-
metric surface compared to the reduced surface. This is consistent
with the notion that dissociated water causes most of the band
bending and thus is responsible for the humidity gas response of
SnO,. DFT calculations verified the differences in the water
adsorption on the reduced and stoichiometric SnO,(101) surfaces.
Figure 29(f-h) shows the results of these calculations. Only
molecular water is stable and adsorbs weakly on the reduced
surface. This is most likely because of the lack of surface oxygen

that could accept hydrogen. For the stoichiometric surface both
molecular and dissociative adsorption is possible, however, dis-
sociation is thermodynamically favored and exhibits the highest
adsorption energy of the configurations considered.

3.1.3.f. S0,

In Section 2.5, a DFT study on the interaction of SnO,(110) with
SO, is presented showing that the strongest adsorptions take
place over surface oxygen vacancies and that their corresponding
adsorption energies are stronger than in the case of NO,. This
result and the competence between SO, and NO, for similar
adsorption sites seem to explain the poisoning by SO, of the NO,
sensors based on SnO,. Additional details on this work can be
found reported in.

3.2. ZnO

ZnO properties make it well suited to applications in chemical gas
sensing, UV light emitters, transparent high power electronics, sur-
face acoustic wave devices, piezoelectric transducers and varistors.
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Rocksalt (B1)

Zinc blende (B3) Wurtzite (B4)

(c)

Figure 30. Stick and ball representation of ZnO crystal structures: a)
cubic rocksalt (B1), b) cubic zinc blende (B3), and ¢) hexagonal wurtzite
(B4). The shaded grey and black spheres denote Zn and O atoms,
respectively. Reprinted with permission from [185], U. Ozgiir et al.,
J. Appl. Phys. 98, 041301 (2005). ©2005, American Institute of Physics.

The interest of ZnO in optical applications is due to ZnO
several potential advantages, with respect to other commonly
used materials like AllnGaN, including the commercial avail-
ability of bulk single crystals and the larger exciton binding
energy (~60 meV for ZnO, ~25 meV for GaN). The latter prop-
erty should translate to an even brighter light emission than that
obtained with GaN photonics. Moreover, ZnO of reasonable
quality can also be deposited at lower growth temperatures than
GaN, leading to the possibility of transparent junctions on
cheap substrates, such as glass. A short review of ZnO bulk
phases and its electron structure is presented in Section 3.2.1.

An additional advantage of ZnO for optoelectronics is that it
can be a good n-type (with and without dopping) and also p-type
(with dopping) wide gap semiconductor: it is possible to obtain
homojunctions of ZnO to produce UV light emitting diodes or
light detectors. The n-type character of ZnO appears spontaneously,
and in Section 3.2.2 we review some of the last DFT works dealing
its intrinsic origin. On the other hand, many studies have been
recently reported [172-178] to fabricate usable p-type ZnO. Of
special interest is the codoping method proposed by Yamamoto
and Hiroshi [115] and further developed by others [180-182].
It was found that by applying different forms of dopant sources
which contain the same dopant chemical element may result in
different types (n or p) of semiconductors. Some usual dopants,
which have been studied theoretically with DFT tools, are H, N
and P. In Section 3.2.3 we review some of these works.

As far as gas sensing properties of zinc oxide (nano-)crystals
are concerned, they have been studied towards CO, CO,, NO,
NO,, H,S, HCHO, NH,, H,, ethanol and humidity. Complete
reviews on the state of the art of ZnO based gas sensors and the
production of well-terminated nanostructures can be found else-
where [116, 117]. Before studying the theoretical interaction of
ZnO with target molecules, a great effort has been dedicated to
understand the stability and electron structure of ZnO low index
surfaces. Details on main results on this topic, that are given
in Section 3.2.4, imply the distinction between polar and non-
polar surfaces. Finally, there exist only a few
interaction of ZnO with gas molecules that are summarized in
Section 3.2.5.
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3.2.1. Bulk Properties

Most of the group II-VI binary compound semiconductors
crystallize in either cubic zinc-blende or hexagonal wurtzite
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Figure 31. Total energy vs. volume (both per ZnO formula unit) for the
three phases: zinc-blende (squares), wurtzite (diamonds), and rocksalt
(circles). The zero of energy is the sum of the total energy of an isolated
Zn and an isolated O atom. Data taken from [186].

structure where each anion is surrounded by four cations at the
corners of a tetrahedron, and vice versa. This tetrahedral coordi-
nation 1s typical of sp3 covalent bonding, but these materials also
have a substantial ionic character.

ZnO is a II-VI compound semiconductor whose ionicity
resides at the borderline between covalent and ionic semiconduc-
tor. The crystal structures shared by ZnO are wurtzite (B4), zinc
blende (B3), and rocksalt (B1), as schematically shown in Figure 30
(from [118]). At ambient conditions, the thermodynamically stable
phase is wurtzite. The zinc-blende ZnO structure can be stabilized
only by growth on cubic substrates, and the rocksalt (NaCl)
structure may be obtained at relatively high pressures.

The ground-state total energy of ZnO in wurtzite, zinc-blende,
and rocksalt structures has been calculated as a function of
unit-cell volume using a first-principles theory by several groups
[186-189]. The total-energy data versus volume for the three
phases are shown in Figure 31. The theoretical results predict that
the wurtzite form is energetically preferable compared to zinc
blende and rocksalt, which is compatible with the observations.

Wurtzite structure has a hexagonal unit cell with two lattice
parameters, a and c, in the ratio of c/a=V8/3 =1.633 and belongs
to the space group of P6;me. In an ideal wurtzite structure, the
structure is composed of two interpenetrating hexagonal-close-
packed (hep) sublattices, each of which consists of one type of atom
displaced with respect to each other along the threefold c-axis by
the amount of u=3/8=0.375 in fractional coordinates (the u param-
eter is defined as the length of the bond parallel to the ¢ axis, in
units of c). Each sublattice includes four atoms per unit cell and
every atom of one kind (group-II atom) is surrounded by four
atoms of the other kind (group VI), or vice versa, which are coor-
dinated at the edges of a tetrahedron. In a real ZnO crystal, the
wurtzite structure deviates from the ideal arrangement, by changing
the ¢/a ratio or the u value. Lattice constants at room temperature
determined by various experimental measurements and theoretical
calculations are in good agreement [118, 119]. The lattice con-
stants mostly range from 3.2475 to 3.2501 A for the a parameter
and from 5.2042 to 5.2075 A for the ¢ parameter. The c/a ratio and
u parameter vary in a slightly wider range, from 1.593 to 1.6035
and from 0.383 to 0.3856, respectively.
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Since the wurtzite structure described above does not present
inversion symmetry, the crystal exhibits crystallographic polarity,
which indicates the direction of the bonds, i.e., (0001) basal planes
in the wurtzite structure differs from (000-1) planes. The conven-
tion is that the (0001) axis points from the face of the O plane to
the Zn plane and is the positive z direction. Many properties of the
material depend also on its polarity, for example, growth, etching,
defect generation and plasticity, spontaneous polarization, and
piezoelectricity. In wurtzite ZnO, besides the primary polar plane
(0001) and associated direction <0001>, which are the most
commonly used surface and direction for growth, many other
secondary planes and directions exist in the crystal structure.
This is discussed in detail in Section 3.2.4.

The electronic structure of zinc oxide has been investigated
in some detail in several experiments (see [120] and references
therein). Typically, the density of states reveals two primary
bands between 0 and —10 eV (measured from the valence band
maximum). The upper band is primarily derived from O 2p and
Zn 4s orbitals, while the lower band arises almost only from Zn
3d electrons with a maximum between —7 eV and -8 eV [121].
From x-ray photoelectron spectra the mixture of Zn 3d states in
the O 2p band has been determined to be about 9% indicating a
small covalent contribution to bonding [122]. Zinc oxide displays
a direct band gap of about 3.4 eV at the I'-point.

The theoretical calculation of the band structure of ZnO
mostly involve the LDA [194-197], which is complex because
of the cationic 3d electrons. The calculated lattice constant
underestimates the experimental values by as much as 18% for
wurtzite ZnO if the 3d electrons are treated as core electrons,
while inclusion of the 3d electrons in the valence band yields
very accurate lattice constants. However, even if the 3d elec-
trons are properly taken into account, the results of standard
LDA calculations show distinct shortcomings, such as strongly
underestimated band gap and overestimated occupied cationic
3d bands, which roughly reside 3 eV high in energy as compared
to experiment. In addition, their interactions with the anion
2p valence bands are artificially enlarged, resulting in over-
estimated dispersion and bandwidth of the latter and shifting
them unphysically close to the conduction bands. For example,
the LDA underestimates the ZnO band gap to be as low as E =
0.23 eV, as opposed to the experimental Eg =3.37 eV. Zakharov
et al. [123] reported plane-wave GW method for a number of
II-VI compounds. They simply treated the 3d electrons as core
electrons and obtained very good results for the anion p valence
bands and for the band-gap energies but it was not possible to
make any assertion concerning the d-band positions. Recently,
some groups reported GGA and GGA+U calculations of the
band structure. A band diagram from Erhart et al. [124] and a
detailed DOS from Jeffe et al. are reprinted in Figure 32. For
further reference, the electronic band structure of the other
phases of ZnO has also been studied by a number of researchers
[125, 126].

3.2.2. Intrinsic Point Defects

The defect physics of ZnO has been extensively studied since
many properties of zinc oxide are highly sensitive to point
defects present in the material. Theoretically, a number of DFT
calculations have been performed to elucidate the behavior of
intrinsic[202-205], as well as extrinsic point defects [206—-209]
following the methodology described in Section 2.2. These cal-
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Figure 32. a) Total density of states (DOS) for ZnO in the B4 struc-
ture and the B1 structure calculated by DFT. Adapted and reprinted
with permission from [187], J. E. Jaffe et al., Phys. Rev. B 62, 1660
(2000). © 2000, American Physical Society. b) Band structures
obtained from density-functional theory calculations within the gener-
alized-gradient approximation GGA (top) and using the GGA+U
method (bottom). The conduction band states have been rigidly shifted
to the experimental band gap. The small black circles represent data
from self-interaction and relaxation corrected (SIRC) pseudopotential
calculations [202]. In the plots on the right the solid and dashed lines
show the calculated and experimental [191] density of states, respec-
tively. The gray stripe shows the calculated band gap. Reprinted with
permission from [199], P. Erhart et al., Phys. Rev. B73, 205203 (2006).
©2006, American Physical Society.

culations are based on LDA or GGA which suffer from an
underestimation of the band gap and an improper description of
the band structure. The first shortcoming is intringic to the DFT
method in general (see [127, 128]). The second problem is
particularly pronounced for zinc oxide because GGA exchange-
correlation potentials and self-interactions intrinsic to the LDA
cause an energy level shift of the Zn 3d states. As a result, the
calculations not only yield a band-gap error of more than 2 eV
but also overestimate the covalence of the Zn-O bond. A direct
comparison between data calculated within LDA or GGA-DFT
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Table 4. Calculated formation enthalpies (in V) for point defects in bulk zinc oxide for zinc-rich and p-type conducting conditions (1, = 0 eV, VBM.
Different first principles methods and approximations have been used: DFT GGA and GGA+U [199]; DFT, GGA, ultrasoft PP [204]; DFT, LDA,
ultrasoft PP [202]; DFT, LDA, norm-conserving PP [203]; and DFT, LDA, norm-conserving PP [205].

Ref. [199] Ref. [204] Ref. [202] Ref. [203] Ref. [205]
Defect type  Defect state GGA GGA+U GGA LDA LDA Uncorr. LDA Corr. LDA
Zn, g, 0 2.50 4.25 12 17 34 62

+1 0.98 1.69 >0.4 1.3 1.5 2.1
+2 033 0.02 -0.6 0.9 -0.2 -2.3
Vo 0 1.00 1.71 0.0 1.5 24 0.9
+1 0.26 0.71 0.2 0.8 1.5
+2 —0.48 -0.73 -0.9 -03 -0.5 3.0 -0.5
Oy 0 461 470 5.1
+1 476 4.59 5.1
+2 536 5.08 52
OLorot -2 7.70 879 2 7.2
—1 0.01 1.U8 >0 1o 0.0
0 4.87 4.96 6.0 6.5 52
+1 507 4.91 6.5 53
+2 567 541 54
O\on -2 7.84 897 7.8 7.8 7.4 97 74
-1 6.65 7.33 6.9 6.8 6.4 10.4 6.7
0 6.20 6.60 6.4 6.4 6.2 12.1 6.2
+1 6.36 6.60 6.4 6.3
+2 6.95 7.09 6.3
Vou -2 632 7.06 5.1 6.6 5.8 10.1 59
-1 557 5.96 5.0 58 57 10.1 58
O 535 5.60 >5.1 6.0 5.8 10.6 6.0
1010 3 ; » ; ; : i v fact can be illustrated for the case of the oxygen vacancy.
s According to the data of Kohan et al. the &(+2/0) transition for
5 this defect should be located in the vicinity of the valence band
2 1 F maximum, while the corrected data by Zhang et al. predict the same
EJ transition to oceur just below the conduction band minimum.
= Quantitatively more reliable calculations are required since it is
% 1010} difficult to assess the reliability of these predictions.
£ Regarding the dependence of concentration of point defects
] with respect to the partial pressure of Zn during the synthesis at
§ 1020+ a given temperature (i.e.: variations of the chemical potential of
= Glioch Zn or, conversely O), Kohan et al. shown (see Fig. 33) that high
% ! concentrations of Zn vacancies are reached at low partial pressure
a10%} of Zn, and vice versa, high concentrations of O vacancies are

Increasing Zn partial pressure

Figure 33. Intrinsic defect concentration at 1000 K. Conduction
electrons are identified as “e” and holes as “h”. Reprinted with permission
from [202], A. E Kohan et al., Phys. Rev. B 61, 15019 (2000). © 2000,
American Physical Society.

and experiment is, therefore, severely hampered. This problem
has been addressed in various ways. Zhang et al. proposed an
empirical correction scheme based on a Taylor expansion of the
formation enthalpies in the plane-wave cutoff energy [129]. The
results can only be

interpreted semiquantitatively since a pro-
found physical motivation for this scheme is lacking. Kohan et al.
discussed corrections based on the electronic structure of the
defect configurations while other authors resorted to a qualitative
discussion of their results.

If no correction is applied, the calculated formation enthalpies
reported by different authors are comparable (see Table 4), whereas
the various correction schemes lead to very different results. This

reached at low partial pressures of oxygen.

Regarding the origin of the intrinsic n-type character of ZnO,
Oba et al. highlighted that only the zinc interstitial (Zn,) or the
zinc antisite (Zn,) can explain the n-type conductivity of undoped
ZnO based on intrinsic defect stability calculations. However, the
oxygen vacancy should be dominant under n-type conditions
since it shows the lowest formation energy among the donor-type
defects. This inconsistency could be a reason for the controversy
on the native donor.

Similarly, Zhang et al. found that ZnO is n type at Zn-rich
conditions because 1) the Zn; is a shallow donor, supplying electrons;
2) its formation enthalpy is low for both Zn-rich and O-rich
conditions, so thi

s defect is abundant; and 3) the native defects
that could compensate the n-type doping effect of Zn, (interstitial
0, O,, and Zn vacancy, V), have high formation enthalpies for
Zn-tich conditions, so these “electron Killers” are not abundant.
Additionally, they found that ZnO cannot be doped p-type via
native defects (O;, V,,, ) despite the fact that they are shallow (i.e.,
supplying holes at room temperature). This is because at both
Zn-rich and O-rich conditions, the defects that could compensate
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Figure 34. Variation of defect formation enthalpies with Fermi level
under zinc-rich (left) and oxygen-rich (right) conditions as obtained
from GGA+U calculations. Open and closed circles correspond to defects
on the zinc and oxygen sublattices, respectively. The numbers in the plot
indicate the defect charge state; parallel lines imply equal charge states.
The gray shaded area shows the difference between the calculated band
gap (1.83 eV) and the experimental (3.37 eV). Reprinted with permis-
sion from [199], P. Erhart et al., Phys. Rev. B73, 205203 (2006). © 2006,
American Physical Society.

p-type doping (V,,, Zn;, Zn,) have low formation enthalpies so
these “hole killers” form readily.

According to other authors, the formation of defect complexes
and/or unknown residual impurities (such as nitrogen substitutional
N, is proposed to play central roles for the n-type conductivity
of undoped ZnO. This is the case of Look et al. [130] how, based
on molecular dymanics simulations, show that the Zni-Ng, defect
complex is a shallow donor with a sufficient binding energy to
explain data.

Recently, Erhart et al. [124] reported an extensive work on
ZnO intrinsic point defects, based on the GGA+U. This work
partly confirms earlier calculations but reveals a larger number of
transition levels (see Fig. 34): (1) For both the zinc interstitial as
well as the oxygen vacancy, transition levels are close to the
conduction band minimum. (2) The zinc vacancy shows a transi-
tion rather close to the valence band maximum and another one
near the middle of the calculated band gap. (3) For the oxygen
interstitials, transition levels occur both near the valence band
maximum and the conduction band minimum.

3.2.3. Dopants

The possibility of doping ZnO to obtain wide-gap p-type
semiconductor has great interest for different applications. For
instance, using N, as the dopant source led to n-type conduction
but NO, or NO led to p-type conduction; using P,0O, led to
n-type conduction (poor reproducible p-type conduction also
was reported) but Zn,P, led to p-type conduction experimen-

fq]h Since the A-Fﬂwrnnpr\ in oxvoen chemical notential may be

1ce the 4t oxXygen chemica: potential

partlally responsible for the above ZnO experiments, some DFT
calculations were reported focusing on the relationship between
oxygen chemical potential and electronic band gap structure.
However, the underline mechanism that governs the above
observed dopant behavior is still not clear. This problem has
been explored from both DFT and chemical thermodynamic
calculations.

Lee et al. studied the difficulty to obtain p-type ZnO with an
N, doping source. They found that at low N doping levels using
a normal N, source, O vacancies are the main compensating
donors for N acceptors, while N acceptors are compensated
via the formation of defect complexes with Zn antisites at high
doping levels. When an active plasma N, gas is used to increase
the N solubility, N acceptors are still greatly compensated by N,
molecules at oxygen sites and N-acceptor-N, complexes,
explaining the difficulty to achieve low-resistivity p-type ZnO.
Recently, based on first-principles calculations, Marfaing et al.
[131] proposed that efficient doping appears possible in various
alternative ways: simultaneous incorporation of hydrogen as an
interim compensating donor to be subsequently eliminated; use
of a high activity dopant in the external phase (atomic N, NO)
while preventing the formation of N,-O compensating donors;
planar doping for separate optimization of nitrogen incorporation
and a defect-free crystal.

Van de Walle [132] reported strong theoretical evidences
that hydrogen cats as a source of conductivity: it can incorporate
in high concentrations and behaves as a shallow donor. This
behavior is unexpected and very different form hydrogen’s role
in other semiconductors, in which it acts only as a compensating
center and always counteracts the prevailing conductivity.

Yu et al. [133], indicate that it is unlikely to fabricate a usable
p-type ZnO using P,O. as dopant and predicted that Zn,P, is a
good dopant source under zinc rich growth conditions.

3.2.4. Surfaces

Theoretical investigations on ZnO-wurzite surfaces have been
centered on the three low index surfaces (10-10), (11-20) and
(0001).

The nonpolar (10-10) and (11-20) surfaces are obtained by
cutting the uystal perpendlcular to the hexagonal Zn and O
1aV€I‘S \SCE 11v JJ) In both cases, for the \hu 10) and the
(11-20) planes, two equivalent surfaces are created so that
always stoichiometric slabs with the same surface termination
on top and at the bottom can be formed. The (10-10) surface
geometry 18 sketched in Figure 35(a). Each surface layer contains
one ZnO dimmer. The dimmers form characteristic rows along
the (1-210) direction which are separated by trenches. The
surface layers of the (11-20) surface are built up by two ZnO
dimmers, which form zigzag lines along the surface (see Fig.
35(b)). The two dimmers are equivalent and are related by a
glide plane symmetry. Cleaving the crystal perpendicular to the
c axis (see Fig. 35(c)) always creates simultaneously a Zn- and
an O-terminated polar (0001) and (000-1) surface, respectively.
If we only consider cuts where the surface atoms stay threefold
coordinated, all slabs representing polar surfaces are automati-
cally stoichiometric and are inevitably Zn terminated on one side
and O terminated on the other side so that each Zn-O double
layer exhibits a dipole moment perpendicular to the surface

with physical an computations consequences. More details on
this point are ol\ en in Section 2.3,

is point are given in Section 2.

The nonpolar (10-10) surface of ZnO has been the focus of
several experimental and theoretical studies. However, the form
of the relaxation of the surface atoms is still very controversial.
Duke et al. [134] concluded from LEED analysis that the top-layer
zinc ion is displaced downwards by d, = —0.450i 0.1 A and
likewise the top-layer oxygen by d, =-0.05+£ 0.1 A, leading to a
tilt of the Zn-O dimer of 12° £ 5°. No clear evidence for lateral
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dimmer

dimmer,
(0]

Figure 35. Solid rectangle marks the surface repetition unit. Dotted rectangle shows the thickness of a single surface layer: a surface unit one layer
thick contains two ZnO dimmers (as in the bulk unit cell). a) Top and side views of the relaxed surface (10-10). Notice that the two dimmers are placed
at different depths. b) Top and side views of the relaxed surface (11-20); in this case, both dimmers are in the same plane. ¢) Top and side views of
the relaxed (0001) surface. a) and b) reprinted with permission from [231], J. D. Prades et al., Thin Sol. Films 515, 8670 (2007). © 2007, Elsevier.

distortions within the first layer or for second-layer relaxations
were obtained. The strong inward relaxation of the Zn ion was
later confirmed by Gopel et al. [135] in an angle-resolved
photoemission experiment.

The first theoretical investigations of the (10-10) surface were
done using empirical tight-binding (TB) models. With two very
different TB models, Wang and Duke [136] found a strong
displacement of d, = -0.57 A, whereas Ivanov and Pollmann
[137] obtained an almost bulk-like surface geometry. A recent

calculation with atomistic potentials based on a shell model [138]
predicted d,, = —0.25 A and a ratherr strong upward relaxation
of the second-layer Zn of +0.165 A. Several ab initio studies
(DFT-LDA) [139], Hartree-Fock (HF) [140] and a hybrid HF and
DFT method using the B3LYP functional [141] employing
Gaussian orbitals as basis functions to solve the electronic struc-
ture problem favor small inward relaxations of Zn and small
tilts of the ZnO-dimers of 2° to 5°. However, it is questionable
if these studies represent fully converged results. We found only
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Table 5. Cleavage energy E

cleavage

(in J/m?) for the different ZnO surfaces from several calculations reported in the literature.

Surface (10-10)

(11-20) (0001)/(000-1)

Method B3LYP
Ref. [224,227]
[J/m?] 23

Ec]eavage

GGA LDA LDA HF
[230] [225] [230] [222]
L6 17 23 27

Shell model GGA LDA B3LYP GGA LDA
[221] [230] [230] [227] [230] [230]
2.0 17 25 40 34 43

one DFT-LDA calculation using plane waves [142] where larger
relaxations with a tilt of 11.7° were obtained.

The nonpolar (11-20) ZnO surface has been less frequently
studied than its (10-10) counterpart. The two tightbinding models
[136, 137] predicted the same relaxation behavior for the (11-20)
as for the (10-10) surface: Wang and Duke [136] found a strong
zine displacement of d, = -0.54 A toward the bulk whereas the
TB model of Tvanov and Pollmann [137] preferred an almost
bulk-like surface structure. With a first-principles hybrid B3LYP
method, Wander and Harrison [143] found much smaller relax-
ations for the (11-20) surface than for the (10-10) face, but not
all degrees of freedom were relaxed in this study. To our knowledge
there has been no quantitative experimental investigation.

Ab initio calculations on polar slabs [227-229] predict,
consistently for both surface terminations, contractions for the
first Zn-O double-layer distance, with a larger inward relaxation
at the O-terminated surface.

In view of the above-discussed discrepancies between different
experimental and theoretical investigations, Meyer and Marx
provided a consistent set of fully converged calculations for the
four main ZnO surfaces that solved this disagreement [144].
Additionally, they proposed that the polar surfaces can only be
stable if a rearrangement of charges between the Zn- and the
O-terminated surfaces takes place. In their calculations the polar
surfaces were stabilized by allowing the electrons to move from
the (000-1)-O to the (0001)-Zn surface, thereby quenching the
internal electric field.

Concerning surface stability, Table 5 (reproduced from the work
of Meyer and Marx [144]), reviews the main results on the
cleavage energies of the low index surfaces. (Notice that, because
of the polar surfaces, this comparison can not be made in terms of
the surface free energy; see Section 2.3). Besides the discrepancies
between the different approximations, it is clear that nonpolar
(10-10) surface is the most stable face of ZnO with the lowest
cleavage energy. But the energy of the (11-20) surface is only
slightly higher. The cleavage energy for the polar surface is
roughly a factor of 2 larger than for the nonpolar surfaces.

Regarding the surface electronic structure, less theoretical
works have been reported. Prades et al. [145] predicted a very
similar electron structure of the stoichiometric nonpolar surface
with respect to the bulk. However, intragap levels (0.5eV above
the valence band maximum) associated to oxygen vacancies
were found (see Fig. 36).

3.2.5. Molecule Adsorptions

Resgides the stability of ZnO surfaces at different chemical

S5es1ges e stadtuily of Ane) suriaces at quierént cnemicai

potentials of oxygen, several works have dealt with the interaction
of ZnO low index surfaces with molecules of interest in gas
sensing but, in all cases, polar surfaces where selected. In the
following lines we review some of them.

The interaction of the polar ZnO(000-1) surface (O-terminated)
with hydrogen and oxygen was studied by Meyer [146] by
combining a thermodynamic formalism with first-principles

defective 25% O, . _ ValenceBand |Gap

—— defective 25% O, ,, .

D T S S T
—— defective 25% Zn, |

—— defective 25% Zn,

‘St

electron density of states [a.u.]

—— defective 25% dim, .

2 -1 0 g
A: (10-10)

. Valence Band _|Gap

— defective 25% O,

— defective 25% Zn,

'suitiad

—— defective 25% dim_ 1

electron density of states [a.u.]

-7 % -5 -4 3 -2 -1 0 i

energy [eV] B: (11-20)

Figure 36. Electron density of states of stoichiometric and defective
7ZnO surfaces compared with the bulk: intragap levels 0.5 eV above the
VBM only appear when outermost surface oxygen is removed. A) (10-10)
surface B) (11-20) surface. Reprinted with permission from [231], J. D.
Prades et al., Thin Sol. Films 515, 8670 (2007). © 2007, Elsevier.

density-functional calculations (their essential results are
reprinted in Fig. 37). From this surface phase diagram they
predicted that hydrogen is adsorbed at the (000-1)-O surface for
a wide range of temperatures and H, partial pressures, including
UHV conditions. This was also confirmed in a study of the CO
adsorption on the polar ZnO surfaces [147] and is in agreement
with observations of a HAS experiment of Kunat et al. [148].
They found a H binding energy of roughly 2.3eV per atom if
molecular hydrogen dissociates and adsorbs at the clean O-termi-
nated surface. Moreover, they predicted that in situations where
both polar surface terminations are present (for example in powder
samples) the dissociative adsorption of water with H and OH
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Figure 37. Phase diagram of the polar O-terminated (000-1) Surface in
equilibrium with H, and O, particle reservoirs controlling the chemical
potentials Ay, and AL, , based on selected superstructures as explained
in the text [232]. The lowest-energy surface structures are labeled by the
concentrations of oxygen vacancies ¢y and hydrogen adatoms cy;. The
upper right area indicates conditions under which H,O condensates on
the surface. Reprinted with permission from [232], B. Meyer, Phys. Rev.
B 69, 045416 (2004). © 2004, American Physical Society.

groups being adsorbed at the O and Zn-terminated surface,
respectively, is also energetically preferable. However, as soon as
a coverage of % monolayer of hydrogen is reached, the energy
gain of adsorbing more hydrogen on the (000-1)-O surface drops
very rapidly with increasing hydrogen coverage. Therefore, no
stable phases with more than 1/2 monolayer 11 coverage appear
in the surface phase diagram. Particularly, a structure with a full
monolayer of H as predicted in [148] seem not very likely to exist
globally in thermodynamic equilibrium (which does not exclude
a kinetic or local stabilization).

They predict it is possible to gradually remove the hydrogen
from the surface and to form stable phases with less than 1/2 mono-
layer coverage of hydrogen by lowing hydrogen partial pressures
and higher temperatures. Oxygen vacancies will be created if all
hydrogen is removed as proposed by Kunat et al. [148]. However,
they found that a surface with a vacancy concentration of 1/4 is
much more stable than a missing-row structure where 1/3 of
the oxygens have been removed. Finally, at higher oxygen partial
pressures the O vacancies will be filled and the clean, defect-free
O-terminated surface becomes the most stable structure.

Very recently, Cooke et al. [149] also calculated the stability
of the non-polar surfaces under oxygen and hydrogen atmos-
pheres. In each case, two terminations only are stable for a
significant range of oxygen and hydrogen chemical potential:
the pure stoichiometric surface and a surface covered in a mono-
layer of water. However, the mode by which the water adsorbs is
different for the two surfaces considered. On the (10-10) surface
(see Fig. 38(a)) hydrogen bonding can occur between adjacent
chemiadsorbed water molecules because the close proximity
of the water molecules and hence there is little difference in
the stability of the hydrated and hydroxylated surface. In fact, the
most stable surface occurs with a combination of dissociated and

undissociated water adsorption. In the case of the (11-20) surface
(see Fig. 38(b)), only a hydrogen-bonding network can form when
full dissociation has occurred.

Recently, Fink [150] studied the adsorption of H,, CO and
CO, on oxygen vacancies at the polar ZnO(000-1) surface based
on cluster calculations. Regarding H,, he identified 3 defects,
namely Vi, Vi, and V, which differ only by the number of
H, molecules adsorbed at the defect site and proposed to judge
their relative stability by a comparison of the total energies of
Vipo + 2H,, Vi, + H,, and V.. The lowest total energy was
obtained for Vo + H,. To remove a further H, molecule from the
surface and obtain VHZO costs 2.32 eV (2.16 V). To add H, to the
defect needs 1.35eV (1.52 eV). For the numbers in brackets, zero
point vibrations were corrected.

The latter result seems to contradict the DFT slab calculations
of Meyer [146] who obtained very similar energies for the con-
figurations V, + H,, and V ;,. The hydrogenated defect was
slightly lower in energy in his calculations. Considering the
chemical potential of H,, this would mean that it is possible to
form a hydrogenated defect for very high H, pressures on the
basis of the DFT slab calculations, while this configuration is
never reached on the basis of the cluster calculations. The reason
for the different results would be a difference in the description
of the conduction band in the DFT slab calculations and the
embedded cluster calculations. In the Vy;,, and V, defects, the
valence band of ZnO is completely filled and the conduction
band empty. The vacancy electrons of V, occupy a local defect
level. These states can be well described by an embedded cluster
approach. The additional two electrons at the V;,, defect have to
occupy the conduction band. It is well known that the position of
the conduction band is too low in DFT slab calculations without
self-interaction correction [151] Therefore, the binding energy
of the additional H, molecule will be overestimated in the slab
calculations. So that, Fink assumed it is very unlikely that V,
can be lower in energy than V, + “2 He concluded that a
hydrogenated defect can not be reached in experiment.

From the calculations on the adsorption of CO and CO,, he
assumed that electron rich defects can be refilled by the reaction:
Vacancy + CO, — Surface + CO under catalytic conditions,
though he did not now estimate the barrier heights of this reaction.
CO can be bound with both ends at V o> 88 observed already
before [152] The adsorption of CO with the O end was in his
calculations only possible at Vy,, ., while it can bind with the C end
at Vi and at V;;, with binding energies in the same order of
magnitude. For a quantitative comparison of the binding energies
he proposed it is necessary to perform high level wavefunction
based ab initio calculations, since the energy differences between
different adsorption geometries are very small.

Chaturvedi et al. [153] studied the interaction of SO, with
polar surfaces of ZnO (both Zn and O terminated) by combining
photoemission and molecular orbital techniques. They found that
the chemistry of SO, on ZnO is complex, and oxygen is the
active site. When SO, is dosed on ZnO at 100 K, a mixture of

SO, and SO, gnecies is formed on the surface. Theoretical calen-

Ly ana SO, species 1s formed on e suriace. L heoreucal caic

lations suggest that SO, adsorbs on an oxygen site to form SO,,
which later extracts an oxygen atom from the ZnO lattice to form
SO, At100K, the energy available for this “extraction” is limited
due to the low temperature of the system. Additionally, SO,
dosed on ZnO at 300K forms surface SO, species that are stable
up to temperatures above S00K. These SO, species decompose to
form Zn-bonded S and ZnO.
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Figure 38. a) Calculated phase diagram of the structure of the ZnO (10-10) surface as a function of oxygen and hydrogen chemical potentials or
partial pressures. The dotted vertical line on the left-hand side limits the stability domain of solid zincite with respect to metal zinc. The vertical lines
on the right-hand side correspond to the condensation of oxygen into molecular O,, at different temperatures (full 0 K, broken 298 and 1000 K). The
diagonal lines correspond to the water/H, equilibrium (same temperature convention). The lower and left scales give the chemical potentials, in eV.
The upper and right scales give the corresponding partial pressure at 298 and 1000 K, in bar. b) Calculated phase diagram of the structure of the ZnO
(11-20) surface as a function of oxygen and Hydrogen chemical potentials or partial pressures. Same grayscale convention as before. Adapted and
reprinted with permission from [235], D. J. Cooke et al., J. Phys. Chem. B 110, 7985 (2006). © 2006, American Chemical Society.
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NO, with both polar ZnO surfaces by combining photoemission,
XANES and DFT techniques. They concluded that NO, is a
very good oxidizing agent for preparing ZnO from metallic zinc.
Zn reacts more vigorously with NO, than metals such as Rh, Pd,
or Pt which are typical DeNO, catalysts. At 300K, the main
product of the reaction of NO, with polycrystalline ZnO is
adsorbed NO, with little NO, or NO present on the surface of
the oxide. No evidence was found for the full decomposition
of the NO, molecule (i.e., no NO, — N + 20). The Zn <> NO,
interactions on ZnO are strong and the Zn sites probably get
oxidized and nitrated as a result of them. It appears that NO, is
very efficient for fully oxidizing metal centers that are missing
O neighbors in oxide surfaces. On zinc oxide, the nitrate species
are stable up to temperatures near 700K. ZnO can be useful as a
sorbent in DeNO, operations.

3.3. TiO,

Titanium dioxide ig

as a nhotocatalvet in

wotocatalyst,

used as gas sensor, as a
solar cells for the production of hydrogen and electric energy,
as white pigment (e.g., in paints and cosmetic products), as a
corrosion-protective coating, as an optical coating, in electric
devices such as varistors and in ceramics. It is important in
earth sciences, plays a role in the biocompatibility of bone
implants, finds applications in nanostructured form in Li-based
batteries and electrochromic devices, and is being discussed as

a gate insulator for the new generation of MOSFETS and as a
spacer material in magnetic spin-valve systems.

TiO, is not used as extensively as SnO, and ZnO in gas
sensing applications, but it has received great attention an it
its widely used as an oxygen gas sensor, e.g., to control the
air/fuel mixture in car engines [241-243]. Two different temper-
ature regimes are distinguished [155]. At low temperatures,
addition of Pt leads to the formation of a Schottky-diode and a
high sensitivity against oxygen [155]. At high temperatures,
TiO, can be used as a thermodynamically controlled bulk
defect sensor to determine oxygen over a large range of partial
pressures. The intrinsic behavior of the defects responsible for
the sensing mechanism can be controlled by doping with tri- and
pentavalent ions.

Several review papers discuss the technical and scientific
aspects of TiO, photocatalysis [245-248]. An extensive review of
the surface science aspects of TiO, photocatalysis has been given
by Linsebigler et al. [156].

Besides, TiO, is one of the most investigated metal oxides

from the theoretical noint of view. In Section 3.3.1

rom the theoretical point of Sectior 1,
the most relevant results on TiO, bulk properties (including the
two most relevant polymorphs rutile and anatase). After this,
main works on the stability and the electron structure of rutile
(110), (100), (001), and anatase surfaces are summarized in
Sections 3.3.2 and 3.3.3. Finally, Section 3.3.4 presents the main
theoretical results on the surface chemistry and molecular
adsorption on TiO,.

we review
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Figure 39. Bulk structures of rutile and anatase are shown. The tetragonal bulk unit cell of rutile has the dimensions, a =b =4.584 A, ¢=2953 A,
and the one of anatase a = b=3.782 A, c= 9.502 A. In both structures, slightly distorted octahedra are the basic building units. The bond lengths and
angles of the octahedrally coordinated Ti atoms are indicated and the stacking of the octahedra in both structures is shown on the right side. Reprinted
with permission from [252], U. Diebold, Surf. Sci. Rep. 48, 53 (2003). ©2003, Elsevier.

3.3.1. Bulk Structure

Titanium dioxide crystallizes in three major different structures;
rutile -so c?lled cassiterite- (tetragonal, P42/mnm, a=b=4.584 A
c=2.953 A [157]), anatase (tetragonal, 14 /amd, a=b=3.782 A
¢ =9.502 A) and brookite (rhombohedrical, Pbca, a = 5.436 A,
b=9.166 A, ¢c = 5.135 A) [158]. However, only rutile (stable)
and anatase (metastable, but frequently found in nanograins)
play any role in the applications of TiO, and are of great interest
here as they have been studied with computational techniques.
Their unit cells are shown in Figure 39 (from [159]). In both
structures, the basic building block consists of a titanium atom
surrounded by six oxygen atoms in slightly distorted octahe-
dral configuration. In each structure, the two bonds between
the titanium and the oxygen atoms at the apices of the octahe-
dron are slightly longer. A sizable deviation from a 90° bond
angle is observed in anatase. In rutile, neighboring octahedra
share one corner along {110} directions, and are stacked with
their long axis alternating by 90°. In anatase the corner-sharing
octahedra form (001) planes. They are connected with their
edges with the plane of octahedra below. In all these TiO,
structures, the stacking of the octahedra results in threefold
coordinated oxygen atoms.

3.3.1.a. Defects

The titanium—oxygen phase diagram is very rich with many stable
phases with a variety of crystal structures (see, for example, [158]).
In consequence, TiO, can be reduced easily. Bulk reduction and

the resulting color centers are reflected in a pronounced color
change of TiO, single crystals from initially transparent to light
and, eventually, dark blue. These intrinsic defects result in n-type
doping and high conductivity [159].

As has been remarked [160], bulk defects play a major role
in a variety of surface phenomena where annealing to high temper-
atures is necessary, e.g., during the encapsulation of Pt[161]. The
relationship between crystal color, conductivity, bulk defects as
characterized by EPR measurements, and surface structure of
rutile (110) has been investigated systematically by Diebold et al.

1601 The electric nroperties in denendence on the bulk defect
10U 11 €ieCric properues n gepencence on e buik aeiect

concentration has been investigated in [162].

The bulk structure of reduced TiO,_ crystals is quite complex
with different types of defects such as doubly charged oxygen
vacancies, Ti*t and Ti4+ interstitials, and planar defects. The defect
structure varies with oxygen deficiency which depends on temper-
ature, gas pressure, impurities, etc. Despite years of research, the
question of which type of defect is dominant in which region of
oxygen deficiency was subject to debate [162]. It was shown that
the dominant type are Ti interstitials in the region from TiO) 444
£0 110, gg0 11621.

3.3.2. Surface Structure

Based on total energy self-consistent ab initio calculations,
Ramamoorthy et al. [163] studied the low index surfaces of TiO,,.
Since they presented their surface free energy results in surface
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Table 6. Surface free energies of low-index TiO,-rutile surfaces.
Normalized values to the lowest surface free energy E_ (110) are pre-

sented for comparison. Values taken from [256, 257].

surf

LDA from [256] GGA from [257]

Surface B, [meV/au?] By /B (110) E  [/m? Eg/E (110)

{110} 15.6 1.00 0.50 1.00
{100} 19.6 1.26 0.69 1.38
{101} 24.4 1.56 1.03 2.06
{001} 289 1.85 1.25 2.50

arbitrary units, it is not straightforward to compare them result
with more recent works such as Perron et al. [164]. In any case,
the former and the more recent calculations leads to the same
conclusions (see Table 6). The (110) surface has the lowest surface
energy, and the (001) surface the highest. This is also expected
from considerations of surface stability, based on electrostatic
and dangling-bonds arguments discussed previously for
SnO,(110) in Section 2.1. (Atomic models of these three rutile
(cassiterite) surfaces agree equivalent to those reproduced for
SnO, in Fig. 23.) The thermodynamic stability of the (100) surface
was also considered, and was found to be stable with respect to
forming (110) facets. The (001) surface was almost unstable
with respect to the formation of macroscopic (1x1) (011) facets.
The experimental results on the three low-index rutile surfaces
discussed here fit rather well with the stability expected from
these calculations: for rutile, the (110), (001) and (100) surfaces
have been analyzed, with (110) being the most stable one. From
the calculated energies [256] a three-dimensional (3D) Wulff plot
was constructed (see Fig. 40). The Wulff construction [165] gives
the equilibrium crystal shape of a macroscopic crystal.

For anatase, the (101) and the (100)/(010) surface planes are
found in powder materials, together with some (001). The (101)
surface was calculated to have the lowest surface energy, even
lower than the rutile (110) surface [166].

Theoretical works on the stability of rutile and anatase low
index surfaces are reviewed in the following sections. Section
3.3.3 is dedicated to the electron structure of such surfaces.

3.3.2.a. TiO,rutile(110)

The rutile (110) surface is the most stable crystal face and
structure and stability of TiO,(1 1 0)-(1X1) can be predicted with
simple guidelines. Although the TiO,(110) surface is very stable,
it reconstructs and restructures at high temperatures under both
oxidizing and reducing conditions.

Several groups have studied the relaxations of TiO,(110)
with total-energy calculations [256, 260-264]. Both linear com-
bination of atomic orbitals (LCAOs) and plane-wave techniques
were used. Either periodic or free-standing supercells with different
numbers of layers were considered. Because of the localized
nature of the Tiy; electrons in the TiO, structure, plane-wave
expansions are demanding. A rather high-energy cutoff needs to
be used for convergence, and the functional for the LDA- or
GGA -based calculations may also influence the results [167]. In
addition, the thickness of the slab may play a role in the accuracy
of the calculated geometry.

The directions of the calculated relaxations agree with the
experimentally determined coordinates in (almost) all the theore-
tical papers. The quantitative agreement is not as good as one
could expect from state-of-the art ab initio calculations, however.
In particular, all the calculations find a much smaller relaxation
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Figure 40. The equilibrium shape of a macroscopic TiO, rutile crystal
using the Wulff construction and the calculated surface energies of [256].

for the position of the bridging oxygen atom. As Harrison et al.
pointed out, the extensive experience of calculations on bulk
oxides which has been built up in recent years leads one to expect
that DFT and HF calculations will reproduce experimental bond
lengths to somewhat better than 0.1 A. They proposed that a
reason for this disagreement could be and strong anharmonic
thermal vibrations at the TiO,(110) surface since theoretical DT
and HF results are strictly valid only at zero temperature.
However, discarding this explanation, it was found in molecular
dynamics simulations using the Carr-Parrinello approach [168]
that the average position in dynamic calculations 18 only relaxed
by 0.05 A rather than by 0.27 A as previously found. It was
suggested that the O atom might relax laterally so that it is
displaced into an asymmetric position.

It is now well-known that adsorbates often have a significant
influence on the “re-relaxation” of the surface. Computational
studies, such as the one given in [169] for the adsorption of
Cl, clearly show strong effects upon adsorption. Only a few
experimental data exist so far. For example, Cu overlayers on
TiO,(110) cause the Ti atoms at the Cu/TiO,(110) interface relax
back to the original, bulk-like positions. The O atoms relax even
stronger, which was attributed to Cu—O bonding [170].

3.3.2.b. TiO,-rutile(100)
The rutile (160) surface has received considerably less attention
than the (110) crystal face. This appears to be a strongly corru-
gated surface, with rows of bridging oxygen atoms at the outermost,
(100)-oriented ridges. Indeed a (1x1)-terminated LEED pattern
is observed on this surface after sputtering and annealing, and STM
and non-contact AFM images are consistent with this model
[171, 172].

Several theoretical calculations have determined likely relax-

ations of the (1x1) surface [163, 173, 174]. In [173], different
All these

theoretical approaches and basis sets were tested. All these

calculations agree in the general displacements of the atoms,
although the amount of relaxations differ somehow. As expected
from symmetry, no relaxations occur along [001]. In the [100]
direction only the fivefold coordinated Ti atoms show appre-
ciable (downwards) relaxations [163]. Substantial relaxations
occur along the [010] direction with the twofold coordinated
and the threefold coordinated oxygen atoms moving in opposite
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Table 7. Comparison of calculated surface formation energies for
relaxed, unreconstructed TiO,-anatase surfaces. Values taken from
[276, 277].

Surface orientation {101} {100} {001} {110}
Eor [J/m?] 0.44 0.53 0.90 1.09

direction of the fivefold and sixfold coordinated Ti atoms. The net
effect of these displacements is to increase the effective coordina-
tion of the fivefold coordinated Ti atoms [173]. No experimental
data on relaxations of the TiO,(100)-(1x1) surface exist.

3.3.2.c. TiO,rutile(001)

The least detailed structural information is available for the rutile
(001) surface. Additional theoretical and experimental work could
help to resolve the geometry of this surface would be quite valuable.

3.3.2.d. Vicinal TiO, Rutile Surfaces
Vicinal surfaces of TiO, have not been studied extensively. The
most detailed investigation was performed on a TiO,(210)
surface [175]. In a formal sense, TiO,(210) lies midways
between (110) and (100), and is the most simple vicinal surface.
Atomistic simulations, based on Coulombic interaction between
ions and a short-range repulsive interaction, predicted an asym-
metric sawtooth-like structure of the surface, consisting of {110}
nofacets. The width of each nanofacet is 1.5 times the width

of the surface unit cell of the (110)-(1x1) structure (i.e. 3a/¥2).
Each nanofacet terminates with a row of Ti atoms carrying
bridging oxygen atoms. The surface energy of this structure is
predicted to be 2.07 J/m?. (This is to be compared to a surface
energy of 1.78 J/m? derived using a similar calculation for
TiO,(110) [175)).

3.3.2.e. TiO,anatase Surfaces

As far as anatase is concerned, typically (101) and (100)/(010)
surface pu’mea are found, togetnel with some (001) [160].
Several theoretical studies have predicted the stability of the
different low-index anatase surfaces [166, 176, 177]. The (101)
face is the thermodynamically most stable surface (see the
calculated surface energies in Table 7 from [178, 179]). While
it is difficult to obtain accuracy for surface energies numbers
with DFT calculations, the relative surface energies in Table 7
should still be meaningful. The calculated Wulff shape of an
anatase crystal, based on these values, compares well with
the shape of naturally grown mineral samples (see Fig. 41).
Interestingly, the average surface energy of an equilibrium-
shape anatase crystal is smaller than the one of rutile [178, 179],
which might explain the fact that nanoscopic TiO, particles are
less stable in the rutile phase.

Woning and van Santen [180] also predicted, based on calcu-
lations of the electrostatic potential, that the rutile (110) surface
can be reduced easier than the anatase (101) surface.

The stable, anatase (001) surface exhibits exclusively fivefold
coordinated Ti atoms, as well as twofold and threefold coordi-

nated oxvoen atoms (see Fm 42(¢a)). Calculations show that the

aled oxXygen atoms (see w2Aa)). Lacuialon nat U

corrugation increases somewhat upon relaxation, from 0.82 to
0.92 A [166]. Based on first-principles calculations, Lazzeri and
Selloni suggested the so-called ‘added molecule (ADM)’ struc-
ture (see Fig. 42(b, ¢) [181]. High-resolution STM and NC-AFM
images are consistent with the ADM model [182]. Kinks and
defects in the bright rows of the (1x4) structure as well as the faint
lines between the bright lines (which would be at the location of

a)

(001)

Figure 41. a) The equilibrium shape of a TiO, crystal in the anatase
phase, according to the Wulff construction and surface energies calcu-
lated in [276]. b) Picture of an anatase mineral crystal reprinted with
permission from [252], U. Diebold, Surf. Sci. Rep. 48, 53 (2003).
©2003, Elsevier.

the Ti(5) atoms) fit very well to the proposed model. The NC-AFM
images show elevated features which are also consistent with these
added features.

As seen from Table 7, the anatase (100) surface should be
quite stable. While this plane is not a terminating face at an equi-
librium-shape crystal, such planes are observed in powder materials.

3.3.2.f. Conclusion

Extensive theoretical work together with scanning probe
techniques has helped to refine the understanding of surface
relaxations. The level of detail on the atomic geometry of the
TiO,(110) surface is certainly comparable to that of certain ele-
mental semiconductors or metals. DFT calculations have helped
in understanding the structure of TiO, surfaces, and have given a
warning sign when structural models based on experimental
observations were too simplistic.

One interesting theme is the interplay between surface structure
and bulk defects in rutile; the presence of different structural
features under exactly the same preparation conditions show its
the importance in the reduction state of the crystal.

The expanding data base has made rutile TiO, a very popular
model system for metal oxides. Nevertheless, there are still many
open questions concerning the crystal structure of rutile surfaces
as pointed out throughout this section. One interesting aspect

ig tha aduvamt ~AF gcnirfonn gtiiding Am anatage
is UiC aqvenl Of suriace studqics O anatasc.

3.3.3. Surface Electron Structure

An excellent introduction to the (bulk) electronic structure of
transition metal oxides was given by Cox [183]. This was followed
up with a detailed discussion of the surface electronic structure
in the book on oxide surfaces by Henrich and Cox [184]. Since
publication of this book in 1994, much progress has been made
in the theoretical understanding of TiO, surfaces. Increasingly
powerful computational approaches have been used as is described
in a large number of publications [256, 262, 263, 283-297]. The
basic understanding of the structure of clean TiO, surfaces as
given in [184] is still valid; so that here it is summarized briefly.
In the following a distinction is made between stoichiometric
surfaces, and oxygen-deficient, ‘reduced’. Since defects are intro-
duced rather easily in rutile, this distinction is made somewhat
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4a

Figure 42. a) Relaxed (001)-(1X1) surface of anatase TiO,. b) Relaxed structure of the “ad-molecule’ (ADM) model for the (1X4) reconstruction. ¢)
Projection of the atomic positions of the ADM model on the plane perpendicular to the y direction. Dots with different sizes represent atoms belonging
to different planes parallel to the figure. Dotted lines represent bonds in the ideally bulk-truncated surface. The length in A of some surface bonds is
indicated. a is the theoretical in-plane bulk lattice spacing (a = 3.786 A). x and y correspond to the [001] and [010] directions. Reprinted with permission
from [279], M. Lazzeri and A. Selloni, Phys. Rev. Lett. 87, 266105 (2001). © 2001, American Physical Society.

arbitrarily. Almost every work that discusses clean TiO, surfaces
is also concerned with reduced, defective surfaces.

3.3.3.a. Stoichiometric Surfaces

The electronic structure of TiO, has been calculated using a
wide variety of theoretical approaches with varying degree of
sophistication [256, 262, 263, 284-296, 298-304]. There is wide
agreement that the surface electronic structure is not too different
from that of the bulk. Except for non-stoichiometric surfaces, no
surface states are observed or predicted (see below).

The occupied states are mostly O, derived, but exhibit a
significant degree of covalency (see Fig. 43). The use of LDA
vs. GGA in DFT, and the inclusion of spin-polarization, has
been shown to cause little change in the overall features of the
LDOS of stoichiometric surfaces. The hybridization of the Ti
levels with oxygen are experimentally determined with resonant
photoemission [185, 186]. When the photon energy is swept across
the Ti,  absorption edge, the photoemission cross-section for Tiy -
derived states increases [187]. These resonances can be used for
a qualitative estimate of Ti—O hybridization. Projected partial
density of states have also been extracted from photoelectron
diffraction measurements [188]. The iono-covalent character of
the TiO,(110) surface and of Ti, O, clusters with different sizes
and charges has been studied by Albaret et al. [189]. On average,
the Ti charge is close to +1.7 (as compared to the formal oxidation
state of +4), and the oxygen charge is close to —0.85 (formal
oxidation state of —2), with only small variations depending on
the system. On the TiO,(110) surface, the covalency of bonds
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Figure 43. Mulliken projected densities of states of a three-layer slab
of a stoichiometric TiO,(110) surface. The atom indexes indicate the
position in the supercell (see reference). Reprinted with permission from
[295], A. T. Paxton and L. Thién-Nga, Phys. Rev. B 57, 1579 (1998). ©
1998, American Physical Society.

J. D. Prades



Methodology

Applications of DFT Calculations to Chemical Gas Sensors: Design and Understanding

283

(o) b T o (110)
P T —e 2
P By e T e 0 L M
% o i) DA et =t Y UV I S S S L a
- = = NP Y
54 . ; X 3 % 2
X1 el Fessssestsess
".J‘,o,,o d Seey o PLLIT
; '
- 64 / : . | ERTIRITN (S . M
> sd g - A AL .
@ . A 8
C XAk asai ‘A‘u‘ . Q......Ql.. 5 M
©10] & ey = [E—
- 3 S . 3
2 . r ot " ¢
“;) = ..o"oov\"'t—"‘—-‘n.‘; o M
g EEEEEENEN * \ a '
» i 3 @
[100] o 3
o g~ N " X, .....
LA hdanaaaant ° oF
il o ® —
X ¢ 3 . 2 .0 - ¥
Y 55 - 4
9 - S PN N S S M - !
: 5 ) P M
. . 7 .
_ T =
I
1
X r 2z M

Crystal Momenium

Figure 44. Calculated and experimental dispersions for rutile TiO, along the X—I'-M directions of the reduced zone. The data were obtained from
normal-emission spectroscopy from TiO,(110) and TiO,(100) surfaces. The final states bands for hv =25 eV are also shown. Closed and open symbols
represent emission from different Brillouin zones in the extended zone scheme. Experimental bands are labeled by the symmetry derived from dipole
selection rules. Adapted and reprinted with permission from [311], P. J. Hardman et al., Phys. Rev. B 49, 7170 (1994). © 1994, American Physical Society.

between the bridging oxygen atom and the underlying sixfold
coordinated Ti atoms is enhanced compared to other surface bonds.
This is similar to a Mulliken charge analysis of the calculations
by Paxton and Thién-Nga.

While the calculations of the electronic structure of TiO, are
abundant, only one photoemission experiment (where measured
dispersions were related to the calculated band structure) has been
reported [190] (see Fig. 44). Spectra were taken on a TiOy(110)
and a TiO,(100) samples. Two angles of incidence for the photon
beam were used. Because of the polarization of synchrotron, the
identification of the symmetry of the valence band states based
on selection rules was allowed. Such an assignment is critical,
because the valence band in photoemission is broad and complex
(Fig. 44). Photon energies below the Ti, to Tiy; resonance have
been used in the analysis. Very flat bands have been found in
reasonable agreement with theory.

3.3.3.b. Reduced Surfaces
Annealing at high temperatures (or bombarding with electrons)
creates point defects in the rows of bridging oxygen atoms and
reduces the TiO,(110) surface. Figure 45 shows two typical
photoemission spectra from the valence band region which
exemplify the presence of oxygen vacancies. The solid line is
from a (blue) TiO,(110) crystal after sputtering and annealing in
UHV. The defect state in the band gap is visible. It shows almost
no dispersion when the emission angle is changed [191]. The
defect state disappears upon exposure to molecular oxygen gas
at room temperature.

However, the defect state in the band gap is usually not repro-
One

duced in theoretical One
pointed out by Lindan et al. Spin-polarized DFT calculations of
‘reduced” models system (where all the bridging oxygen atoms
were removed, and the coordinates were relaxed) show localized
band gap states formed by Ti,; orbitals (see Fig. 46). In spin-
paired calculations, this feature is generally not present in the
band gap. The nature of the defect state is easily explained [184].
Removal of a neutral oxygen atom leaves behind two electrons

calculations.

which previously occupied O, levels in the valence band. These
states are no longer available, and the electrons go into the con-
duction band, the bottom of which is formed by Ti3d states. Both,
the neighboring fivefold and the sixfold Ti atoms receive an elec-
tron, and these electrons are unpaired.

Reduced TiO, is an n-type semiconductor, and band-bending
effects accompany the adsorption of gases or metals. Figure 45
shows an example where such a band-bending effect is clearly
visible. When oxygen vacancies are present, the extra electrons
in the vacancies act as donor-like states that create an accumula-
tion layer in the near-surface region. This causes a downward
band bending. Only minimal changes occur in shape of the
valence band after adsorption of oxygen in Figure 45, but there is
a rigid shift of all peaks in the photoemission spectrum upwards
by 0.2-0.3 eV. This is caused by a downwards shift of the Fermi
level and an ‘unbending’ of the bands.

3.3.4. Molecule Adsorptions

Molecules and atoms adsorption. and their dissociation and/or
Moiecuies and atoms adsorption, and heir dissociation and/or

reaction to other products, is certainly the most extensive area of
study in TiOZ. In this review, we summarize the most relevant
results on adsorption onto TiO, surfaces of molecules of interest
in gas sensing applications. A more complete and detailed
review of experimental an theoretical works on the interaction of
TiO, with organic and inorganic molecules was elaborated by
Diebold [159].

3.3.4.a. O,

Because Ti is such a reactive element, oxygen-deficient surfaces
are clearly expected to react with O, In many studies it has
implicitly been assumed that oxygen exposure would just fill
surface vacancies on TiO,. In the mid 90’s, the intricacies of the
oxygen/defect interaction were investigated in more detail. Photo-
catalytic studies [313-315] as well as co-adsorption studies of
water and ammonia with oxygen-predosed surfaces [316-318]

revealed that the ‘filling” of oxygen vacancies is not as simple as
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Figure 45. a) Photoemission spectra (hv=35 eV, normal emission) from
the valence band region of a sputtered and UHV-annealed, clean
TiO,(110) surface. After adsorption of molecular oxygen at room temper-
ature, the defect state in the band gap region disappears and the spectrum
shifts by 0.2-0.3 eV to higher binding energy due to band bending. A
Shirley background was subtracted from both spectra. b) Schematic
diagram of the band-bending effect due to donor-like surface defect
states. Surface oxygen vacancies create a defect state and electrons are
donated to the system. A charge accumulation layer is created in the
near-surface region and the bands in the n-type semiconducting TiO,
sample bend downwards. Reprinted with permission from [312], Y.
Ailura et al., Physica B 194-196, 1215 (1994). © 1994, Elsevier.

previously thought. The theoretical analysis of this complex sit-
uation was performed based on LDA first-principles calculations
when discussing the stability of different surface relaxations.

More recently, Wendt et al. reported an study of the origin of
various point defects on reduced rutile TiO,(110)-(1X1) based
on combining high-resolution scanning tunneling microscopy
(STM) and DFT calculations [192]. By means of adsorption and
desorption experiments using H,O and O, as probe molecules
they assigned the different features observed in STM images to
bridging oxygen vacancies, oxygen atoms on surface Ti atoms,
and single as well as pairs of hydroxyls on bridging oxygen
rows. These experimental results were discussed in comparison
to previous STM reports [320-322] where different assignments
of the STM features were suggested. Based on DFT calculations
they compared the interaction of water and oxygen with the reduced
TiO,(110) surface with the situation when these molecules
encounter a perfect stoichiometric TiO,(110) surface. These DFT
calculations strongly support the assignments of the features
observed experimentally by STM.

Applications of DFT Calculations to Chemical Gas Sensors: Design and Understanding
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Figure 46. Densities of states g(e) for spin-up and spin-down electrons
calculated for a stoichiometric TiO,(110) surface after structural relax-
ations. Reprinted with permission from [284], P. J. D. Lindan et al., Phys.
Rev. B 55, 15919 (1997). © 1997, American Physical Society.

In a recent work dealing with electroacceptor adsorbates on
rutile-TiO,(110) and MgO(100) surfaces, Ménétrey et al. showed
that the adsorption of O, on a perfect surface is not very favorable
since the surface is oxidized loosing the stoichiometry [193]. On
the contrary, on the reduced surface restoring the stoichiometry
is much more favorable. The consequence is not only on the
strength of the adsorption; it also monitors the adsorption mode.
They also concluded that the TiO, (110) surface is more active
than MgO (100) and the adsorption mode changes from a balanced
mode involving both Ti and O on the perfect surface to a mode
involving only the cations and the vacancy in the defective surface.
Coadsorption of ions preserving the global electroneutrality was
observed to be favorable on perfect surfaces.

3.3.4.b. CO

Several authors studied the adsorption of CO on metal-promoted
TiO, surfaces [324-332]. Of particular interest is the low-tem-
perature oxidation of CO on nanosized, TiO,-supported Au par-
ticles. In contrast to metal-promoted surfaces, the adsorption of
CO on the clean TiO,(110) surface has been far less investigated
experimentally [194, 195, 196, 197], although this system has
been treated theoretically by a number of groups [292, 337-344].
An early study by Gopel et al. [194,196] found oxygen vacancies
to be special adsorption sites for H, and CO.

The adsorption of CO/TiO,(110) has been treated with different
computational techniques (see review of Diebold [159]).
Adsorption with the C-end down is consistently found to be ener-
getically much more favorable than the alternative orientation,
where the CO molecule would bind with the O-end down.
Throughout these calculations the C—O bond distances are rather
similar, but the adsorption energies vary considerably, with the
experimental value from [195] being on the lower end of the

aiven range. The decrease in binding energy with higher coverage

given range. € gegrease in br 17 ener g coverage,

caused by the onset of repulsive interaction between CO mole-
cules, is reproduced in slab calculations. Experimentally, the
C-O stretching mode of the adsorbed CO molecule shows a red
shift compared to a free molecule [198]. The calculated values of
the red shifts of the C—O stretching mode vary considerably. A
quantitative comparison with experiment is difficult because of lack
of reliable vibrational spectroscopy results on well-characterized,

J-5. praces I



Methodology

Applications of DFT Calculations to Chemical Gas Sensors: Design and Understanding 285

single-crystalline rutile. However, the calculations seem to over-
estimate the amount of this shift [198] with one exception. The
COITiO,(110) system is a good test case for a refinement of com-
putational techniques. Several authors explored systematically
how these theoretical results are influenced by the embedding

method of the clusters, the basis set, and various corrections

[292, 337, 340-344].

Based on their TPD measurements, Linsebigler et al. [195]
suggested that a CO moiety adsorbed close to an oxygen vacancy
experiences an additional interaction with the vacancy that leads
to a stronger bonding. Only one calculation found an increase in
binding energy of CO at defect sites, in agreement with experi-
ment [195]. However, this calculation was performed with a
rather small, unrelaxed cluster.

3.3.4.c. N,

The physisorption of N, was treated theoretically [199, 200].
According to cluster calculations the molecule physisorbs at TiO,
surfaces in an end-on configuration. The high adsorption energy
for zero coverages found experimentally was reproduced in these
calculations. An interaction potential was constructed for
N,/TiO, clusters of various stoichiometries [200], and was used
in Monte-Carlo calculations of N, adsorption at 77K [199]. For
adsorption at low pressures (<1 Torr), every fivefold coordinated
Ti site is occupied by one N, molecule; lateral repulsion between
molecules causes an arrangement of N, in 1D zigzag chains.
According to these calculations, the area covered by one N, mole-
cule (19.2 and 9.6 A% in the monolayer regime and multllaym
regime, respectively) is quite different from the one usually used
for determination of surface areas (16.2 A2).

3.3.4.d. NO

Nitrogen oxides (NO,) are major contributors to acid rain and
ground-level ozone pollution. TiO, is used to photocata]ytically
oxidize NO [201]. Molecular scale studies of NO adsorption on
single- cryslallme TiO, surfaces are useful for gaining an under-
standing of the underlying mechanisms [202, 203].

DFT slab calculations found as the favorable adsorption
geometry a tilted NO molecule with the N-end down [202]. The
calculations showed formation of N,O, species for higher cover-
ages which are bound much stronger than NO. In a previous TPD
study [204], it was found that NO reacts reductively at the Ti**
sites at oxygen vacancies to produce N,O. The oxygen atoms in
the adsorbate molecules are extracted by the TiO, surface and
cause the oxidation of surface Ti** sites [204]. DFT calculations
[202] showed that other molecules, such as N,O or NO, bind
weakly to the surface.

3.3.4.e. NO,

The main product of the adsorption of NO, on TiO,(110) surface
is surface nitrate, NO;, with a small amount of chemisorbed NO,
[205]. Photoemission data and DFT calculations suggest that this
surface nitrate forms through a disproportionation process
2NO, 14 N0 1 N adsorption
NO, is abig molecule, t%ns result implies that substrate O vacancies
a.nd related defects migrate towards the surface in the presence of
NO,; a thesis that is supported by DFT calculations [205]. This
is another example for the importance of subsurface defects for
the surface chemistry of TiO,. Such mechanisms are of remarkable
importance in the prevention of environmental pollution when
using an oxide for trapping or destroying NO, species [205].

after adcnrmmn at Ti sites. Recanse

3.3.4.f. NH,

Ammonia adsorbs molecularly on TiO,(110) as well as TiO,(001)
surfaces at room temperature. This was confirmed in several
experiments [353-356] as well as theoretical calculations [206]. Tt
binds with the N-end down to the fivefold coordinated Ti sites.

3.3.4.9. H,0

Water is probably the most important adsorbate at TiO, surfaces
for many reasons since many of its applications are performed in
an aqueous environment. Water vapor in the ambient interacts with
TiO, surfaces, and surface hydroxyls can easily affect adsorption
and reaction processes. The adsorption of water on TiO, has been
of intense interest in recent years. Consequently, it has been inves-
tigated with a variety of experimental and theoretical techniques
[159]. Recently, an excellent review article on water adsorption on
solid surfaces was given by Henderson [207].

For the rutile (100) surface, there exist experimental and
theoretical which agree that water can dissociate to some extent
on perfect rutile (100) surfaces. Results from different spectro-
scopies generally indicate that water adsorbs both dissociatively
and molecularly [359-362]. The sticking coefficient is unity at a
sample temperature of 130K [208]. Adsorption/desorption
occurs reversibly, i.e., molecular water is the only desorption
product, and the surface generally does not become oxidized.
Most theoretical results [176, 209], but not all of them [168],
agree with the notion of initial dissociative adsorption, followed
by molecular adsorption at higher coverages.

In the case of rutile (110), there is a considerable disagreement
on the initial adsorption behavior of water, especially between
theoretical and experimental studies despite the extensive work
on water adsorption on rutile (110) reviewed by [159]. While
most of the experimental results agree that H,O does not dissociate
on Ti02(1 10), except at defect sites, most theoretical studies predict
dissociative adsorption Calculations indicate that dissociation of
the water molecule is energetically favored on the perfect TiO,(110)
surface. Intermolecular H bonding was invoked to act as a stabi-
lizing factor for a mixed dissociated/ molecular state [210, 211].
Other calculations point out that, while dissociative adsorption
on rutile (110) is thermodynamically favored, it might be hindered
by a potential barrier. One cluster calculation showed molecular
adsorption [212], while many others, using a similar approach,
predict dissociative adsorption. A recent DFT slab calculation by
Norskov and co-workers [213] agrees with the experimental data
(water dissociation is an endothermic and exothermic process on
terraces and point defects, respectively), and it is argued that the
configuration of the water molecules in test geometries plays an
important role for the calculated energetics. A molecular dynam-
ics simulation using the Carr—Parinello approach [168] found
molecular adsorption on stoichiometric TiO2 surfaces. However,
these calculations do not reproduce other experimental results.
Placing an H,0O molecule in a bridging oxygen vacancy did not
lead to spontaneous dissociation on the TiO,(110) surface. Also,
in [168] it was concluded that single OH groups are not stable on
TiO,(110), in contradiction to recent STM data [213, 214].

iy, contraciction to recent ST M gata (2153

The adsorption of water on anatase surfaces has so far been
mostly studied theoretically. On the basis of DFT and first-prin-
ciples molecular dynamics calculations, Selloni and co-workers
[166] concluded that water adsorbs molecularly on anatase (101).
Calculations of water adsorption on the anatase (001) surface
[166, 176] predict dissociative adsorption but have yet to be
confirmed by measurements.
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4. CONCLUSIONS

The development of advanced gas sensing devices based on
metal oxides requires the comprehension of the physical and
chemical phenomena that occur in the interaction between the
target gas molecules and the surface of the sensing materials.

Initially, this involves a detailed description of the active
surfaces of the metal oxides from the point of view of both the
atomic arrangement and the electronic structure. As we have
shown, this is a first meeting point between experimental surface
science studies and theoretical first-principles works.

After that, the size and shape of the sensing materials 18 also
crucial to obtain better sensing performances and, again, theoret-
ical works are helping to understand the synthesis methods of
nanostructures. With this valuable knowledge, new synthesis
possibilities are being opened to nanomaterials.

Finally, the ab initio study of concrete interactions between
molecules and meaningful surfaces (as a result of previous stages
of theoretical analysis of surface/shape stability) makes possible
not only to reproduce and understand the well established
adsorption and sensing behavior but also to propose new working
methods to increases its performance such as different optimum
working temperatures or the convenience of additives.

In this work, all these aspects have been reviewed for three of
the most relevant metal oxides, such as SnO,, ZnO and TiO,,
showing that part of great advances in the comprehension of
metal oxides made in the last years are due to the complementa-
tion of experimental works with first-principles calculations. In
the next years, the development of new theoretical approaches
and methods of increased accuracy and performance together
with new computational facilities will open new and exciting
potential applications of theoretical first-principles calculations
to eminently applied fields such as gas sensing.
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Chapter 5

Nanosensors: Controlling Transduction
Mechanisms at the Nanoscale Using Metal Oxides
and Semiconductors

Teresa Andreu, Jordi Arbiol, Andreu Cabot, Albert Cirera, Joan Daniel Prades,
Francisco Hernandez-Ramirez, Alberto Romano-Rodriguez,
and Joan R. Morante

5.1 Introduction

Nanotechnology is defined as the design and engineering of functional
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1-100 nm, where unique phenomena enable novel applications [1]. While
nanotechnology allows us to take advantage of these exclusive phenomena
and related properties, it offers us new possibilities and relationships among
the different multidisciplinary effects. Nanotechnology not only occupies
the fields of material science and engineering but also applies to fundamental
physics, chemistry and biology. Figures 5.1-5.3 show examples of functional
semiconductor nanostructures.

The design and engineering of materials at the na

achieved from two opposed directions: (a) the reduction ulk dimensions
of the material to the nanometer scale, which is known as the Zop—down approach
and (b) the assembly of molecules and atoms into structures up to the nanometer
scale, known as the bottom-up approach.

The scaling down performed in the microelectronics area during the last
decades of the past century presents a clear example of the “top-down approach”.
Moore’s law describes the evolution followed by the computing power of the
silicon chips. This evolution is doubling every 18-24 months due to the increase in
the number of transistors integrated by area unit. Nowadays, transistor sizes have
already reached dimensions down to 50 nm. However, in the near future, inte-
gration would not be able to follow this law since it will no longer be possible to
shrink dimensions due to the intrinsic material characteristics.

The bottom-up approach is a promising nanotechnology alternative to the
extrapolation of the top—bottom methods inherited from the macroworld.
During the last years, both top-down and bottom-up strategies have over-
lapped and coexisted, facilitating and accelerating the discovery of new func-
tional materials. Organic and molecular-based transistors coming from the

--o_--eter scale can be
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Nano- TiO,

Fig. 5.1 Faceted TiO, anatase nanocrystals

bottom-up approach are overlapping with the options obtained from the
top-down processes.

It is clear that all of these possibilities, developments or implementation of
ideas dealing with the nanoworld require adequate tools and processes that
allow us to measure, fabricate, characterize and, importantly, manipulate

FFTs
Magnified Selections  (Digital Diffractograms)  Filtered Selections

Fig. 5.2 HRTEM analysis of tiny distorted and non-faceted SnO, nanoparticles
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Fig. 5.3 Gold clusters decorating TiO, anatase nanoparticles

nanostructures. In fact, new instruments and techniques with nanoscale resolu-
tion are accelerating scientific knowledge and technological implementations
that promote new challenges in miniaturization. In spite of the growing activ-
ities and efforts in this field — that are revealed by a high number of published
activities, specialized conferences, workshops and patents — it must be kept in
mind that the way for converting basic discoveries into marketable products is
long and hard. However, the new options are so flashing, exciting and attractive
that scientists, technologists, policy makers, entrepreneurs and high-tech enter-
prises are converging in their activities for launching a broad range of novel
products reaping social benefits for a sustainable and intelligent ambient world
where nanosensor devices will play an outstanding role.

Despite having such high expectations, it should be noted that, due to the

Taclk af ctandardizatinne nanatechnnlaovy e aceamnaniad hy manv naceihla
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dangers. Many difficulties, hurdles and challenges have yet to be overcome.
Among them, interfacing between the nanoworld and the macroworld or the
effects of the nanomaterials on our health and on our environment are still
relatively unclear.

5.2 Nanosensors

The motivation for having sensors is given by our needs of monitoring — receiving
information — the environment around us and having the capability of using the
obtained data, after processing it, for interacting again with our environment. So,
it is through sensors that we connect with the world, in the same way humans use
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their senses. The concept sensor is derived from the Latin word “sentire” which
means perceive (or sense, which is not clear and hence we need to go to Latin).
The word sensor denotes an entity that responds to external stimulus or “energy
variation” by generating a functionally related output [2] as a measure, either
directly or indirectly, of this information.

Sensors transduce information in the form of variations of different forms of
energy, such as thermal, mechanical, optical, electrical, magnetic, radioactive,
chemical or biochemical, into another form of cnergy. For example, the infor-
mation about the kinetic energy in a mobile machine could be revealed by the
increase of temperature due to the heat released by applying a disc brake.
Nevertheless, as one of the main objectives is the processing of this information,
in the same way human senses send the collected information to our brain, we
typically are looking for a direct or indirect transduction from any energy form
to a final electrical one, for example, if we use the resistance variation with the
temperature for monitoring the kinetic energy information in the above-
described case.

Although there is no totally accepted difference between transducers and
sensors, and even both concepts are used as equivalent, the word sensor is
mainly used when there is an electrical output signal. On the other hand,
detector is reserved for those cases for which non-quantitative measurements
are required but only sensitivity to an input signal is obtained.

Our present society has become characterized by the significant incorporation
of the information technologies. These define the present century as that of the
intelligent ambient thanks to the continuous development of sensors. As the
needs for physical, chemical and biological recognition systems and transduction
platforms grow very fast, sensor technology is continuously pushing up. Sensors
are used in applications ranging {rom environmental monitoring, intelligent
buildings and smart ambient; health care and medical diagnostic; industrial
manufacturing, transport elements and automotive; defence and security; food
control and agriculture and everything that can contribute to make our lives
better, easier and safer as well as more sustainable to our world.

In such a scenario of increasing demand of sensors and of requested new
applications, novel approaches for sensor technology are pursued and for it,
nanotechnology is offering one of the most outstanding impacts on the basis of
small device sizes — integration, miniaturization and low power consumption;
inexpensive —capability for high production volume at low cost; high efficiency —
controlled transduction mechanisms at the nanoscale tightening up homogene-
ity and uniformity; long-term stability — material properties improved and
designed at the nanoscale and improved sensor dynamic — minimized time
required for sensor response. In fact, the enhancement of the interactions taking
place at the nanoscaie enables the efficiency of the transduction mechanisms
and, hence, the implementation of more advantageous sensors than the con-
ventional ones.

Thus, bottom-up nanotechnology approach enables to design and synthesize
novel materials with tailored properties adequate for the sensing processes that
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cannot be imagined from top-down approaches or conventional microtechnol-
ogies. Due to these tailored properties, detection limits can be lowered — smaller
quantities of samples —increasing the sensitivity. The small size, lightweight and
high surface-to-volume ratios, Figs. 5.1-5.3, are the best candidates for improv-
ing the capability for transducing chemical and biological species or to have
different electrical, magnetic, optical or phonon properties and even quantum
effects.

LueriSc“; the better controlled transduction mechanisms may favour the
sensor selectivity or, alternatively, improve its sensor performances. It is expected
that nanostructured material with modified or functionalized surface may also
assist in having greater selectivities. So, for example, biosensing applications are
enhanced by specific surface functionalizations, Fig. 5.3. Nevertheless, one of the
advantages is to use multiple nanosensor elements as active part of the macro-
sensors that may compensate for the loss of performance of the individual
nanosensor element.

Furthermore the nanotechnoloo
DUrinermoere, e nanolwecinoio

option for tuning material properties and making them more stable by control-
ling its crystalline defects and surface orientation. Some of the micro/nanofab-
rication technologies are very mature and widely used, especially those used for
the top-down approach, whilst others, more related with the bottom-up
approach, are still in their early stages or waiting for tools for interfacing
nano with macroworld that are needed for nanomanipulation, nanopatterning,
nanolithographic machinery and other procedures driving knowledge towards
application of nanodevices and their integration when needed. In this frame-
work, the nanostructured material characteristics become the cornerstone of
the possible nanosensor building and, hence, their synthesis methods are the
clue for a successful development of nanotechnology.

al cvnthesic and nrocessineg onen the
air SYynuiosis and processinig open o

5.3 Nanomaterial Synthesis for Sensing

Materials can be confined at the nanoscale level in 0D, 1D, 2D or 3D defining
quantum dots, thin films, nanowires and/or nanoparticles. At the same time,
they can adopt multitude of shapes, such as nanorods, nanospheres and
nanocubes. These nanomaterials exhibit optical, thermal, mechanical, elec-
trical and surface properties that are strongly dependent on their dimensions.
The characteristic wavelength for phonons (10" nm) and visible photons
(102 nm) is located at the nanometer scale. At the same time quantum effects
are already observed at the 10° nm range and functional semiconductors have
Debye lengths at or below the 10' nm scale. All these particularities of the
nanoscale offer multiple new sensing processes. Furthermore, nanomaterials
are also characterized by huge ratios of surface-to-bulk atoms. Then they
could present phonon, photon or electron confinement effects that can be used
for sensing processes but they also present interesting surface properties that
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involve all the interactions of this unit with the ambient. All of these effects
can be enhanced by engineering and acting on their dimensions, shapes and
the own nature of these materials that can be metals, metal oxides, semicon-
ductors or magnetic materials [3].

At the present, there is no generally available technology for using only one
of these units as sensing elements because there is no easy way for connecting
individually one of them or for getting the information facilitated for one of

tham Thavrafarae far theair annlicatiann eoneing deviecne thage nartioala
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suspended in liquid or gas phase require, in general, their organization on
substrates or their deposition as thin films. Furthermore, the possibility to add
these nanomaterials into more complex assemblies including even organic
materials gives rise to alternatives for novel applications, for example, in
solar cells [4] or in biosensing [5, 6, 7].

There are numerous techniques and methods for synthesizing nanoparti-
cles, although selection of one of them depends on the particle nature — metal,
metal oxide, semiconductor, magnetic, etc.— its functionality and the surface
to which they should be attached. The capability of these methods is directly
related to its possibility to be applied with tight control of the conditions and
parameters during synthesis [8]. The main difficulty is the general trend to
casily aggregate or precipitate although stabilizing additives can change the
growth, solubility and surface charge in such a way that particles are kept
separated and suspended in the liquid. The use of reverse micelles as nanounit
reaction is one of the most common methods in colloidal synthesis. Then
nanomaterials are obtained via chemical reduction of metal ions or via copre-
cipitation reactions [9].

All of these techniques and processes offer a broad variety adapted to the
final desired properties in the nanomaterials. Thus, it is well known that the
magnetic softness/hardness is straightforwardly related to its magnetic
exchange length that highlights the significant importance of the nanometric
dimensions. As a consequence, there are many reported methods for the mag-
netic nanoparticles synthesis [10, 11]. Likewise, the synthesis of metallic nano-
particles has received much attention due to their inert nature and catalytic
properties [12]. Moreover, their size and quantum confinement modify their
light scattering and absorption several orders of magnitude more than other
materials. Therefore, there are also a broad range of techniques for their
synthesis [13, 14].

In this nanoparticle area, one of the most extended techniques is based on the
named sol-gel technique [15] that involves the transition of a system from a liquid
“sol” (usually colloidal) into a solid or “gel” phase through hydrolysis, polymeriza-
tion and condensation steps. Generally, metal or metalloid elements surrounded by
reactive ligands are used as precursors and among them metai aikoxides, aiumi-
nates, titanates or borates are commonly used in these processes. It is quite
compatible with well-known methods for obtaining thin films on substrate such
as spin coating, dip coating, spray coating or drop coating [16]. In fact, sol-gel is
one of the most employed technologies for sensing applications using thin films
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based on nanostructured materials [17] as it is advantageous from an economical
point of view and at the same time offers easy options to investigate new com-
pounds and nanomaterials [18]. Maybe one of the major inconveniences is the
control of the postdeposition processes. Annealing parameters are critical for
adequately removing organic additives used to adjust the viscosity or to control
the stability of the suspension. Likewise, aside of the layer morphology — non-
uniformities due to the cracks or holes formation — it can alter the final crystal-
lization and grain growth as well as the adhesion to the substrate. Just to avoid
many of these drawbacks, there are many efforts in other directions for obtaining
thin films. So, Langmuir—Blodgett technique [19] gives to the nanomaterial synth-
esis community an interesting alternative for assembling 1D nanoscale building
blocks, allowing final superstructures that depend on the fine-tuning of the com-
pression process [20].

During these last years, its use has been increased together with other
innovative techniques based on different variations of the chemical solution

denncitinn 21 77 221 nroceccac Aar 111c
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electrodeposition techniques that can or cannot be also combined with nano-
templates. In fact, the use of a replica obtained from the solution filling of a
previously synthesized silica nanotemplate allows to easily have 3D distribution
of nanostructures after performing the thermal annealing inside the nanotem-
plate and removing it by means of chemical etching processes [25, 26]. Their
characteristics are according to the employed nanotemplate typically based on
anodic aluminium oxides, Figs. 5.4 and 5.5, or silica [27], Figs. 5.6 and 5. 7 One
of them that deserves the attention of the sensing community is the surface
faceting of these tiny or very small particles. In many cases, the m1n1m1zat10n of
the constitution energy involves a quasi-spherical shape without well-faceted
surfaces. Then particles surfaces present more reactive centres and many of
their properties become affected by these boundary conditions [28]: (i) phonon
confinement and phonon propagation affecting the thermal conductivity; (ii)
free charge scattering affecting electrical mobility; (iii)) enhanced photon
absorption by the high surface state density; (iv) surface built-in potential
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Fig. 5.4 SEM pictures of anodic aluminium oxides used as nanotemplates
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Fig. 5.5 SnO, nanowires
obtained by impregnation
and calcinations of anodic
aluminium oxide
nanotemplates

modifying the inner conduction channel at the nanostructure and (v) adsorp-
tion states affecting the interaction of the nanostructure with the surrounded
ambient.

To overcome these possible drawbacks as well as to favour the possibility
for individual electrical access, one of the options is the synthesis of the 1D
nanostructures. These nanomaterials keep the surface-to-volume ratio quite
large and besides they can also be deposited or used applying standard or low-
cost nano and microtechnologies maintaining well-defined surface from a
crystallographic point of view. They are almost free of crystallographic defect
and they are almost perfect monocrystals. In the specialized literature, several
names can be found concerning these 1D nanostructures that, in a general

Silica KIT - 6 template Silica SBA —15 template

Fig. 5.6 Examples of silica-based nanotemplates showing the regular porous distribution
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Fig. 5.7 Negative replica of different metal oxides obtained from silica nanotemplates

way, can be determined by its length L, width W and thickness 7. If L is
comparable to W or T they receive the name of nanostick [29] or nanorod [30].
If L is much larger than W or T, they receive the name of nanowire [31, 32] or
nanobelt [33] according to the ratio W/T be less than or not greater than 5.
A very particular case of these 1D nanostructures is that defined by the
concept of nanotube [34]. It corresponds to one, SWNT, or several atomic
planes, MWNT, that fold on themselves. The most well known are the carbon
nanotubes but also many other materials like TiO,, for example [35], have
been reported as nanotubes.

Varied techniques have been proposed to grow these nanostructures on
several substrates, Fig. 5.8. On one side there is the method based on the
evaporation—condensation processes. In the pioneering work of Z.L. Wang
and coworkers {36], these authors used commercially available nanopowders
of metal oxides. They evaporated them using low-vacuum deposition condi-
tions at temperatures much lower than their actual bulk evaporation and
condensed them at lower temperature sites along the horizontal oven. Several
initial theories have been proposed for explaining the growth mechanisms. But,

_ Ph.D Dissertation m



furnace

= - = outlet

Fig. 5.8 Chemical vapour deposition reactor adapted to grow nanowires

up to now, they fail to describe a general model which can design the growth in
different situations [37]. A variation of this method is based on the use of a
second phase that helps in the condensation process on the surface. In fact, this
second phase acts as a catalytic nucleation site [38]. Catalyst species are depos-
ited on the substrate as a space distribution of small nanodroplets that at the
growing temperature become liquids, Fig. 5.9. Each one acts as a trap for the
growth species. The catalyst must be inert and the capture species are amalga-
mate or diluted, enhancing its deposition and growing in one direction limited
by the wettability of the catalyst elements. One of the most currently used
catalysts is gold even though other elements such as Cu, Ga, Fe, etc. have
also been applied mainly for metal oxides and typical semiconductors as silicon
or gallium arsenide [or example, Figs. 5.10 and 5.11. Around these two princi-
ples, evaporation—condensation or vapour-liquid—solid, there is a plethora of
variations using the well-known physical vapour deposition methods that based
on conditions of solid—vapour transformation obtain nanostructured thin
films. In this sense, molecular beam epitaxy-based techniques are one of the
most promising options for growing nanowires. MBE grows at very-low
deposition rate, few Angstrom by second, in ultra-high vacuum, allowing the
control of the deposited material as well as the ideal growth conditions of
Frank-van der Merwe [39]. Under these conditions, it is effective to force the
growth of nanowires using adequate substrate with a catalytic seed distribution.
Precisely, the ways used to obtain this distribution of nanocatalytic clusters, the
selected substrate and the applied catalytic species define the broad variety of
procedures that can be found in the specialized literature. Gold clusters have
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Fig. 5.9 SEM and HRTEM images of ZnO nanowires grown on SiO,-coated silicon
substrates

widely been used for growing many nanowires [40] but many other species have
also been proposed [41]. For other materials, like GaAs, self-catalyst of Ga
droplets has also been proposed [42]. Likewise, different patterning processes
have been proved although the growtih sites control the pattern [43, 44] and
posterior nanomanipulation [45, 46] still needs much more efforts.

Moreover, all of these procedures are also pushing for controlling doping
[47] and the formation of lateral or coaxial junctions [48] or heterostructures
[49, 50] or even containing radial multiquantum wells [51], Fig. 5.12.
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Fig. 5.10 High-resolution transmission microscopy images of a SnO, nanowire showing the
presence of some dislocations

A totally different approach for obtaining nanowires from some material
that can be had as foils or wafers is based on nanoelectrochemistry [52]. In this
case, the doping is that previously existing in the starting substrate, which is an
interesting advantage®®. Essentially, for the case of silicon nanowires, the
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that gives rise simultaneously to anodic and cathodic processes on the substrate
surface [54].
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Fig. 5.11 GaAs nanowires
obtained on SiO,-coated § # ;
(111)B GaAs wafers — 700 nm —
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Fig. 5.12 (a) BFTEM image and (b) magnified detail of a GaAs NW with coaxial QWs
[51]. (¢) HRTEM image of an axial modulated nanowire showing a region with hetero-
structures [41]

5.4 Nanosensing Mechanism Features

After all of these plethora of techniques, methods and procedures, finally, it is
the control of the nanocrystals properties and performances that becomes more
outstanding. Crystallographic structure and defects, impurities concentrations
and distributions and surface characteristics determine (i) the phonon propaga-
tions and confinement, (ii) the charge transport and charge scattering mechan-

isms and (iii) the absorption and recombination processes as well as the optical
confinement, Stokes shift and optical resonance. On the other hand, the surface

properties and its funcuonahzatwn reveal the solid—ambient mteracUons that
define the chemical and biochemical sensing processes. As a consequence, the
different sensing processes at nanoscale and, hence, the types of nanosensors
can be classified using many different criteria. Thus, on a very general basis, it is
standard to classify the nanosensors as (i) chemical, (ii) biochemical and
(iii) physical sensors. These last ones include the optical, thermal, electrical,
magnetic and mechanical sensors. However, here, we will focus on the more
significant features taking place at the nanoscale mechanisms. Here, among
many other possibilities and casuistry, we are going to consider only four
nanosensor groups that concern mainly the more outstanding transduction
mechanisms that nowadays have already developed significant nanosensor

applications:

a) Surface characteristics. Chemical and biochemical nanosensors are mainly
based on this type. Special attention must be paid to the functionalized
surface-based sensors. In this group the charge transfer processes from the
outer moiecules towards the inner part of the solid nanomaterial through the
surface is the most outstanding feature of these transduction mechanisms. It
gives rise to nanosensors based on electrical interaction through the surface.

b) Photons. The photon interaction with the nanomaterial determines the
optical-based nanosensors (photon absorptions, Stokes shifts, resonances,
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luminescence pathways and so on). It gives rise to the development of
nanosensors based on photon capture that are available for the photodetec-
tion at the nanoscale.

¢) Plasmon resonances. Small variation of the dielectric constant defined at the
nanoscale domain can easily modify the surface plasmon resonance. It gives
rise to the development of nanosensors based on plasmon resonance that
reveal the influence of the dielectric constant variations at the nanoscale.
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structures allows having new significant relation among the different physi-
cal forces. It gives rise to the development of nanosensors based on mechan-
ical resonances which present an important influence on its resonance values
of the small mass changes taking place on these mechanical nanostructures.

Due to the small dimensions of the nanostructures, the models deduced for
bulk cases are not more applicable, whilst the analyses of the sensing mechan-
ism features require the application of new simulations and models of these
nanostructures. So, a broad variety of methods starting from the classical
calculations up to the most advanced quantum mechanical calculations have
been developed during the last years [55, 56]. Properties such as energy of the
structure, work function changes, binding energies as well as chemisorption and
physisorption properties [57] of the surface can be calculated on the basis of the
DFT (density functional theory) and wave methods. In spite of the huge effort
performed in this area, there is still an important task to be done. Without this
theoretical support, many of the experimental activities carried out are lacking
complete scientific analysis. The knowledge advancement is fortunately very
positive but it is not going fast enough.

5.5 Nanosensors Based on Electrical Interaction Through
the Surface

It is well known that metal oxide materials due to their surface electronic
structure present very interesting properties that give rise to interactions with
the gas molecules, tin oxides being one of the most representative of these
materials [58] although at the beginning ZnO was the metal oxide used for
building the first solid state-based gas sensor. Many years ago, it was already
pointed out that attention on tiny crystals of metal oxide semiconductors shows
outstanding changes of their electric resistance upon exposure to reducing or
oxidizing gases [59, 60, 61], Fig. 5.13. As found with pure SnO, devices, electric
resistances in air as well as those under exposure to H, diluted in air began to
increase sharply when the size of component SnO, grains decreased beyond a
critical point (about 6 nm in diameter). In addition, sensor response to H,
increased remarkably with decreasing size.

A similar size effect was also observed with the response of other metal oxide
device sensors to oxidizing gases [62, 63, 64]. It was suggested that extension of
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Fig. 5.13 Detail of the intergrain connectivity between nanocrystals and its electrical equiva-
lent model considering grain, intergrain and electrode resistances

space charge layer to a whole region of component crystals could be responsible
for such effects, though the precise mechanisms involved were left open. They
also appear to be related to the surface characteristics [65]. Typically, porously
sintered assemblies of these tiny crystals as thick or thin film layer [66] are used,
Fig. 5.14. It is working as a 3D network of interconnected tiny crystals present-
ing the above-described electrical properties and hence contributing to the total
3D network equivalent resistance changes when the ambient composition is
varied. This property has provided a base to develop semiconductor gas sensors

Active
filter

SnoO,

Alumina
Substrate

Fig. 5.14 Cross-section of a sensitive metal oxide layer based on nanocrystals

Methodology
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for use in various fields. Despite marvellous development, this type of gas
sensors still has some basic problems on gas response left unsolved or not well
understood like porosity influence, crystal grain boundary interconnections,
surface crystal orientations and shapes and sizes of the component crystals.
What will happen when the size minimized drastically up to the geometrical
sizes are comparable with the depletion zone dimension, the free scattering-less
length or the screening length?

Whatis representative of a solid state gas-sensing material is its capability for
absorbing gas molecules according to their oxidizing or reducing character onto
surface sites identified by their acidic or basic properties. So, for example, gases
like O, and NO, are very well known to be adsorbed on oxide semiconductors
to form anionic adsorbates. The most standard one is O, that is adsorbed as
follows, see Fig. 5.15:

0, +2e =20". (5.1)

The equilibrium of this chemical process is expressed by

(KoaPo2)'?[e] = [O7]. (5.2)

Here Ko, and Pg, are, respectively, the adsorption constant and the partial
pressure of oxygen, and [e] and [O7] are surface densities of free electrons and

O adsorbates, respectively. One must observe that the former quantity deter-
mines resistance of the sensor device so that solving how it is related with P, is a
central subject in semiconductor gas sensors. Although [e] as well as [O7] are
surface quantities, these are deeply associated with the bulk of the semiconductor.

In fact, this equation points out the adsorption equilibrium on a semicon-
ductor and, as it is shown, it cannot be solved without considering the electronic

equilibrium of the semiconductor. Therefore, the electronic equilibrium
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depends not only on gas adsorption strength but also on shape and size of
component crystals that determine the charge neutrality into the crystal. There-
fore, the general aspects of the electronic equilibrium become straightforwardly
connected with the chemical equilibrium and its description and analyses are
harder as the crystal dimensions scale down to the nanoworld, and the applica-
tion that was useful for larger crystals becomes no more acceptable.

It is known that, if there are traps of electrons on the surface of an n-type
semiconductor, conduction electrons are transferred [rom the subsurface to the
traps, leaving an electron-depleted layer behind.

This transfer continues until an electronic equilibrium is reached throughout
all regions from surface to bulk. The simpler scheme of electron transfer for a
plane surface is drawn in Fig. 5.16.

Conventionally it is assumed that donors are ionized completely and that all
of the conduction electrons up to depth w are completely transferred to the
surface (abrupt model). Under the latter assumption, density of surface charges,
O, 1s nominally equal to —gNg W, where ¢ is elementary charge of electron and
Ny is the density of donors in semiconductor. Under these conditions, electric
potential, V, in the depletion region should satisfy the following Poisson’s
equation, where x is the depth from the surface and ¢ is the permittivity of
semiconductor:

d?V/dx? = —gNg/e. (5.3)

By introducing the boundary conditions that d }J//dx as well as } are zero at
x = W, the above equation is solved to give the following depth profile of
electric potential:

V(x) = —(gNg/2e)(x — W)’ (5.4)

Metal Oxide n-type

s0 0000 00
Ec

++ ++++++ Donors

................. EF

Fig. 5.16 Charge space zone
scheme at the surface due to
the interaction with the
ambient
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Potential energy of electron, ¢V/(x), as well as surface potential barrier
height, ¢V, are directly obtained from the above equations:

qV/kT = (¢*Na/2ekT)(x — W)* = (1/2){(x — W)/Lp}’, (5.5)

qVs/kT = (1/2)(W/Lp)*. (5.6)

Here we have introduced an important quantity called Debye length, Lp,
defined by Ly = (¢°Ng/ekT) "/? for simplifying the expressions.

The surface chemical equilibrium can be solved now because the quantities
involved have been made explicit with the properties of the underlying
semiconductor.

le] = Nqexp(—qVs/kT), (5.7)

[07] = —Qs/q = NaW. (5.8)

Using these relations, chemical equilibrium can be rewritten as
(KooPo2)'*/ Lo = (W/Lp) exp((W/Ln)*/2), (59)
and then resistance for the sensor device, R, can be estimated from the [e] values
R ~exp(qVs/kT) or R~ exp((W/Lp)*/2). (5.10)

In the presence of a reducing gas such as H, under fixed Pg,, [O7] is
modulated by its surface reactions. Even in this case, once [O7] is properly
estimated as a function of Py, then one can estimate the correlation between
R and Pgpo.

It should be remarked that the performed hypothesis for this calculation is
only a coarse approximation. Actually, the used abrupt model is not necessarily
rationalized. It ignores that conduction electrons are never perfectly absent in
the depletion region but actually present rather abundantly in the vicinity of the
border to the inner intact region. The phenomenon is called a distribution tail.
This tailing eventually reduces Q. from that estimated above and also it over-
estimates W and the bending potential ¢V,. It becomes important as we are
dealing with very tiny crystals for which the accurate dimensions are very
significant. In this case, for example, there is no possibility for a non-limited
Pos increase because there is no room to extend W. When the absorption of gas
molecules starts, electrons are depleted from surfaces — nanocrystal shapes are
essential for a right description and it is not equivalently spherical, columnar or
plate like — leaving the inner region intact, but subsequently the whole area
including the central part is deprived of electrons thereafter achieving the
condition of deep depletion shrinking the inner neutral part.
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In spite of the existing classic models [67, 68], an accurate and completed
theory which describes resistance and response of a semiconductor gas sensor
using very tiny component crystals has still to be constructed. It must involve
the combination of the chemical equilibrium on the surface of semiconductor
with the electronic equilibrium inside. In fact, nanomaterials are one of the
most promising alternatives for gas sensing. They represent the natural bridge
between single molecules and macroscopic bulk materials. Their finite size and
limited number of clectronic states create a lot of restrictions for the transport
mechanisms, specially for the charge conduction as the number of surface
states can be comparable with that of the bulk. Then, their electrical beha-
viour is expected to present novel electrical and optical properties which can
be used to fabricate nanodevices with improved capabilities [69]. This is the
case of small nanowires where the area—volume ratio is easily maximized as
the diameter size is decreased [70].

In this scenario, for small crystals, there are three paramount important
findings that must be underlined: (i) how will the catalytic additive affect at the
nanoscale level [71, 72, 73]? (i1)) how much probable is it to achieve deep
depletion conditions in the nanocrystal as partial pressure of adsorbing gas
increases? and (iii) how much nanocrystals are needed to have a reliable sensing
platform based on the surface interactions?

It is this last question that has arisen many requests for using nanotechnol-
ogies. In fact, in spite of the complexity of the mathematics models to find the
equivalent impedance between two terminals to a 3D distribution of impe-
dances, it is clear that the final value is proportional to that of a single element
[74]. It tells us that we will have similar information just using only one of these
nanostructures instead of an entangled bunch of them. In this case, no grain
boundaries exist and, hence, the electrical transduction effects induced by the
adsorbed gas molecules onto the surface of these nanowires can straightfor-
wardly be revealed by the electrical magnitudes of these single nanocrystals.
Several attempts for using only one of a few grains of metal oxide nanocrystals
were already done by J. Tamaki et al. [75, 76, 77] using different gaps open in a
gold electrode. Nevertheless, the lack of repetitiveness is still a challenge and the
quality of contacts of gold/particle and among the particle seems not to be
enough. On the contrary, this situation has moved the efforts from spherical-
like nanocrystals towards the use of nanowires, nanotubes or structures based
on them.

Unlike the small quasi-spherical nanoparticles with non-faceted surfaces,
these nanostructured materials present well-defined crystallographic directions
as crystal surfaces as well as looking like a perfect monocrystal. No grain
boundaries are present. Therefore, the electrical transduction effects induced
by the adsorbed gas molecuies onto the surface of these nanostructures can
straightforwardly be revealed by the electrical performances of these single
nanostructures [78]. Moreover, as the gas molecules adsorption takes place at
the surface, one of the most important issues for tailoring the sensor material
response is the control of its active surface area. Many authors [59, 60, 61, 79]
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have shown that there is a direct relationship between the active surface areas
presented by the sensing material and the response given by the macroscopic
sensor fabricated with these nanomaterials. According to these results, an
increase of the surface area should involve an increase of the sensor response.
This is the case of nanowires and 3D nanocrystal networks where the area—
volume ratio is easily maximized as the diameter size is decreased, although asis
discussed below it is needed to reduce a lot of the nanowire diameter to have
high surface/volume ratio like it happens for the nanograins.

The majority of the experimental works show gas sensor based on multiple
nanostructures or entangled bunch of nanowires, Fig. 5.17. A large number of
these nanostructures are contacted and their electrical parameters estimated.
However, only some equivalent mean values of these parameters are deter-
mined due to the dispersion existing among the contacted nanostructures and
the grain boundaries among them. In this scenario it is not straightforward to
study the sensing mechanisms onto a single metal oxide nanocrystal, Fig. 5.18.

To studvy sas-sensing mechanism onto one individual nanocrvstal is still a
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challenge but it is required to reach a better knowledge of the electrical trans-
port mechanisms which take place in these nanostructures. One of the reasons
to explain this lack of experimental studies is that there are many difficulties in
performing reliable electrical contacts on one individual nanostructure in a
controlled fabrication process at the nanoscale level.

The most common techniques are optical and electron beam lithographies.
Nevertheless, both techniques are multistep and time-consuming processes [80,
81], and they are difficult to tailor for each specific sample. For all these reasons,
a complementary method based on FIB technique to the electron-based litho-
graphy process has been proposed as one option which could, experimentally,
help to solve problems related to more conventional contacting processes.

Fig. 5.17 Electrical scheme for entangled bunch of nanowires compared with that
corresponding to a nanocrystal network
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Fig. 5.18 Simplified A
electrical equivalent circuit

to a resistance distribution R
corresponding to a

nanostructure network
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Focused ion beam (FIB) is a powerful technique developed during the late
1970s and the early 1980s for the patterning and, later, for the deposition of
materials, with resolution in the tens of nanometer range, and commonly used
in circuit edit, mask repair, microsystem technology processes and material
characterization [82, 83, 84]. The basic principle of this technique is a focused
ion beam of highly energetic particles that scans the sample’s surface and
sputters the material of the exposed area. The scanning can be performed,
similarly to a SEM, using electrostatic lenses and, thus, the milling occurs
without the need of masks. At the present time, gallium (Ga™) ions are the
most used particles in FIB technique due to the fact that gallium is a metallic
element with a low melting temperature which allows the fabrication of long
lifetime, high brightness and reliable liquid metal ion source (LMIS) required in
FIB technique. Moreover, the element gallium is positioned in the centre of the
periodic table (element number 31), so its momentum transfer capability is
optimal for a wide variety of materiais. On the contrary, lighter elements
would be less efficient in milling heavier elements [82].

On the other hand, if a metal organic compound is introduced in the beam
path with the help of a so-called gas delivery system by using a microneedle,
decomposition occurs due to interaction of the compound with both secondary
electrons and ions originated during the Ga™ ion bombardment. Part of the
compound can be deposited on the sample’s surface (ion-assisted deposition) or
can reactively assist the milling process (gas-assisted etching), while the rest is
removed by the vacuum system. In this way, conductive and isolating materials
can easily be deposited with FIB with nanometer precision. Although the purity
of the deposition is generally lower as compared to conventional deposition
techniques like CVD or PVD owing to contamination originated during the
metal organic decomposition, the main advantage of this technique is its

_ Ph.D Dissertation



flexibility and masks are not required. However, damage introduced in these
materials by ion bombardment (Ga" ions accelerated to 30 kV, in our case)
during fabrication of contacts has limited the use of this technique. Alterna-
tively, it is possible to fabricate electrical contacts by using low ion currents in
the proximity of the nanomaterials in order to reduce the damage. But, ion
exposure is not thoroughly eliminated, and contacted nanomaterials are still
modified [85].

At the present, the appearance of the so-called dual beam systems, a tradi-
tional FIB which incorporates a scanning electron microscope (SEM), has
facilitated the use of FIB thanks to the possibility of acquiring electron images
in situ, avoiding the damage caused by ions when imaging. Moreover, metal
organic compounds can be also dissociated with the help of secondary electrons
(SE), giving rise to electron beam-induced deposition (EBID) [86], electrons
accelerated to 5 keV and methylcyclopentadienyl Pt (IV) trimethyl (PtCgH ) as
gas precursor. Nevertheless, the number of SE produced by the primary elec-
trons is smaller than that produced by Ga" ions, so the deposition rate is much
lower in an electron beam-induced deposition [82].

Due to the fact that interaction between electrons and the sample is less
destructive, performing an electron-assisted deposition on the nanostruc-
ture to be contacted and finishing the rest of the contact with the help of
ions can avoid undesired surface damage and structure modification of the
nanostructure. According to this procedure based on the combination of
both electron- and ion-assisted deposition, metal oxide nanowires (NWS)
and 3D nanocrystal networks can be contacted cither in 2- or 4-probe
configuration. The attempts of contacting nanomaterials using this
method are still scarce and further research must be done in order to have
a complete knowledge of the overall characteristics and performances of
the electrical contacts [87, 88, 89].

The focused ion beam machine can be used to contact single nanostructures
deposited previously and nano/micro manipulated onto a silicon wafer already
processed to have an adequate distribution of microelectrodes. The manipula-
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trodes before proceeding with the Pt deposition. Then, four or two electron-
deposited Pt contacts are performed, two or one, respectively, in each extreme.
In this way, damage is strongly diminished and Ga™ ions effects on the nanos-
tructure are avoided. In fact, a couple of contacts are fabricated near each
extreme of the nanostructure requiring much less than a half micron. The
remaining nanostructure, of a significant length (more than several couples of
microns), is released of any feature relative to the contact fabrication such as is

shown in Figs. 5.19-5.21. Once the influence area due to the denosition is far
saown I rig Oncee Ine miuencee arca gue 1¢ Lne Goposiiion 18 1ar

away from the nanostructure, ion deposition methodology is used to extend the
stripes to the pre-patterned contacts, Fig. Y, because the deposition time is
much shorter than using the electron one. The electron and the Ga* ion beams
are accelerated to 5 and 30 kV, respectively.
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Fig. 5.19 Details of the four electrodes array patterned on a silicon wafer

Using this procedure, the previously presented nanostructures have been
contacted in 2- and 4-probe configurations. This contact fabrication process
for each nanometer-sized material takes more or less 2 h, limiting the applica-
tion of this lithography technique in large-scale processes. On the other hand,
its flexibility guarantees that it can be used for rapid prototyping, helping to
solve some of the multistep-related problems of other nanolithography
techniques.

Two- and four-probe V—I electrical measurements have been performed
using a Keithley Source Measure Unit (SMU) 2400. These measurements at
room temperature reveal that contact resistance contribution in 2-probe mea-
surements is much more important than the nanowire resistance, Fig. 5.22.

Fig. 5.20 (a) Schematic of the focused ion beam processes for obtaining four contacts using
electron (pink) and ion (green) beams. (b) Image of a nanowire with four electrical connections
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Fig. 5.21 Magnification from microscale to the nanoscale level for a connected individual
nanowire

In some case, such contribution is even higher than 90% of total measured
resistance, which range between some hundreds of kiloohms and some tens of
megaohms. This huge difference between 2- and 4-probe measurements cannot
be explained only by the sum of FIB-fabricated platinum stripes resistance and
the contact resistance between them and pre-patterned gold microelectrodes
since according to FIB platinum resistivity, lower resistance values would be
expected (a few tens of kiloohms). So, the main part of the measured contact
resistance is believed to be originated in the Pt—-SnO, N'W junction.

No degradation in this kind of contacts has been noticed after a long time of
their fabrication, more than 4 weeks, and neither after applying constant
current for several minutes. For example, good stability of the contacts per-
formed on a nanowire has been observed after 1 month and no degradation
after a current of 700 nA has been injected during 20 min.

All measured nanowires are destroyed at current densities below 10'° A/m?,
which is the critical current density value obtained for both ion- and electron-
assisted deposition.

As has been said previously, due to the influence of the contact resistance to
the final result, 4-probe electrical measurements are required if electrical para-
meters of nanostructure must be extracted. In order to determine the impor-
tance of this contact resistance contribution and as an example, the SnO,
nanowire shown in Fig. 5.21 has been measured in both 2- and 4-probe electrical
measurements. A resistance of R = 12.53 M(2 has been obtained under the first
setup, while a resistance of R = 1.93 M{Q, see Fig. 5.22, has been obtained in the
second case. These results point out clearly how the contribution of the contact
impedance distorts the measurement of the nanostructure and even, sometimes,
can be higher than the resistance of the nanostructure itseif.

The extraction of the electrical parameters of the contacted nanowires is
performed applying a simple model to estimate the material resistivity. Con-
sidering that these nanowires have a cylindrical cross-section, the resistivity can
be calculated with the help of Eq. (5.11).
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Fig. 5.22 Electrical measurements of a single nanowire using 2 or 4 probes on a silicon
substrate die mounted on a TO packaging

R=pL/A = pL/m?, (5.11)

where R is the measured resistance, p is the unknown resistivity, L is the
length of the nanowire between the fabricated contacts and A is its cross-
section, which can be determined if the radius, r, of the nanowire is measured.

Once a nanowire has been contacted, the dimensions L and r are measured in
the SEM using XP-Annotate© software, which is available in the FIB work-
station. This software compensates for the error introduced in the measure-
ments when the sample is tilted.

In order to test the accuracy of this software, morphological characterization
has been performed with an AFM working in tapping mode. It has been
checked how platinum stripes have a roughness between 2 and 5 nm and their
dimensions differ by less than 10% of the ones obtained with XP-Annotate©).
So, the use of this software has been considered a reliable and fast method to
determine dimensions (L and r) of the nanowires.

Once the dimensions and the resistance of the nanowires are known, the
resistivity can be easily determined by applying Eq. (5.11). In the case of the
SnO, nanowire of Fig. 5.21, a resistivity of p = 50 m{2-cm has been found.
The found value agrees with previous values of the literature related to NW
studies of single SnO, crystals [90].

These contacts show excellent electrical stability as a function of time and
applied current density. Therefore, they fulfil the requirements to fabricate
nanodevices able to work for a long time. However, there is still an important
feature to be discussed. it is the linearity of the electrical contact. These ones are
symmetric but reveal a non-ohmic behaviour such as is shown in Fig. 5.23. This
rectifying behaviour originates at the Pt—-SnO, NW junctions.

This junction forms a Schottky barrier of height @5 = 0.75 £ 0.10 eV in the
absence of interface states owing to the differences between the work function
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of Pt (®p, = 5.65eV) and the electron affinity of SnO, (xgnor = 4.9 £0.1eV).
This configuration can be described as a back-to-back Schottky-like circuit.
According to this assumption, the applied bias J must distribute as

V=V,+Vi+Vyw+V, (5.12)

where V, is the voltage drop in the cables, gold microelectrodes and FIB-
fabricated platinum stripes, V4 is the voltage drop in the direct-biased
Pt—SnO, junction, Vnw is the voltage drop along the SnO, NW and V; is the
voltage drop in the reverse-biased junction. In this back-to-back Schottky-like
configuration, the total current is limited by this reverse-biased junction, insert
in figure A. The contact barrier height is reduced and the current increases with
increasing bias according to

AT exp | —9PBE
1= AA4"T exp< "o T ), (5.13)
where
Ns
$BE = B0 — 47165 (5.14)
and
2gN kgT .
E=\/q ”(V @n—L), (5.15)
Es q

where A is the contact area, 4™ is the effective Richardson constant, g is the
effective barrier height, g, is the ideal barrier height in the absence of image
force, Eis the maximum electric field at the junction, s and Np are the dielectric
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constant and doping concentration of SnO,, N, is the surface state density and v,
is the built-in potential. If both the voltage drop in the direct-biased junction V4
and the voltage drop in the nanowire J'xw are supposed to be small compared
with the voltage drop in the reverse-biased junction V7, then, it can be consid-
ered, as first approximation, that all the applied voltage falls in this latter
junction,

Vi+Vaw < Vi= V&V, (5.16)

According to this assumption, In(7) versus ¥"/* should be linear at all
temperatures for which the model is valid. Rectifying /-=V curve values confirm
that the back-to-back Schottky-like assumption can be very useful to describe
the electrical response of these SnO, NWs at room temperature, Fig. 5.24.

The contact resistance presents an activation energy at room temperature,
which is found depending on the nanowire, but over 200-250°C its value
becomes, generally, already non-predominant. It is important if we keep in
mind the gas sensor working temperatures. This behaviour can be explained
assuming that some FIB-induced disorder is produced underneath the Pt con-
tacts during the contact fabrication process, creating surface states used by
electrons to overcome the barrier, even at low bias, considering multiphonon-
assisted tunnel mechanisms. Another consequence of this contact resistance
that must be taken into account as relevant in many experimental cases is the
heat dissipation.

So, to avoid also the DC thermal effects due to the power dissipation, as well
as to avoid any problem with the species migration through the structures, AC
measurements can also be applied. AC impedance spectroscopy is a well-known
and widely used technique in material science studies that can help us to
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overcome these limitations. Moreover, AC impedance spectroscopy is known
to be useful to characterize Schottky barriers originated in Pt—SnQO, junctions.

For the AC measurements, an impedance analyser Solartron SI-1260 with a
maximum working frequency of /' = 5 MHz and an impedance analyser Gamry
EIS300 with a maximum working frequency of /= 300 kHz can be used inside
of a Faraday cage. As far as we know, these were the first attempts of perform-
ing 4-probe electrical measurement using AC impedance spectroscopy on a
single nanowire [91].

For it, gas sensor nanodevices were fabricated following a bottom-up pro-
cess based on the use of an individual SnO, nanowire based on DC [92] or on
AC [93] measurements. These nanowires were grown by variations of the
methods based on vapour—liquid—solid (VLS) mechanisms in evaporation/con-
densation or chemical vapour deposition processes that have been described
elsewhere [94, 95, 96, 97]. In all the cases, under different growth conditions, it
has been possible to have very excellent single nanocrystals as nanowires which
present different crystallographic orientation and faceting, Fig. 5.25.

Electrical values reveal directly the consequences of the electrical transduc-
tion of the gas—solid interaction taking place at the nanowire surface. It can be
seen in Fig. 5.26 for a nanowire of 50 nm diameter measured at 265°C in two
atmospheres, nitrogen and dry synthetic air (80% N, 20% O,). On the basis of
these procedures, systematic measurements of the nanowire resistance in the
bottom-up gas sensor nanodevices at different temperatures and atmospheres
have been performed.

One of the most interesting results using metal oxide nanowires can be
attained in the analysis of its resistance against the synthetic air and nitrogen
atmospheres. It reveals a clear dependence on the diameter size according to (1/
D) dependence, Fig. 5.27. It gives support to the model that assumes the
existence of a space charge zone created by the adsorbed oxygen which is
limiting the central area of the nanowire for electrical transportation.

So, adsorbed oxygen as well as the hydroxyl group modify the surface
conditions for other gases and they must be considered before studying any
gas-sensing process. Among the typical test gases used to evaluate sensor
performances, carbon monoxide is the more studied and it presents, at the
same time, simple transduction mechanisms. It is accepted that in the tempera-
ture range between 200 and 370°C, there is CO, formation from the adsorbed
oxygen [98]. Ideally, it follows a well-reported mechanism. Therefore, CO is one
of the most reported gases to evaluate the performances of the nanosensors
based on single nanowires. Again, the main variation in the performed mea-
sures has been found related to the values of the diameter of the nanowire. It
constitutes one of the most critical points, such as it is well accepted for
nanograins. The possibility of getting nanosensors with high performances
depends on it such as is shown by Fig. 5.28.

It corroborates the above-shown trends for the atmosphere change from
nitrogen to synthetic air. So, a small amount of adsorbed molecules can easily
bend the bands in the radial or coaxial direction. It limits the central zone of the
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Fig. 5.25 SnO, nanowires

nanowire available for lateral transport and, as a consequence, the sample
resistance is then a measure of the amount and type of gas. Obviously, it
becomes significant as the transversal radius of this central zone is comparable
to the dimensions of the surface space zone. Many references from the literature
have reported about CO measures using individual nanowires. However, the
reported sensor responses are, as it was discussed above, not important due to
the large radius of the electrically contacted nanowires used in these references.
In spite of the difficulties in their manipulation and contacts fabrication, values
around 25 nm and below are needed to achieve higher sensor response than
those reported for macroscopic gas sensor based on interconnected particles of
only a few nanometers of diameter [99]. Nevertheless, it should be noted that
using an individual nanowire as a single nanocrystal has more advantages from

_ Ph.D Dissertation m



Fig. 5.26 AC electrical
measurements of a single
SnO, nanowire under
different gas atmospheres
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the point of view of stability, repetitivity and reliability as there are no grain
boundaries. Moreover, there are well-defined crystallographic directions for the
surfaces of the nanowire unlike the case of very small nanoparticles that usually
present very reactive surface because they are not yet faceted surfaces [100].
Therefore, a single nanowire presents the characteristics of a monocrystal that
fits much better with the stability requirements and long-term wearout claims.

So, maintaining small radius in the selected nanowires, the surface variation
has a stronger influence on the nanowire resistance. Nevertheless, in spite of
these interesting resuits, more detailed studies are still needed to achieve a
complete mechanism views and to have a complete modelling of it, especially
if it is possible to module the working temperature. Just this interest has focused
the efforts to achieve the combination of individual nanowires and micromem-

branes with integrated heaters.
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Fig. 5.27 Nanowire section
size dependence of the
electrical response from
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It is one of the most promising approaches for obtaining portable devices for
gas sensing since their working temperature can effectively and easily be modu-
lated. To the best of our knowledge, only a few attempts to use this fabrication
methodology have been reported in the literature [101, 102]. On the other hand,
some challenging issues like the electrical stability of the final devices based on
single nanowires should also be solved prior to their large-scale application.
Recently, portable gas sensor based on an individual SnO, nanowire has been
reported [92], Fig. 5.29.

In this example, individual SnO, nanowires synthesized by chemical vapour
deposition of a molecular precursor [Sn(OtBu)4] were transferred onto sus-
pended micromembranes with one integrated SnO,:Sb heater and platinum
interdigitated microelectrodes, Fig. 5.29a. Membranes were fabricated using
silicon-on-insulator wafers. High-resolution TEM images showed single crys-
talline nanowires with dislocation-free bodies and a main growth direction of
[100] and interplanar spacing in correspondence with the rutile structure of
Sn(, {103]. Nanowires were eiectricaily contacted to piatinum microelectrodes
using a FEI Dual Beam Strata 235 FIB instrument equipped with a trimethyl
methyleyclopentadienylplatinum ((CH3)3CH3;CsH4Pt) injector to deposit pla-
tinum, following a nanolithography process, Fig. 5.29b. Two-probe DC mea-
surements were performed with the help of an electronic circuit, Fig. 5.29c,
designed to guarantee low current levels and avoid any undesired fluctuation.

This option reports the possibility of modulating the device temperature
using the integrated heater. Although the temperature of these membranes
was calibrated as a function of the power dissipated by the heater, accurate
estimation of the effective temperature of nanowires is quite difficult since
uncontrolled self-heating effects due to the existence of Schottky barriers and
their conduction of charge carriers should always be considered [104]. The
dynamic response of these devices was fast enough to reach complete thermal
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Fig. 5.29 Details of a gas-integrated nanosensor based on a single SnO, nanowire

stabilization after a few seconds of changing the power applied to the heater,
demonstrating that the optimal working conditions can be easily modulated in
a fast and controlled way. It facilitates its use as devices for monitoring this gas
such as is shown by Fig. 5.30. This last result demonstrates that these devices
could be used in the future as portable and reliable gas microsensors.

The sensing performances of these nanostructures can be enhanced by means
of the adequate modification of the surface. It is well known that the presence of
catalytic nanoclusters of different noble metals, such as gold and platinum, or
inorganic compounds, such as CuO and CaO, has been widely reported to
improve reactivity with some molecules. However, the modification of the
surface wins a maximum significance when we are looking for the interaction
with biomolecules. In this case, the interactions can cover a wide range from
very strong covalent bonds to weak van der Waals interactions, Fig. 5.31.
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Fig. 5.30 Sensor response against CO of the integrated nanosensor shown in Fig. 29

Many organic compounds possess different functional groups such as
amines (H,N-R’), thiols (HS-R’), alcohol (OH-R”), phenol (OH-cycle-R’)
and carboxylic acids which are organic molecules that contain a carboxyl
group (-C=0)- whose carbon atom is bonded to a hydroxyl group (-OH) as
it happens, for example, in the methanoic acid, ethanoic acid or propanoic
acid (R-COOH). So, these functional groups can be used to form covalent
bonds on the target organic molecules where atoms forming this bond share
pairs of electrons. Sometimes, this covalent coupling can be done directly on
the surface of the sensing material, whereas in many other cases, other mole-
cules named cross-links are needed to link one molecule to another. Likewise,

NH,
= Metal oxides Substrate
or Metal thin
SH cl CN NHz  NHMe  NMe; 'y
N\
. i i Si i i Si

Fig. 5.31 Schematic of a typical functionalized surface
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very often, the functional groups need to be energetically activated avoiding
the deterioration of these biomolecules. In general, there are many functional
groups but carboxylic acids (R-COOH) are frequently used. They can be
covalently coupled with other functional groups to give rise to different
bonds: (i) amides, R-CO-NH-R’, (ii) thio ester R-CO-S-R’, (iii) acyl ester
R-CO-0O-R’ and (iv) aryl ester R-CO-O-cycle-R’. All of them allow fixing
functional groups but often there is the problem about how to be fixed on the
substrate that is typically bascd on silicon wafer (silicon dioxide films) or
alternatively on metal layer or metal oxide materials. For it, self-assembling
monolayers formation has become one of the most applied methodologies.
Molecules with hydrophobic—hydrophilic nature, also named amphiphilic
molecules, are used. These molecules consist of two different head and tail
functional groups where one end sticks to the sensor surface and the other end
interacts with the analyte biomolecules establishing a strong link. The alter-
native adsorption of different materials containing complementary charged or
functional groups [105, 106] allows, layer by layer, to form ultra-thin layers
with a level of control over the {ilm composition and structure down to several
nanometers [107]. Gold is a suitable substrate for forming SAMs since freshly
deposited gold presents a high hydrophilic degree which facilitates the inter-
action with a thiol group. Alkane thiols, HS-C,H,, + 1, are among the most
used thiols for sensing applications due to the easy formation of a thiolate
bond with the gold surface from an alcohol solution and the ordered alkane
tail packaging because of the existing van der Waals among them. Other
materials such as silver, platinum, copper can replace gold and alternatively
silicon dioxide and many metal oxides can also be applied due to the oxygen
bridged and hydroxyl groups on their surface that gives a strong hydrophilic
character. Moreover, it also gives the possibility for using other compounds,
silanol for example, as intermediate links between the substrate surface and
the target analytes. On the other hand, other materials such as carbon present
a strong hydrophobic character.

These surface modification protocols are usually applied to functionalize
the nanoparticles or substrate surfaces in order to develop sensitive and highly
stable biosensors. Furthermore, during the last years, this capability has been
enhanced due to the use of the surface plasmon resonance effects, SPR, which
supplies a powerful tool for the sensing procedure [108], mass sensors based on
quartz crystal microbalance (QCM) or surface acoustic wave (SAW) devices.
Likewise, these surface modification procedures have been enriched by incor-
porating antibodies, enzymes, nucleotides or DNA sequences [109]. Never-
theless, although the versatility of the biosensors as analytical tools has
increased and the biosensors are used for continuous monitoring of vital
biochemical parameters {110, 111], some applications remain limited by func-
tional deterioration due to surface fouling by proteins and other biological
components [112]. Nowadays, nanotechnology is bringing continuously new
possibilities for biosensors construction and for developing novel electroche-
mical bioassays. So, new developments are combining the use of the
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functionalized surface of carbon nanotubes or metal oxide (MO) nanowires as
a gate electrode of the FET-like sensing structures [113]. Their advantages as
conductive transducers are high surface area and accelerated electron transfer
(ET) [114].

In spite of the very promising results, there are still many challenges due to
the relatively inefficient interaction with biomolecules, low selectivity and
interfacing activity with respect to specific analytes. The improvements can be
direcied at seli-assembling a layer of specifically designed active molecules that
make electrical communication between the analyte and the sensing surface
(gate electrode in the case of FET scheme) more efficient, improve sensitivity
and stability and even make the interfacing layer an active player in sensing
mechanism [115]. The improvement of the functionalization steps and proce-
dures becomes the right clue to have a reliable electrochemical communication
between the analyte and the electrode surface with enhanced and controllable
electron transfer mechanisms that still require much more effort for their
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5.6 Nanosensors Based on Photon Capture: Photodetection
at the Nanoscale

In this section, like in the previous one where the advantages of playing in the
nanoscale for the electrical interaction through the surface has been shown, we
want to discuss about the advantages of using nanosized materials in light-
sensing applications. Therefore, our aim is not to present a detailed descrip-
tion of all the photodetection strategies and achievements but to emphasize
the photodetection capability at the nanoscale. Detailed information on this
topic can be found elsewhere [116, 117, 118]. The simplest strategy to electri-
cally “transduce” the presence of light is the use of photoconductors. In such
materials, the energy of the absorbed light is used to promote an electron from
the valence band to the conduction band of the material (usually, a secmicon-
ductor) leaving behind a hole in a process known as photogeneration of
charge pairs. Consequently, the conductance of the material decreases after
exposure to light and, in first approach, the minimum detectable wavelength
corresponds to the bandgap energy of the material. Since this essentially is a
bulk process, what is the advantage of using nanosized materials (with high
surface-to-volume ratio) instead of other conventional technologies such as
thin films [119]?

Phaotacondnetore Fig 5 22 hacge
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arbitrary volume of length L, width W and thickness 7 can be 9tud1ed using the
fundamental principles ruling light carrier generation on semiconductors [120,
121, 122]. For simplicity, let us consider the case of extrinsic n-type semicon-
ductors. In low-injection regime (i.e. under low illumination levels), the current
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Fig. 5.32 Diagram of a
metal oxide structure with
an arbitrary volume of
length L, width W and
thickness 7 under a photon
flux ®,,. Photocarrier
generation is produced in
the outer layer of the
nanowire until depth ™!

density j,, corresponding to the photogenerated electrons is given by the
following equation:

. 1 .
Jph =4 mﬁnﬂt V@, (5.17)

where ¢ is the elemental charge, L is the length of the nanowire, « is the
absorption coefficient of the material at the wavelength of the incident light,
0 is the fraction of photons not reflected by the surface, 7 is the quantum
efficiency of carrier generation by one photon, ¢ is the carrier lifetime, p* is
the effective carrier mobility, V' is the (external) applied voltage along the
nanowire and ®,, is flux of photons impinging on the nanowire. Here we
assumed a constant carrier generation profile until the depth o ' and, according
to Matthiessen’s rule, p* can be broken down into the following factors [122]:

—=t—, (5.18)

where ppz and pg are the bulk and surface contribution.

To evaluate the total photogenerated current /,,, which is the experimental
response of real devices, one can assume that the nanowire is thick enough to
absorb all the incident photons. That is to say,

T>al. (5.19)

Therefore, it can be deduced that thinner nanowires (7' < « ') will lead to
lower photoresponses. On the contrary, the use of thicker nanowires (7 >> o )
will not imply a further enhancement of the response. To exemplify this, the
penetration depth o' of near-UV photons (wavelength from 400 to 250 nm) in
ZnO is almost constant at 50 nm [123]. Thus, ZnO nanowires with radii slightly
above r &~ 25 nm should be used to maximize photoresponse to UV light in this
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wavelength range. If the constant absorption profile approximation is main-
tained (light penetration depth o ! and nanowire width T), photocurrent 7, in
nanowires which verify Eq. (5.19) is given by

. w .
I =jpn (@™ W) =q 7 BT’ V B, (5.20)

where three different contributions are clearly identified. The first one is related
to geometric parameters of the device (W/ WLL), the second one to the intrinsic
properties of nanowires (Bn (p*) and the third one depends only on the working
conditions (V'®,,). The performance of these devices can be also analysed in
terms of their photoconductive gainG,,, which is defined as [121, 122,]

_ Lpn 1
Gpn = q—F% 72 NTH v, (5.21)

where the same type of contributions are identified.

Concerning the geometry of photodetectors, it is clear from Eq. (5.4) that
1, 1s enhanced by increasing the width of photoactive area (W). Besides, 1,
and G, are also improved by decreasing the distance between the electrical
contacts L (see Egs. (5.20) and (5.21)). On the one hand, a convenient way to
increase the area is using multinanowire-based configurations. These devices
can be fabricated by means of self-assembly techniques, i.e. dielectrophoresis,
to electrically contact large amounts of them in parallel [124, 125]. This
fabrication methodology prevents parasitic effects arising from uncontrolled
nanowire-to-nanowire contacts. It is noteworthy that according to Eq. (5.21),
the photoconductive gain G, obtained with these multinanowire configura-
tions is equivalent to that provided by one single nanowire, if all of them are
identical. On the other hand, both 7,, and G, increase inversely with the
distance between contacts L. Thus, this experimental parameter is critical to
optimize the performance of final photodetectors. The lower limit for L will
strictly depend on the precision of the nanolithography technique and other
size-associated phenomena like diffraction, if L approaches the wavelength of
photons, or uncontrolled degradation effects produced when the ruptured
electric field of the metal oxide is overcome. To exemplify this last point, it
can be roughly estimated that nanowires contacted between two electrodes
separated by only 50 nm [126] and polarized at 5 V [127, 128] will be subjected
to electric fields as high as 1 MV/cm.

As far as the intrinsic properties of nanowires are concerned, the dependence
of I, withn, ¢, p* and B must be also considered (see Eq. (5.20)). The quantum
efficiency n determines the spectral response of photodetectors and was
observed to increase orders of magnitude when photons with energies above
the bandgap interact with these devices compared to typical responses obtained
with sub-bandgap photons [129]. It is noteworthy that the bandgap edge of
nanowires depends not only on the material but also on their dimensions [122,
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130]. Thus, controlling the radii of nanowires is critical to tune the spectral
sensitivity of the final devices. Photogenerated carrier lifetime ¢ is the second
parameter directly related to the intrinsic properties of nanowires, and it is
known to be higher in nanomaterials than bulk because of their large surface-
to-volume ratio and the formation of deep-level surface states [121, 131]. In the
case of semiconductor nanowires, it is generally accepted that photocarrier
relaxation dynamics consists of an initial decay process in the nanosecond
range, explained by the fast carrier thermalization and hole trapping by surface
states, followed by a slow decay dependent on the surrounding atmosphere and
the nanowire surface coating [128, 132, 133, 134, 135]. This second process, with
characteristic times of seconds, dominates the final response of nanowire-based
photodetectors. For this reason, the carrier lifetime contribution ¢ to the photo-
response /,;, (see Eq. (5.20)) can be enhanced by controlling the surface inter-
actions of this type of nanowires. The third parameter related to the intrinsic
properties of nanowires is the electrical mobility ", which is known to be
ucpc‘uuciu on their radii. To exempmy this with ZnO 1](’1110'\7\1165 l‘ﬁOL‘)IuLy
values ranging from 2 to 30 cm /Vs were reported for nanowires with radii
below r ~ 100 nm [136, 137, 138, 139]. This diminished mobility tends to the
bulk value (~200 cm?/Vs) with thicker nanowires [128]. This behaviour is
attributed to scattering and trapping of the electrons by surface defect states
and becomes more important with thin nanowires, whose surface-to-volume
ratio increases. In these circumstances, surface contribution g to p* is signifi-
cantly minimized (see Eq. (5.18)). Thus, nanowires as thick as possible are
convenient to obtain optimal devices from a point uf view of u~ optimization.
The limitation introduced by the dependence of x° with radius can be also
overcome by coating the nanowires’ surface with a passivation layer. Using the
previous example, it was demonstrated that the mobility of ZnO nanowires
dramatically increased using this fabrication strategy (up to 4,000 cm?/Vs)
[139]. The last intrinsic parameter of nanowires to be considered in this work
is the fraction of photons not reflected by the surface of the metal oxide B, which
was recently demonstrated to be lower in a wide spectrum range with photo-

detectare haced on alioned nanowirec ingtead of thin filme 11401
UL LWLLLULDS UddsUU Ul dllgliv AU WIIUS 1S WAll Ul L LIS [ 17V ].

As far as the experimental conditions are concerned, it can be demonstrated
from Eqs. (5.20) and (5.21) that photoresponse rises with applied voltage " and
flux of photons ®,,, making it difficult to compare most of the reported results,
since different experimental conditions were used in all these experiments [127,
128]. For this reason the photoconductive gain (Eq. (5.21)) can be expressed in a
more convenient way

goh =——F— RN T, (5.22)

which is normalized and independent of the device geometry and the experi-
mental conditions.
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Besides the gain, the dynamic response of a photodetector is also important.
The low-pass bandwidth is approximately BW ~ (27r7')_1 and the normalized
gain per bandwidth becomes

np
~ . 2
gBW ~ = (5.23)

Therefore, mobility and quantum efficiency are the key parameters to deter-
mine the overall performance of a photodetector. Equations (5.22) and (5.23)
show the fact that high photoconductive gains are achieved by increasing the
carrier lifetime but this worsens the dynamic response.

Finally, it is illustrative to compare the performance already achieved using
single nanowire photoconductors with thin film-based detectors [119]. We
focused again in ZnO. In high-quality thin films mobility tends to the bulk
value (~200 cm?/Vs) [141]. The highest photoconductive gain reported with
thin film photodetectors is GZf,, = 1360 [142]. Usrng the polarization and geo-

LLLLL

metric conditions reported by the authors (VIE P lit = 5V, LZhF i = 10p), the nor-

malized photoconductive gain is gph =3 1075 m? ?/V. This gain is clearly
below the ones reachable with single ZnO nanowires in their present stage
of development (G . =5-107) [128]. However, if we estimate the overall
performance w1th the normalized gain per bandwidth (717 ~ 1.5ps) product
we obtain g7 hlu =310 m?*Hz/V to be compared with the best figure for a
single nanowire photodetector (g7, - BW =5 - 10~*m?Hz/V) [128]. There-
fore, the high photogain currently achieved with individual nanowires is
mainly associated with the longer lifetime of the photocarriers. In conclusion,
nanowires can be used as photoconductors as an alternative to conventional
technologies. However, we can only take advantage of their superior properties
(high crystalline quality and extremely high mobility) if appropriate layout and
operating conditions are considered. Some of these promising strategies are
diminishing the distance between the electrical contacts, increasing the photo-
active area or improving the electrical mobility of nanomaterials using surface
coatings.

Besides photoconductors, there exist a number of other devices based on the
photogeneration of charge pairs that are conventionally used in photodetection
[119, 120, 121, 122]. Most of them are based on the charge separation of the
photogenerated pairs (electron and hole) by a built-in electric field. In these
cases the junction of different materials (metal-semiconductor, heterojunction
and homojunction of semiconductors) is used to generate these built-in fields.
In Fig. 5.33 we summarize some of them [119]. Recently, many of these config-
urations have been successfully obtained using nanowires (diodes in individual
nanowires [143, 144], core—shell nanowires [145, 146], nanowire—wafer unions
[147]) and open the door to further improvements in photodectection with
nanowires.

Finally, similar nanostructures and devices can be also used in solar energy
harvesting applications in which the same principle of separation of
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Fig. 5.33 Schematic structure of different semiconductor photodetectors suggested by [119]

photogenerated pairs can be used to provide power (voltage and current) to an
external electrical load [122, 148. 149]. Particularly, the use of nanosized mate-
rials in cost-effective dye-sensitized solar cells is necessary to efficiently collect
the charge generated by light in the organic dye layer [150, 151, 152]. Other
promising achievements are the integration of a fully functional solar cell in one
single nanowire [143, 144, 153].

5.7 Nanosensors Based on Plasmon Resonance: Influence
of the Dielectric Constant Variations at the Nanoscale

Plasmons, collective oscillations of the free electron gas density, can be
exploited for sensor purposes in two different ways: (i) as transducers of the
measured magnitude into an optical signal or (ii) as enhancers of the spectro-
scopic signatures concerning the measured magnitude.

As a transducer, we take advantage of the sensitivity of the plasmon reso-
nance to the very close dielectric environment that can be easily achieved by
controlling it at the nanoscale domains that present a high surface/volume ratio
enhancing the role played by the surface plasmon. This dependence to a highly
localized dielectric environment, coupled with the use of metal nanoparticles as
sensing probes, provides with a considerable spatial resolution to probe-based
sensors taking advantage of this transduction mechanism. In this direction,
silver and gold nanoparticles, having resonance frequencies in the visible region,
have been used as single particle optical biochemical and chemical sensors [154,
155, 156]. Usually, dark field optical microscopy is used to analyse the reso-
nance spectra of these single nanoparticles. Its resonance frequency is very
sensitive to the adsorbants on its surface (Fig. 5.34).
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Fig. 5.34 Cartoons of the (a) plasmon generation in metal nanoparticles by an electromag-
netic field, (b) modification of the plasmon resonance frequency of single nanoparticles due to
the presence of the target analyte and enhancement of the optical signature of the species
nearby the metal surface, (¢) waveguide surface plasmon resonance sensor and (d) tip-
enhanced Raman spectroscopy

Plasmon resonances are sensitive not only to the surrounding dielectric
media but also to the shape, size and interaction between particles [157, 158].
While such dependences deteriorate the characteristics of nanoparticle arrays as
plasmon resonance sensors, they can be used to measure geometric parameters
at the nanometer scale [159]. As an example, interparticle distances, and thus
molecular length, can be optically measured using metal nanoparticles linked by
the entity for which distance needs to be measured. This plasmon molecular
ruler can be used to further analyse the geometric parameters of suitable
biological processes [160].

Probe-based sensors require somewhat demanding systems for signal discri-
mination and imaging. The analysis of the plasmon resonance spectra of single
nanoparticles usually requires a dark field optical microscopy setup.

Further integrated plasmon resonance sensors can be obtained using metal
thin films in place of independent nanoparticles. In this direction, a complete
sensor can be fabricated by coupling a thin layer of gold or silver with an emitter
and a receptor. Due to the different momentums of surface plasmon waves and
light, the coupling of the electromagnetic waves with the surface plasmons on a
metal thin film requires a special configuration. There are three coupling
designs predominantly used: (a) the coupling using a prism (ATR method);
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(b) coupling using an optical waveguide and (c) coupling using a grating coupler
[161, 162, 163, 164].

In these devices, surface plasmon propagation constants strongly depend on
the wavelength, showing a propagation maximum, that is a light absorption
maximum, at a given resonance wavelength. The field of the surface plasmon
waves generated at the metal/dielectric interface strongly decays into both
media. Therefore, the resonance wavelengths, like on surface plasmons gener-
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neighbouring the metal surface. Thus, changes on this dielectric constant, such
as those associated with the presence of an analyte, can be precisely detected by
measuring the intensity, the coupling angle or the wavelength of resonance
coupling of the surface plasmon wave and light. Resonance peak positions
not only are used to sense the presence of analytes but can be used to determine
distances and even analyse biological processes thanks to the sensitivity of the
plasmon resonance to interparticle distances [165, 166].

The very intense fields created at the resonance frequencies in the close
vicinity of the metal nanostructures [167, 168, 169] can also be used as enhancers
of the spectroscopic signatures of analytes attached or lying close to the metal
surface [170, 171, 172]. Surface-enhanced Raman spectroscopy uses this
extreme field enrichment to improve Raman sensitivity up to 10" times [173,
174, 175]. This technique, which can be integrated using optic fibres [176] and
potential in vivo usage [177, 178], finds its most intriguing feature on its
potentially huge spatial resolution. The very localized enhancement obtained
at the metal surfaces allows for the simultaneous topographic and spectroscopic
analysis of the sample with a resolution at the nanometer scale when coupling
the surface-enhanced Raman spectroscopy with an AFM provided with gold-
or silver-coated tips [179]. So, the most interesting feature is its potential spatial
resolution. In this direction, the coupling of the surface-enhanced Raman
spectroscopy with an AFM using metal tips allows the simultaneous topo-
graphic and spectroscopic analysis of the sample [180].

5.8 Nanosensors Based on Mechanical Resonances: Influence
of Small Mass Changes onto Nanostructures

At the nanoscale, small mechanical forces are involved which is a challenge for
using them as transduction elements in a device [181]. But, nowadays, they are
used in promising mechanical devices as they are quite sensitive to very small
mass changes. For it, mechanical resonators offer a very promising standard
alternative although it requires aligned and free-standing active elements at the
nanoscale that are, at the present technology level, not straightforward or easy to
obtain or to process, mainly due to the residual stress controls. Anyway, among
many possible nanostructures, small cantilevers, which monitor the resonant
frequency of the cantilever, are one of the most used sensitive mass detectors.

L114] J-5. praces I



The theoretical mass sensitivity (6m/df) of a rectangular cantilever can be
calculated as

Am/8f(kg/Hz) =~ 0.208 (k/f3), (5.24)

assuming that the spring constant k remains constant after the mass change and
that the mass is evenly distributed on the cantilever. fy is the cantilever’s
resonant frequency and ¢/ is the frequency shift of the cantilever. f, depends
on the viscous medium in which it is vibrating due to viscous damping of the
cantilever, and in vacuum f, will be equal to

Svae = 0.162/E/p(w/F), (5.25)

where p is the mass density of the cantilever material, E the Young’s modulus
A and v tha lanath and width of tha cantilavar

and / and w the length and width of the cantilever.

Therefore, mass sensitivity increases as the resonant frequency increases too
[182]. It depends inversely on the size. For a cantilever with a width, height and
length of 1, 2 and 50 pm, respectively, 6m/6f is approximately 10-15 g/Hz. This
equation also demonstrates that by decreasing the dimensions even further the
mass sensor could theoretically detect single molecules and, of course, large
proteins [183].

Normally, for a micron range size cantilever, the movement is detected by

nn‘Ur\q] technigues where a laser is focused on and reflected from the cantilever
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surface. However, as the cantilever dimensions are decreased to nanometer
scale, this method becomes difficult to apply and new readout techniques
have been developed. Typically, the readout from nanometer-sized cantilevers
has been rather complicated and the operation of the mass sensor has been
limited to vacuum [184]. It is well known that due to the damping mechanism
introduced by the air molecules at atmospheric pressure even more than two

orders of magnitude in the Q-factor can exist.
New alternatives have anQP‘n‘rPd a nanometer-sized cantilever with inte-

grated capacitive readout, which offers a simple readout scheme that can be
operated at atmospheric pressure and vacuum [185, 186]. In this option, by
monolithic integration of the nanocantilever and CMOS circuitry, it has been
shown that it is possible to increase both the functionality and the resolution of
the sensor, allowing operation in more viscous media or functionalities like
resonant frequency tracking and Q-factor enhancement. In this technological
frame, these mass nanosensors are open for new applications that require the
measurement of particle fluxes in high vacuum — ie. an atom lithography
system — or a high-sensitive gas sensor. Likewise, applications that need a
high spatial resolution can also be obtained, i.e. the localized measurement of
particle fluxes, something that is impossible with quartz microbalances [187,
188, 189].
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As alternatives to these readout methods to overcome the difficulties inher-
ent in the optical detection for very small cantilevers, AFM-based methods have
been proposed on a cantilever actuated electrostatically by means of a driver
electrode placed closely parallel to the cantilever. For it, the AFM is operated in
a dynamic non-contact mode using oscillation amplitudes corresponding to a
low-force regime. The dependence of the static cantilever deflection on DC
voltage and of the oscillation amplitude on the frequency of the AC voltage is
mecasurcd and the results arc fitted by a simple non-linear clectromechanical
model [190]. Even though this method works well and is very precise, the
resulting system complexity makes it difficult to use in portable low-cost
devices. For these reasons, from a practical point of view, the straightforward
measurement of the cantilever deflection by means of an electrical transducer
integrated on the cantilever becomes more plausible and realistic but it needs
the integration compatibility with on-chip electronics fabrication. It can be
obtained if the cantilever deflection is measured by means of a piezoresistor
integrated in the cantilever [191]. In fact, the use of cantilevers with submic-
rometer thickness and width in the micrometer range gives the possibility to
have small spring constant and high force sensitivity that are the requirements
for detecting small forces like those involved in molecular recognition experi-
ments [192, 193, 194, 195]. A clear example of these options is given by the
detection of antibody—antigen forces. For example, cantilevers with 2 pum thick-
ness have been reported to have a spring constant k£ ~ 4 N/m. However, the
forces to be measured for molecular detection are in the range of tens to
hundreds of piconewton. Then, to obtain a deflection of 1 nm under a 10 pN
load, the cantilever must have a small spring constant of & ~ 0.01 N/m. This
spring constant can be achieved with a silicon microcantilever with small spring
constants and high force sensitivity, which as we shall see requires transverse
cantilever dimensions in the submicrometer range, which should be submicron
in thickness and about 1 pm in width [196, 197].

Thus, for improving the system performances, it has been proposed by
several groups to use a U-shaped structure for the cantilevers [198, 199] in
which the piezoresistor uses the complete surface of the cantilever. This shape
allows the minimization of the cantilever dimensions, especially its width. If
L >> w, where Lis the length of the cantilever and w the width of each leg, the
U-shaped cantilever will behave as two identical separated rectangular canti-
levers corresponding to the two legs. The classical beam theory for small
deformations can be applied to calculate the stress in the rectangular canti-
lever for a given perpendicular force Fapplied to the tip. The stress can be used
to calculate the output signal AV when the piezoresistor is connected in a half
Wheatstone bridge with an identical reference cantilever resistor. Using these
procedures, it has been probed that it is possibie to fabricate cantiievers with
lengths between 60 and 200 pm and leg widths between 2 and 10 pm with
spring constants ranging from 1.02 to 0.006 N/m and the force sensitivities
from 2.4 to 11.8 pV/nN that are given a resolution, within the parameter
ranges used, of about 10 pN.
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5.9 Summary

The improved knowledge and control of the transduction mechanisms at the
nanoscale level has enabled and enhanced the ideas, designs and developments
of nanosensors. There are many examples that have been reported during the
last decades that cover all the fields of physical, chemical and biochemical areas.
Nevertheless, advancements have been more relevant in some sensor types.
Among them, some examples have been highlighted as representative of the
nanoscience and nanotechnology contributions to the sensor field.

So, controlled performances of surface/volume-based sensors using a single
nanocrystal as conductometric or transistor channel device have already been
achieved and these sensors are applied in the chemical and biochemical fields
using inorganic and organic materials. Surface properties control and their
functionalizations become one of the most outstanding and challenging fea-
tures for future developments.

On the other hanr] the interaction of nanomaterials with nhotons of differ-

ent energies at the ndnmcale level is being used as one of the best scenarios for
charge separation, charge collection and electrical or optical confinements.
Likewise, the increase in some properties such as plasmon resonances at the
nanoscale level has given rise to many options for new nanosensor applications
based on the enhanced Raman mechanism of fundamental importance for
sensing analytes.

Furthermore, mechanical resonances-based nanosensors have also been
reported to bring a paramount importance for new highly mass-sensitive
Sensor.

There are many other options to take advantage of the mechanisms and
properties at the nanoscale level, and in the immediate future their associated
feasibility challenge will be solved on the basis of the nanotechnology advance-
ments and nanoscience understandings.
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Abstract
Individual SnO; nanowires were integrated in suspended

micromembrane-based bottom-up devices. Electrical contacts between the
nanowires and the electrodes were achieved with the help of electron- and
ion-beam-assisted direct-write nanolithography processes. The stability of
these nanomaterials was evaluated as function of time and applied current,
showing that stable and reliable devices were obtained. Furthermore, the
possibility of modulating their temperature using the integrated microheater
placed in the membrane was also demonstrated, enabling these devices to be
used in gas sensing procedures. We present a methodology and general
strategy for the fabrication and characterization of portable and reliable

nanowire-based devices.

Supplementary data are available from stacks.iop.org/Nano/18/495501

(Some figures in this article are in colour only in the electronic version)

1. Introduction

One-dimensional (1D) materials, such as metal oxide
nanowires, have attracted considerable attention because
of their potential applications in electronic devices [1].
Although much effort has been devoted to reaching a better
understanding of their novel and fundamental properties,
fabricated devices based on single 1D materials are still
scarce due to the difficulties related to their manipulation
and characterization [2]. Furthermore, the high cost of such
devices is still one important limitation to their industrial
application [3]. The combination of individual nanowires

S Author to whom any correspondence should be addressed.

0957-4484/07/495501+05$30.00

and micromembranes with integrated heaters is one of the
most promising approaches for obtaining portable devices for
gas sensing, since their working temperature can be easily
modulated. To the best of our knowledge, only a few attempts
to use this fabrication methodology have been reported in
the literature [4, 5]. On the other hand, some challenging
issues like the electrical stability of the final devices based on
single nanowires should also be solved prior to their large-scale
application.

In this work, the integration of individual SnO, nanowires
with suspended micromembranes is presented. These
nanowires were attached to the microelectrodes by dual-
beam focused ion beam (FIB) nanolithography techniques,
following a process explained elsewhere [6]. Stable and

© 2007 IOP Publishing Ltd  Printed in the UK
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(d)

;

Figure 1. (a) SEM image of one suspended micromembrane with one integrated heater. The microneedle used during the nanolithography
process to introduce the gas precursor inside the FIB chamber can be observed in the left part of the image. (b) A SnO, nanowire electrically
contacted to the platinum microelectrodes. Dimensions: L = 2.1 pum (length) and R = 35 & 5 nm (radius). (¢) Experimental set-up including
the electronic circuit where all the measurements were performed next to its USB connector. (d) Micromembrane mounted on a TOS8 placed
next to a 1 Euaro coin.

reliable devices were obtained and electrically characterized
using an electronic circuit specially designed to avoid
irreversible damage to both the nanowires and the FIB contacts
by uncontrolled current fluctuations. The possibility of
modulating the temperature of these devices with the help
of the microheater integrated in the membranes was also
evaluated. Fast and reproducible variations of the electrical
resistance were observed as a function of the power applied
to the heating system, showing that immediate temperature
modulation can be produced in these devices. This capability
facilitates their use in gas sensing procedures, where high
temperatures are usually required. In this work, the electrical
response of some of these devices to different gas species
was monitored, demonstrating their feasibility as portable
The fabrication and measuring methodology
presented here can be easily extended to other nanomaterials
of interest.

Microsensors.

(3%

2. Experimental section and results

Individual SnO, nanowires synthesized by chemical vapour
deposition of a molecular precursor [Sn(O'Bu)y] [7] were
transferred onto suspended micromembranes with one
integrated SnO,:Sb heater and platinum interdigitated mi-
croelectrodes (figure 1(a)). Membranes were fabricated us-
ing silicon-on-insulator wafers. High resolution TEM im-
ages showed single-crystalline nanowires with dislocation-free
bodies and a main growth direction of [100] and interpla-
nar spacing in correspondence with the rutile structure of
SnO, [7]. Nanowires were electrically contacted to platinum
microelectrodes using a FEI Dual-Beam Strata 235 FIB in-
strument equipped with a trimethyl-methylcyclopentadienyl-
platinum ((CH3)3CH;CsH4Pt) injector to deposit platinum [8],
following a nanolithography process explained elsewhere
(figure 1(b)) [6]. Two-probe dc measurements were per-
formed with the help of an electronic circuit (figure 1(c))
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designed to guarantee low current levels and avoid any
undesired fluctuation (see supporting information available
at stacks.iop.org/Nano/18/495501) [9]. All the experiments
were performed in a home-made chamber, where the gas flow
was maintained between 50 and 200 ml min~'. Accurate gas
mixtures were prepared by combining different gases passed
through mass flow controllers.

Figure 1(d) represents the comparison of a 1 Euro
coin with an as-prepared microelectronic device to give an
impression of the overall dimensions of the system.

Up to ten devices were fabricated using individual SnO,
nanowires with lengths between 2 and 7 pum, and radii
between 30 and 70 nm (figure 1(b)), which showed stable and
reproducible electrical responses. Depending on the diameter
of the nanowires, electrical resistances ranging between a few
hundred kiloohms and a few megaohms were estimated. These
data were in good correspondence to previously reported two-
probe measurements on similar nanowires [6]. No significant
degradation of the electrical performance of these devices
was observed after 2 weeks of continued operation or after
exposure to the laboratory atmosphere for additional 2 weeks,
indicating that stable and reliable devices were obtained using
the presented nanofabrication methodology. On the contrary,
an important and fast degradation of the electrical response
was always observed when current values above I = 100 nA
were conducted through such devices. Self-heating effects
lead to the destruction of nanowires and modification of the
FIB-fabricated contacts. This latter effect can be partially
explained by the evaporation of the carbon present in high
concentrations (around 70%) in the FIB nanolithography
processed contacts, caused by the decomposition of the metal
organic precursor [10]. Botman et al recently reported that this
change in FIB-fabricated platinum stripes is also observed after
annealing them at temperatures above T = 300 °C, showing
how important the local self-heating effects can be when high
currents are applied to these nanostructures [11].

The possibility of modulating the device temperature
using the integrated heater was also studied. Figure 2(a) shows
the variation of the resistance of one nanowire with the power
applied to the heater integrated into the membrane, and how the
system recovers the initial value after switch off. Nevertheless
a slight drift of the resistance baseline is observed when power
pulses higher than P = 90 mW were applied (nominal
temperature at the centre of the micromembrane higher than
T = 200°C) (figure 2(b)). The increase of the nanowire
resistance tends to disappear after a few minutes without
applying pulses, suggesting that this reversible effect could be
directly related to uncontrolled modifications of the adsorbed
species at the nanowire surface, mainly oxygen and water
molecules [12, 13], when working under these experimental
conditions.

Although the temperature of these membranes was
calibrated as a function of the power dissipated by the heater,
accurate estimation of the effective temperature of nanowires
is quite difficult, since uncontrolled self-heating effects due
to the existence of Schottky barriers and their conduction of
charge carriers should always be considered [14]. For this
reason, in this work merely dissipated power and nominal
temperatures at the centre of the membrane are mentioned. The
dynamic response of these devices was fast enough to reach
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Figure 2. (a) Sensitivity of one SnO, nanowire (L = 6.4 um,

R = 50 £ 5 nm) to increasing dissipated power by the heater.
This experiment was performed in synthetic air. Increasing power
(0-90 mV), directly related to temperature, leads to a decreasing
nanowire resistance, demonstrating semiconductor characteristics.
At the highest value, a nominal temperature of 7 = 210 °C is
obtained in the centre of the micromembrane. (b) The reproducibility
of variations in the nanowire resistance is demonstrated by turning
the power source on and off several times (P = 110 mW,

T = 240°C). A small drift in the resistance baseline is observed
when powers higher than 90 mW are dissipated in the membrane,
probably originating from modification of adsorbed species at the
nanowire surface.

complete thermal stabilization after a few seconds of changing
the power applied to the heater (figure 2), demonstrating that
the optimal working conditions can be easily modulated in a
fast and controlled way.

Gas sensing experiments were performed to show the
potential of these devices. It is well known that the electrical
resistance of SnO, nanowires drops when changing from an
oxygen-rich environment (e.g. synthetic air, SA) to a low
pressure oxygen atmosphere (e.g. Ny 99.999%), because of
oxygen desorption from the surface of nanowires [12, 13].
Nevertheless, oxygen desorption is a slow process at room
temperature with typical characteristic times of several
hours [13], justifying why real devices always operate at higher
temperatures. The electrical response of one SnO, nanowire at
T = 25°C is shown in figure 3(a), when N, was introduced
into the chamber after signal stabilization in SA for several
hours. With the heater switched off, only slight changes in
the resistance were observed, while dissipating a power as low
as P = 17 mW (' = 60°C) these changes were enhanced.
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Figure 3. (a) Response of one SnO; nanowire to a change from
synthetic air to nitrogen atmosphere at room temperature. Although
a slight drop in the electrical resistance is observed in N, due to
desorption of oxygen molecules from the nanowire surface, the
dynamic response of this device is too slow for real sensing use when
the heater is switched off (P = 0 mW). On the contrary, if the heater
is activated (P = 17 mW, T = 60°C), a faster response is clearly
observed, reaching electrical stabilization after approximately

30 min. The dashed line indicates the synthetic air pulse.

(b) Response of one SnO, nanowire to synthetic air and nitrogen gas
pulses at room temperature, when the membrane heater is switched
on (P =17mW, T =60°C). A repetitive drop in the electrical
resistance is observed when Ny, is introduced into the chamber,
recovering the initial value when a synthetic air flux is applied again.
The dashed line indicates the synthetic air pulses.

Oxygen desorption was therefore improved and accelerated
by the use of the heater, enabling the use of these devices in
sensing applications (figure 3(b)). SnO, is usually employed
for the detection of pollutant species like carbon monoxide
(CO) [13, 15]. In this work we also report the possibility of
using these devices for monitoring this gas. CO is a reducing
gas which leads to a reversible reduction of SnO, resistance.
By increasing the power dissipated by the heater (P = 56 mW,
T = 120°C), since the optimal operating temperature is close
to T = 300°C [13], these devices were able to detect and
discriminate two different CO concentrations (figure 4). This
last result demonstrates that these devices could be used in the
future as portable and reliable gas microsensors.

3. Conclusions

Individual SnO, nanowires were successfully contacted to
microelectrodes on free-standing micromembranes by FIB

e o
1,04
{200
5 091 {150 o
. ]
z T
[ J100 §
0.8
—————————————— 150
07 i ‘ i ;

f 0
t T t
[¢] 15 30 45 60 75 90 105 120
time (min)

Figure 4. Response of one SnO, nanowire to different CO
concentrations (50 and 100 ppm), when the membrane heater is
switched on (P = 56 mW, 7 = 120°C). The dashed line indicates
the CO pulses.

nanolithography techniques. The electrical characterization
was performed using an electronic circuit designed to prevent
the destruction of such devices due to uncontrolled current
fluctuations. Modulation of the device temperature was shown
to be reproducible and fast due to the integrated heater on the
micromembranes. The obtained devices showed stable and
reproducible responses, demonstrating their potential as gas
sensors. The nanofabrication and measuring methodologies
presented here are both versatile processes which can be used
to study other nanomaterials.
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Supporting Information

The electrical characterization was performed with an electronic circuit sketched in
Scheme A. This circuit can be simultaneously used either as voltage controlled low—
current source or as resistance recorder. This study demonstrated that controlling the
applied intensity is a crucial point in order to avoid the premature ageing of these
devices due to uncontrolled self-heating effects. Similar circuits were previously
reported for other applications where stable currents in the picoampere range are
required [9].

As a current source, the circuit guarantees a constant current /,, through the resistance
R,,, such as the SnO, nanowire. The current value depends on the regulation voltage V,,

the ratio R;/ R, and the value of R as follows:

" ®y R (M

The operational amplifier 4 is configured as a voltage adder of the control voltage (Vi)
and the output voltage of the circuit (V,4), ensuring a constant current /,,, independent
on R, variations. This last point assures that the measured nanowire will not be
damaged after gas exposure, when significant changes in its electrical resistance are

induced. Output voltage V,, is directly related to R, by:

\Y =R -1 )

out m m

As a resistance recorder, the operational amplifier B is a voltage follower that allows
measuring V,,; without interfering /,, value. Variations of /,, due to fluctuations of Vi,
can be avoided if R, / R, >> 1. In our case, the selected R, / R, ratio was high enough to
guarantee current fluctuations below 1 % of the /,, value.

Appropriate values of V;, and R allow to inject stable currents above I = 10 nA using
precision resistors (tolerance below 0.1 %) and low input bias current amplifiers (< 100
pA). Current values up to I = 100 nA were found to preserve the integrity of the

measured devices, as explained in the paper.
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This circuit was controlled with a low—cost commercial 12-bit AD / DA converter
board and a laptop. Voltages close to 5 V were high enough to bias and control the
circuit. Therefore, the USB interface of a conventional computer could be used to
perform all the presented measurements demonstrating ability to fabricate simple and

portable electronics for controlled operation of device based on single nanowires.
Scheme A. Schematic diagram of the low-current source and resistance recording

electronics: a constant current (/,,) is supplied to the nanowire (R,) whose value is

components were used. With these values and voltages 1, < 50 mV, stable currents /,, <

100 nA were obtained.
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A
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3.2 Summary of Results

. The development of advanced chemical gas sensing devices based on metal oxides
(MOXs) requires the comprehension of the physical and chemical phenomena
that occur in the interaction between the gaseous molecules and the MOX
surfaces. Firstly, this requires a detailed description and identification of the
most active MOX surfaces and interaction sites. Second, the morphology of the
sensing materials is also essential to obtain better sensing performances.
Third, the study of specific interactions between molecules and surfaces
(identified in the previous stages) makes possible not only to reproduce and
understand the sensing mechanisms of these devices but also to propose new
working methods to increase their performance. Ab initio atomistic calculations

provide valuable information in the three fields (Paper 1).

. Nowadays, the development of novel theoretical approaches (with great accuracy and
computational performance) based on well established theories like the Density
Functional Theory (DFT), together with new computational facilities are
opening new and exciting potential applications of theoretical ab initio

calculations to eminently applied fields like gas sensing (Paper I).

. The previous points justify the election of state-of-the-art DFT tools to perform the
theoretical study of the gas—MOX interactions described in Unit 1.

. In the last years, nanowires have emerged as the building blocks of a new generation
of sensor devices. These devices have shown outstanding properties, especially
in chemical and light sensing applications. In the former field, the
improvements are due to the high surface stability and high surface-to-volume
ratio in nanowires. In the later, the high crystallinity of the nanowire is leading
to excelent charge separation, collection and confinement properties.
Consequently, the study of the gas and light interactions in individual
nanowire offers an excellent scenario to comprehend the sensing properties of

MOXs (Paper 2).

. The important advancements achieved in the last years in the synthesis, control,
manipulation and electrical access to individual nanowires make possible today

the here-proposed studies (Paper 2).
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. At the beginning of this Ph.D work, there still existed important difficulties in the
electrical characterization of individual nanowires. The tiny cross section of the
nanowires makes them extremely sensitive to the Joule power dissipated by
the current applied to them. This power was identified as the cause of
degradation and failure in these devices (due to the so-called self-heating
effect). At that moment, the power dissipated at the nanowires could only be
controlled with expensive lab-class equipments. This fact hindered the future
utilization of individual nanowires in real-life sensors. The here-presented
electronic platform demonstrated that it is possible to operate these devices
with low-cost consumer electronic components (Paper #). This platform was
used during the development of this Ph.D work to perform great part of the

measurements.
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4. Results and Discussion

This chapter contains the most relevant results of this work and their discussion
organized in 3 units, which correspond to the different areas developed by the author

during his Ph.D. Specifically, the three units are:

. Unit 1: Gas Molecules — MOX interaction
. Unit 2: Light — MOX interaction
. Unit 3: Simultaneous Gas — Light — MOX interaction

The first two correspond to the theoretical modeling of two apparently independent
interactions with MOX nanowires. Indeed, the gas—MOX interaction seems to occur only at
the surface while the light—-MOX one appears to be exclusively a bulk phenomenon. Results
showed that both interactions are connected by the phenomena that take place at the outer
shell of the nanowire and illustrate how important the role played by the surface in these
nanomaterials is. Subsequently, the previous results were used to model the simultaneous
interaction of gases and light with MOX nanowires. This final case resulted to be of great

practical importance from the sensors technology point of view.
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_ Results and Discussion

4.1 Unit 1;: Gas Molecules - MOX interaction

Unit 1 is fully devoted to the study of the chemical processes that take place at the
surface of MOX nanowires on the basis of ab initio atomistic calculations (described in
Chapter 38). This unit is separated in sections concerning the atomistic calculations, the
experimental assessment of the simulations and the proposal of alternative operational and

theoretical approaches.

. Unit 1.a Ab initio atomistic modeling: First, the most significant and realistic
surface terminations and adsorption sites at the typical working temperatures
of MOX-based sensors were determined. This is important because the
arrangement of the oxygen atoms at the surface of MOXs (this involves
concepts like oxygen vacancies and adsorbed oxygen atoms) varies at different
temperatures and depends on their thermodynamic equilibrium with the
oxygen content in air. Subsequently, their interaction with some relevant
target gases was analyzed. Here we choose NO and NO:z. These toxic gases,
which are produced in many combustion processes, are hazardous for the
human health. Therefore, from the practical point of view, these gases are
interesting in gas sensing and combustion control applications. Besides their
practical relevance, the fact that these gases react at the surface of MOXs
following first order processes makes this an specially attractive problem to
start with ab initio calculations. Surprisingly, no theoretical work dealing with
the interaction of NO and NO2 with the most relevant surfaces of SnO2 and
ZnO [(110) for the former and the non-polar (10-10) and (11-20) for the later]
was previously reported. This fact increases the interest of the here—presented
research. For completeness, the effects of other interfering gases like SOz on
the sensing properties of MOX towards NO and NOz were also studied. From
the practical point of view, SOz is well-known because it poisons the sensors
and their response can only be recovered after thermal treatments at high
temperature. The results concerning SnO: are presented in two scientific
articles (Paper 3 and Paper 4) being the second the continuation and

completion of the first. The case of ZnO is analyzed in Paper 5.
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. Unit 1.b Experimental validation — Novel sensing approaches enabled by the nanoscale: To

validate part of the results presented in Unit 1.a, the conductometric response

of well-faceted individual SnO2 nanowires to NO:z at different temperatures
was measured (Paper 6). In first place, this result served to identify the
adsorption sites (mainly surface oxygen vacancies) involved in the response to
these gases. In second place, the technical challenges overcame to perform
these measurements suggested a novel method to heat the sensing materials.
Paper 6 demonstrates that the current applied to the nanowire in order to
measure thier conductance can be modulated to self-heat them up to the
optimum temperatures to detect NOsz. As explained in the paper, this result
represents not only an important step forward in sensor miniaturization but
also a dramatic reduction of the power needed to operate them. In addition to
this, the availability of microheaters integrated in the substrates used to
fabricate the devices made possible to estimate the effective temperature

reached by the nanowire in self-heating operation (Papers 6 and 7).

. Unit 1.c On the connection between surface and bulk oxygen vacancies: On
the one hand, the calculations presented in Unit 1.a, demonstrate the
important role played in the gas response by the oxygen vacancies at the
surface of MOXs. On the other hand, MOXs are spontaneously doped in nature
by abundant intrinsic defects related to bulk oxygen vacancies. Therefore, a
straightforward question was if there is any connection between surface and
bulk oxygen vacancies. Experimental measurements of the long—term drifts in
the conductance of individual SnOz and ZnO nanowires after sudden changes of
the oxygen content in air suggested that the diffusion of oxygen atoms into the
bulk of the nanowires is feasible, even at room temperature. In this section, a
bulk—center model (complementary to the conventional surface—centered one)
is proposed and validated experimentally. All these results are presented in

Paper 8.
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Abstract

An ab initio study of the adsorption processes on NO, compounds on (1 10) SnO, surface is presented with the aim of providing theoretical
hints for the development of improved NO, gas sensors. From first principles calculations (DFT-GGA approximation), the most relevant NO and
NO, adsorption processes are analyzed by means of the estimation of their adsorption energies. The resulting values and the developed model
are also corroborated with experimental desorption temperatures for NO and NO,, allowing us to explain the temperature-programmed desorption
experiments. The interference of the SO, poisoning agent on the studied processes is discussed and the adsorption site blocking consequences on

sensing response are analyzed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Developing new solid-state gas sensors with improved prop-
erties carries with it an obvious close relationship between
the sensing performance of the active materials and their sur-
face chemical activity. The theoretical study of such surface—
adsorbate interactions provides a valuable tool to get superior
performances that are unattainable using only a trial-and-error
approach together with a powerful analytic methodology to
explain the experimental data.

Tin dioxide (SnOy) plays a key role as one of the more
representalive sensing malerials in solid-stale gas sensors [1],
presenting a significant surface reactivity with many important
reducing (CO, NO) and oxidizing gases (O, NO;) [2,3]. The
present article deals with sensing mechanisms and processes
concerning the detection of NOy using SnO». Detection of NOy
is clearly important because it is a well-known environmental
pollutant with harmful consequences for human health [4]. How-
ever, to explain the sensing behavior it is necessary to keep in
mind that there exist interfering processes poisoning the surface
[5] and that these can dramatically change the effective adsorp-

* Corresponding author. Tel.: +34 93 40 39 147; fax: +34 93 40 21 148.
E-mail address: dprades@el.ub.es (J.D. Prades).

0925-4005/8 — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/§.snb.2006.10.040

tions of the target species and, therefore, their eventual detection.
In the case of the SnO, surface, SO, is one of the more relevant
poison specimens [6]. Thus, in the present analysis, its effects
have also been studied in order to point up the consequences of
the poisoning process on the sensing mechanisms.

Nowadays, first-principles methodologies based on density
functional theory (DFT) can provide precise calculations of the
energetic and vibrational properties of the adsorption [7]. More-
over, faster codes and new computational facilities allow dealing
with numbers of surface—adsorbate configurations in moderate
computing times.

In this context, the aim of the present work is (o provide the-
oretical hints for the development of improved NO, gas sensors
using SnO; as the base sensing material. The surface orienta-
tion relevance is discussed, and the most significant adsorption
sites of NOy are identified. Regarding SO, as poisoning speci-
men, its adsorption sites are located and the dependence of the
poisoning effect with technologically accessible parameters is
discussed.

2. Calculation details

The first-principles methodology we used is based on density
functional theory [8,9] (DFT) as implemented in the SIESTA
method [10,11]. We made use of the generalized gradient
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approximation (GGA) for the exchange-correlation functional
[12] and norm-conserving Troullier—Martins pseudo-potentials
[13] in Kleinman—Bylander factorization form [14]. The solu-
tions of the Kohn—-Sham equations are expanded as a linear
combination of atomic pseudo-wave-functions of finite range.
For all atomic species double ¢ plus polarization orbitals basis-
sets were used. Total energy convergence is guaranteed below
10meV, as is usual in this kind of calculations [15]. A real
space mesh cut-off of 250 Ry and a reciprocal space grid cut-
off of approximately 15 A were used. The structural relaxations
were done by means of a conjugate gradient minimization
of the energy, until the forces on all the atoms were smaller
than 0.04eV/A. No constraints were imposed in the relax-
ation, where forces were calculated as analytical derivatives
of the total energy [16]. Spin polarization was also considered
in the total energy computations, and basis set superposition
error [17] (BSSE) was corrected in the calculated adsorption
energies.

3. Results and discussion

3.1. Surface modeling

For a given material, the most common (and relevant) faceting
orientation will have the lowest Eqyf [18]. Therefore, the surface
energies of several low-index facets of SnOp—cassiterite (also
known as rutile or tetragonal phase, space group P4omnm, lattice
parameters a=b=4.74A, ¢=3.19A and two non-symmetry-
equivalent atoms at (0.0, 0.0, 0.0)sy and (0.305, 0.305, 0.0)o
[2]) were calculated in order to select the surface on which
the adsorption processes would be analyzed. The initially con-
sidered low-index orientations are (1 10), (100), (101) and
(001), which are accepted as some of the most common
SnOy—cassiterite faceting surfaces [19]. Egys values were eval-
vated following the procedure and definitions described in
[19,20], and the results, compared with values from the litera-
ture, are shown in Table 1. Our calculated data are in acceptable
agreement with the literature and provide confidence in the accu-
racy of the calculation framework used. TiO; results are shown
for comparison with another cassiterite system where (110) is
also the lowest energy surface [21]. Therefore, in the following
sections, adsorption phenomena will be studied over this surface
orientation.

Table 1
Surface energy results for the considered SnO,—cassiterite faceting orientations

Surface Egurt (J/mz)
SnO; GGA SnO; GGA TiO; LDA
[this work], (<£0.20) [19], (<£0.20) [21]
(110) 1.01 1.04 0.89
(100) 1.32 1.14 1.12
(101) 1.49 1.33 1.39
001) 1.87 1.72 1.65

Several references form the literature are given. Computational uncertainty is
also shown when possible.

3.2. Adsorption energy modeling

To be able to estimate the energy change involved in the
process of adsorption of a molecule onto a clean surface, we
built models of (1) the clean surface slab, (2) the molecule, and
(3) the surface plus the molecule system. For all three of these
models, total energy calculations were performed, allowing us
to evaluate the total energy balance of the adsorption process (S0
called adsorption energy Eaqs) as follows:

Einitial = ET(cleansurface) + ET(molecule)7

ETﬁml = ET(cleansurface+molecule)~,
Eadgs = AET = ETfinal — ETinitial (nH

Accordingly, a negative value of E,qs means that the adsorp-
tion is energetically favorable, it being possible for this to occur
spontaneously without entropic considerations (DFT deals with
the ground state at 0 K).

It is necessary to ensure the effective cancellation of errors
between the large energies that appear in Eq. (1). For this, ade-
quate conditions were considered [7]. It has been verified that,
in our case, a two layer thick slab is enough to ensure the stabil-
ity of the adsorption energy values. Additionally, to ensure that
the adsorbed compound will not interact with periodic images
of the supercell, a 12 A vacuum thickness and a 2 x 1 supercell
width were used.

Moreover, the adsorption analysis requires several comple-
mentary steps: location of possible surface adsorption sites,
also considering vacant sites, molecular modeling and, finally,
adsorption modeling of NOy and SO, compounds.

Fig. 1 shows the slab model used for the adsorption on the
SnO,—cassiterite (1 10) surface. In order to obtain realistic val-
ues, surface relaxation was necessary (Fig. 1 also presents the
relaxed slab). Surface relaxation shows how six-fold coordinated
Sn atoms (Snec) tend to move outside the surface plane, whereas
five-fold coordinated Sn atoms (Snsc) tend to move inside. A
similar behavior on (1 10) surface relaxation has been observed
by other authors [22,23].

Two relevant adsorption sites appear to be a natural choice
for the stoichiomeltric surface: a bridging site around bridging-
oxygen [Oprigg] and an inplane site around Sns. and the
neighboring Osc [Snmpiane]. In addition, Ogrigg appears at first
glance, to be the most clear vacancy formation site [Opridgvacl
[15]. Consequently, two additional adsorption sites will be con-
sidered: a single Ogrigg vacancy (or a 50% reduced surface as
long as there are only two non-equivalent Opyigg atoms per slab)
and a double Ogigg vacancy site (or a 100% reduced surface).
Finally, the adsorption of a molecule between an inplane Sns.
and an Opyigg vacancy [Opriggvac—SNnmplane] Was considered for
NO; and SO».

Since a good description of the adsorbed molecules is neces-
sary to obtain credible theoretical predictions, Table 2 presents
the molecular models used and the obtained energetic and geo-
metric parameters compared with those in the literature. It is
worth noting that the agreement achieved is comparable with the
commonly accepted discrepancy described in the literature [24].
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Fig. 1. Slab model of the SnOy—cassiterite (1 1 0) surface. Relaxed and unrelaxed geometries are shown. Adsorption sites are highlighted and relevant surface atoms

are identified.
Table 2
Energetic and geometric first-principles results of several molecules involved in the adsorptions considered in this work
Compound Bond energy (eV) Bond length (A) Angle (°)
This work Reference [24] This work Reference This work Reference
0Oy 5.90 6.23 (calc.), 5.23 (exp.) 1.24 1.18-1.21 [25] - -
N 9.47 10.55 (calc.), 9.47 (exp.) 1.12 1.09-1.11 [26] - -
NO 7.03 7.45 (calc.), 6.63 (exp.) 1.17 1.12-1.17 [27] - -
NO, 5.54 - 1.23 1.20 [28] 132 133-134 (28]
SO 591 - 1.49 1.48 [29] 112 109[29]

Table 3 summarizes the calculated E,qs of NO and NO» on the
considered adsorption sites. Desorption temperature results are
obtained by means of the well-known Redheat equation, which
links the |Eags| of a process with its maximum desorption rate
temperature (Tvpr) in a temperature-programmed desorption
(TPD) experiment [30]. Adjusting parameters were set accord-
ing to the experimental conditions of [31] where an experimental
TPD spectrum can be found for NO and NO; desorption from
SnO; (1 10) surface (Fig. 2).

Table 3

We recall that our model only provides energies (and their
corresponding desorption temperatures) for the concrete adsorp-
tion configurations analyzed. In contrast, an experimental TPD
spectrum provides the temperature range at which a given specie
is desorbed by considering a plethora of adsorption config-
urations present in the real sample. Consequently, we would
expect the calculated temperatures to belong to the correspond-
ing experimental TPD signal range. It is remarkable, therefore,
how theoretical predictions of Tivpr for the few adsorption cases

Calculated adsorption energies Eags for NOy on several adsorption sites of the SnO; (1 1 0) surface and maximum desorption rate temperature 7ypr estimated for

the experimental conditions of [31]

Adsorbate Surface state Adsorption site Eqgs (V) Tmpr (°C)
Stoichiometric slab Ogridg —1.32 188 (a)
Stoichiometric slab Snipplane —0.24 52(b)
50% reduced slab OBridg —1.18 167 (¢)

NO 50% reduced slab Ogiidg + (SO2 in Opridgvac) —1.28 —-(#
50% reduced slab Ogridgvac —-0.42 89(d)
100% reduced slab Ogridgvac —-0.98 153 (e)
Stoichiometric slab Ogiidg +1.51 -
Stoichiometric slab Snypplane —-0.52 94 (v)
50% reduced slab Ogiidgvac (single bonded) —2.31 502 (w)

NO, 50% reduced slab OBridgvac—SNInPlane +0.34 -
100% reduced slab Ogyidgvac (single bonded) —2.02 424 (x)
100% reduced slab OBridgvac (double bonded) —1.95 400(y)
100% reduced slab OBridgVac—SNInPlane —2.11 454 (z)

Some configurations are not energetically favorable (Eags > 0). Energetically favorable processes are labeled using letters in parentheses to identify them in Fig. 2.
For NO, a configuration with presence of SO, (#) is considered for later discussion on poisoning. Notice that NO, adsorption on a 100% reduced slab can appear
with two different configurations: bonding one single O atom of the molecule (single bonded) or bonding both (double bonded).
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Fig. 2. (Top) Experimental TPD spectra of NO and NO; desorbing form a
dehydroxylated SnO, (1 1 0) surface (reprinted from [31], with permission from
Elsevier). (Bottom) Calculated TPD spectra for NO and NO; considering all the
configurations detailed in Table 3. One TPD spectrum was simulated (by means
of solving the rate expression for desorption kinetics [30,32]) for each adsorp-
tion configuration with the experimental parameters given in [31]. For every
configuration the temperature corresponding to its maximum desorption rate is
indicated with a labeled arrow (see labels and 7T\pr values in Table 3). Total
spectra were obtained as the summation of the normalized single configuration
spectra.

considered fall within the wide experimental desorption peaks
from [31].

Our results suggest that Ogpyiqg sites are the most energetically
favorable for NO. This behavior is compatible with the observed
fact that NO reduces the SnOp, given that NO is expected to
bond with a surface oxygen to be able eventually to remove it
reducing the surface [1]. Instead, Opridgvac are involved in the
energetically preferred adsorption sites for NO;.

For these preferred adsorption sites, a dependency of the
adsorption energy with the reduction state of the surface is
observed. In both cases (NO and NO;) surface reduction

Table 4

seems to diminish slightly the adsorption energy on Opyigg and
OBridgvac Sites, respectively.

It is important to note that the difference in the preferred
adsorplion siles belween NO and NO, suggests thal by gen-
erating vacant sites and adjusting their density, the adsorption
feasibility of NO versus NO, on an eventual SnOp-based gas
sensor may be changed. This leads to a technological suggestion
in the preparation of the sensing material.

Concerning the SO, adsorption, Table 4 summarizes the cal-
culated E,qs of SO, on several sites. As for NO,, the preferred
adsorption sites also involve Opriggvac but, in this case, it seems
that the more reduced the surface is, the stronger is the SO,
adsorption that takes place. This different behavior with respect
to the surface reduction percentage has dramatic consequences
on the interference of SO, when trying to detect NO5.

It is a known fact that SO, avidly saturates NO, adsorption
sites, reducing the SnO; sensing capability [6]. In order to shed
some light on this, Fig. 3 shows the Eaqs values of the most
energetically favorable adsorption configurations of NO, and
SO, as a function of the surface reduction. At every reduction
percentage, the same adsorption configuration is considered for
both compounds, so a competitive situation is analyzed. It is
confirmed that the strongest adsorption within the studied cases

Calculated adsorption energies Eags for SOz on several adsorption sites of the SnO; (1 10) surface and maximum desorption rate temperature 7ypr estimated for

the experimental conditions of [31]

Adsorbate Surface state Adsorption site Eags (eV) Tmpr (°C)
Stoichiometric slab Ogridg +1.72 -
Stoichiometric slab ShinPlane —0.86 128
50% reduced slab OBridgvac (single bonded) —2.05 435

SO, 50% reduced slab OBridgVac—SNInPlane +1.12 -
100% reduced slab OBridgvac (single bonded) +0.26 -
100% reduced slab Ogridgvac (doble bonded) —2.56 606
100% reduced slab OBridgVac—SNnPlane —2.97 741

Notice that, in contrast with the NO» case, calculations show that SO; adsorption on a 100% reduced slab may only be spontaneous (Eags < 0) in one single O bonding

configuration. Some configurations are not energetically favorable (Ejqs > 0).
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corresponds to SO,, which is a theoretical behavior compatible
with the experimental evidence of the poisoning effect.

It is also clear that SO, adsorbs stronger than NOy in stoi-
chiometric and also in 100% reduced configurations. However,
for intermediate surface reductions, NO, seems to be adsorbed
stronger than SO,. This suggests that the poisoning strength
is dependant on the surface reduction state and may even be
reduced for intermediate bridging-oxygen vacancy densities on
the SnO; (1 10) surface. This again points out a technological
hint for the preparation of the sensing material.

Regarding NO, it has been shown that its preferred adsorp-
tion sites are Ogyige. Therefore, it may seem that there is no
competitive behavior with SO,. However, Table 3 shows how,
for intermediate reductions, the adsorption of NO on OBrjdg
under the presence of an SOz occupying an Opridevac Site
(Table 3 case #) is slightly stronger than in the non-interacting
(case c). These results suggest that in spite of the fact that
the preferred adsorption sites for NO and SO, are different, a
cross-influence may occur between both compounds, and this
would merit further analysis.

4. Conclusions

A theoretical approach to the NO and NO, adsorption on
SnO; (1 10) based on ab initio calculations has been presented.
Bridging-oxygen sites and bridging-oxygen vacancy sites were
identified as the most relevant adsorption sites for NO and NO»,
respectively. This difference may suggest that adjusting oxygen
vacant sites density the adsorption feasibility of NO versus NO;
on an eventual SnOy-based gas sensor may be changed.

Regarding the poisoning by SOy, bridging-oxygen vacancies
seem to be the most favorable adsorption sites, suggesting a com-
petitive behavior with NO,. Theoretical trends indicate that NOy
adsorption strength decreases with the surface reduction while
for SO», it increases. Such a different evolution insinuates that
the poisoning effect may be diminished by means of adjusting
the SnO; surface reduction to intermediate values. In the case of
NO, no competitive behavior with SO, is expected because of
their preferred adsorption sites being different, but further study
may be necessary to analyze an eventual cross-influence.

To conciude, under the light of the presented adsorption sites
and their corresponding maximum desorption rate temperatures,
one can see that adjusting the working conditions (i.e. working
temperature) of an eventual SnO,-based gas sensor will deter-
mine the reversibility of the adsorption at a given site. Working at
temperatures around 300 °C, where the low desorption rate may
ease the fast saturation of the adsorption sites thus spoiling the
sensing propetties, seems to be particularly problematic. In any
case, to make theoretical predictions on the optimum working
conditions of a real sensor, a more complex model is necessary,
for example, one including the cross-influence of OH groups
due to humidity.
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Gas sensor performance depends on the surface chemical activity
of the active materials. The theoretical study of surface-adsorbate
interactions provides a valuable tool for understanding the chemistry
of gas sensors. Chemical transduction involves many stages, includ-
ing the adsorption of the target species and charge transfer from the
compound to the sensing material. These processes must be studied
to allow understanding of the sensing mechanism.

Tin dioxide (SnO,) is one of the most common sensing materials
in solid-state gas sensors." It shows significant surface reactivity
with reducing (CO,NO) and oxidizing gases (05.NO,)>? The
present article deals with adsorptions involved in the detection of
NO, using SnO,. Detectlon of NO, is important because it is a toxic
environmental po]]utant However, to explain the behavior of sen-
sors, we must keep in mind that certain processes may interfere with
the sensor surfaces.” This interference can dramatically change the
effective adsorptions of the target species and, therefore, their even-
tual detection. In the case of the SnO, surface, SO, is one of the
most important poisons.
the effects of SO, to point out the consequences of poisoning on
sensing mechanisms.

Several papers have dealt with the energetics and clecllnn struc-
ture of stoichiometric and oxygen-defective SnO, surfaces.” " The
interaction of these surfaces with oxygen and the presence of
catalytic additives ~ have also been studied. To our knowledge, the
interaction of NO, with SnO, has only been analyzed in the case of
the (101) and (100) surface orientations in a study on nanobelts.'®

Here we present a theoretical study of the interaction of NO,
with SnO,—cassiterite in its most common surface orientation, which
is shown {0 be ihe (110)2 even in nanostructures.!” Surface stability
with respect to orientation and oxidized-reduced termination is dis-
cussed, the most significant adsorption sites of NO, are identified
and the energetics of the adsorption interaction are evaluated. We
compare our results with data from desorption experiments where
possible. The adsorption sites of SO, are located and we discuss the
effects of poisoning using technologically accessible parameters,
such as the working temperature of a hypothetical SnO,-based gas
Sensor.

Tha nragant analuvaie tharafara concidare
1 present anairysis tacrCiore Consiacts

Calculation Details

The first-principles methodology we used is based on the density
functlona] theory (DFT),3Y as implemented in the SIESTA
code. ! We used the generalized gradient approximation (GGA)
for the exchange-correlation functional”® and norm- conserving
Troullier—Martins pseudo-potentials™ in Kleinman-Bylander factor-
ization form.™ Solutions of the Kohn-Sham equations are expanded

? E-mail: dprades@el.ub.es

as linear combinations of atomic pseudo-wave-functions of finite
range. For all atomic species double { plus polarization orbital basis-
sets are used. Oxygen atoms were described by 6 valence electrons,
nitrogen by 5, sulfur by 6, and tin atoms by 4 plus the corresponding
pseudo-potential ion cores. We set a real space mesh cut-off?*?! of
250 Ry to obtain total energies converged within 5 meV, which is
more than sufficient for this kind of calculation.” In SIESTA, k-point
sampling is controlled by the k-grid cut-off parameter defined as
half the length of the smallest lattice vector of the supercell required
to obtain the same sampling precision with a single k»point‘zs For
bulk calculations, the total energy was converged to within 5 meV
per six-atom unit cell with a k-grid cut-off of 10 A that generates a
5 X 5 X 7 Monkhorst—Pack set.”’ Tn slab calculations, k-point sam-
pling in the direction normal to the surface was not needed, and all
calculations were performed with a5 X 5 X 1 Monkhorst-Pack set
generated with a 15 A k-grid cut-off. Under these conditions, forces
over atoms are converged to better than 0.004 eV/A>. We also con-
sidered spin polarization in the total energy computations, and cor-
rected the basis set superposition error (BSSE)27 in the calculated
adsorption energies.

To deal with surface stability and adsorption energy calculations,
we modeled all surface geometries as three-dimensionally periodic
slab systems, generated from the relaxed bulk unit cell, with a
vacuum width of 12 A between surfaces to avoid interaction be-
tween periodic images of the slabs.”1¢

Initially, to explore different possible adsorption sites, we per-
formed calculations using slabs composed of two O(Sny0,)O lay-
ers. For adsorption energy and structural calculations, we used slabs
composed of five O(Sny0,)O layers. Increasing slab thickness to
seven layers had a negligible effect on energetics and surface relax-
ations (see Fig. 1a). This procedure was successfully used in previ-
ous works, 1013 Furthermore, we analyzed the influence of supercell
width and show that a 2 X 1 supercell provides converged adsorp-
tion energies (see Fig. 1b). Comparable supercell widths were pre-
viously employed in similar works. !¢

We introduced structural relaxations by means of conjugate gra-
dient ininiinization of the energy, until the forces on all thc atoins
(calculated as analytical derivatives of the total energy ) were
smaller than 0.04 eV/A? (which is one order of magnitude greater
than the estimated force convergence). In the relaxation of the slabs,
supercell dimensions were kept constant and, as proposed by some
authors,” we chose to impose no constraints to the atomic positions
within the supercell. In the slab composed of 5 layers, the maximum
displaocement of the atoms in the middle layer was as small as
0.05 A.
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Figure 1. Adsorption energies, E,q of the three compounds studied (NO,
NO,, and SO,) adsorbing to an SnO,—cassiterite (110) surface with different
terminations, as functions of (a) the number of O(Sn,0,)O layers and (b) the
supercell width.

Results and Discussion

Surface orientation stability— It is commonly agreed that the
facctq of a crystal are those that minimize the surface free energy
v. ¥c onsequently, for a given material, the most common (and rel-
evant) facet orientation will have the lowest y. Therefore, we calcu-
lated the surface energies of several low index facets of
SnO,—cassiterite, also known as rutile or tetragonal phase, space
group P4ymnm, lattice parameters a = b = 4.74 A ¢ =3.19 A and
two non-symmetry-equivalent atoms at (0.0,0.0,0.0)s, and
(0.305.0305,O.O)O,2 to select the surface on which the adsorption
processes would be analyzed. The low-index orientations we con-
sidered initially were (110), (100), (101), and (001), which are ac-
cepted as_some of the most common SnO,—cassiterite faceting
surfaces. >’

Surface-free energy values were calculated following the proce-
dure and definitions described in Ref. 7 and 30, and we compared
the results with values from the literature in Table I. Our calculated
data is in acceptable agreement with the literature. We based our
study on the (110) orientation because it has the lowest surface free
energy. TiO, results are shown for comparison with another cassiter-
ite system whose (110) orientation also has the lowest surface
energy.

Figure 2 shows one of the slab models used for adsorption onto
the SnO,—cassiterite(110) surface. Figure 2 clearly shows that it is
possible to distinguish between bridging oxygens (()B,,dg) and in-
plane oxygens (()h,pkm) When any one of these oxygen atoms is
removed, a surface oxygen vacancy is generated. Henceforth, we
will refer to these as Opiiggvac and Opypianevac: Tespectively.

Journal of The Electrochemical Society, 154 (8) H675-H680 (2007)

Table I. Surface energy for the SnO,—cassiterite facet orienta-
tions considered. Several references from the literature are given.
Computational uncertainty is also shown where possible.

Equl 1/m’]

This work SnO, GGA SnO, GGA 7 T10231
Surface < +0.20 < +0.20
(110) 1.01 1.04 0.89
(100) 1.32 1.14 1.12
(101) 1.49 133 1.39
(001) 1.87 1.72 1.65

Surface reduction—oxidation stability.— We followed the meth-
odology for the interpretation of ab initio calculations on surface
models in terms of 0X1dat10n reduction thermodynamics described
by Reuter and Scheffler.?? Br iefly, the most stable surface composi-
tion and geometry at a given temperature 7" and pressure P is the one
that minimizes the surface-free energy o (7, P) given by

o(T.P) =y — Iopo(T.P)/A [1]

where ' = 1/2(Ng — 2Ng,) is the excess of oxygen in each surface
(No and Ng, are the number of oxygen and tin atoms in the outer-
most O(Sn,0,)O layer, respectively), vy is the surface free energy at
o = 0 (i.e., under the ground conditions of O K that are assumed in
DFT), po(T,P) is the oxygen chemical potential (that is given as a
function of the temperature and the partial pressure of 0233), and A
is the area of the slab model. In this procedure, ab initio calculations
provide estimations of y which can be used to evaluate the surface-
free energy (o) of a particular surface termination (I'g) for a range
of o values that are functions of 7" and P. Two points must be
considered to ensure that the pug values are physically meaningful:
SnO, dissociates into SnO + O, at temperatures above 1500°C**
and, for gas sensing applications under ambient conditions, the oxy-
gen partial pressure can be fixed at atmospheric conditions (i.e.,
~0.21 bar). Therefore, we restrict p, to values from —2.7 eV (at
1500°C and 0.21 bar) to 0 eV (at —273°C).

Semancik and co-workers observed that simple heating of a sto-
ichiometric SnO,—cassiterite (110) surface under ultrahigh vacuum

Ogridg
OInPIane

Figure 2. (Color online) Slab model of the SnO,—cassiterite (110) surface.
Adsorption sites are highlighted and relevant surface atoms are identified.
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Figure 3. Surface-free energies for different terminations of the SnO,(110)
surface as a function of the oxygen chemical potential. The top axis shows
the corresponding O, gas temperature for atmospheric air equivalent condi-
tions (i.e., oxygen partial pressure of ~0.21 bar).

(UHV) to temperatures above 225°C leads to a loss of Opyigg and the
formation of bridging oxygen vacancies (OBr\dgVac)'3 % However, if
the temperature is raised above 525°C, in-plane oxygen vacancies
(Opmplanevae) can be produced, which usually form complex configu-
rations with the presence of Opgggvac and Opgplagevac- As stated in
Ref. 35, note that the given vacancy generation temperatures may
depend on the particular samples used and the oxygen pressure. In
any case, it is accepted that Opggva. are generated at lower tem-
peratures than Oppjnevae and that the latter form more complex
configurations.

Figure 3 shows straight line plots of o (o) for several surface
terminations. It can be seen that for a single oxygen vacancy per
slab unit (I'g = =0.5) Opiggvac becomes more stable than the sto-
ichiometric configuration at 270°C, whereas Oppjupevae does so at
480°C (points « and B). Thus, the thermodynamics of the formation
of a single Opyiggvs 18 fairly well explained by ab initio calculations
but, with the model used, it is not possible to determine the thresh-
old temperature above which a single Or,pjaneva. Will be more stable
than an Ogyiggy,e- To study this point, and bearing in mind the com-
plex configurations suggested in Ref. 35, we considered double oxy-
gen vacancies per slab termination (' = —1). All of these complex
configurations cross the single Opyggvac line at temperatures be-
tween 640 and 780°C (point 8).

In short, under ambient conditions, the stoichiometric surface

confienration is the most stable {as we exnec ‘f\rl\ When the tem-
conhiguration 1s the most stable {as we expecied tem

perature is raised above 270°C a single Ogyjggve. may form and even
at higher temperatures (above 480°C) the formation of a single iso-
lated Oyypanevac 18 plausible. At temperatures above 640°C multiva-
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cant configurations are the most probable. This predicted evolution
is compatible with known behavior with slightly higher tempera-
tures than under UHV conditions as expected due to the presence of
ambient oxygen that may make vacancy generation more difficult.
All of this suggests that temperature can be used to technologically
adjust the surface oxygen vacancy type and concentration.

To give a more complete view of surface stability, we considered
several oxidized configurations and, remarkably, these are meta-
stables in the complete range of temperatures under atmospheric
oxygen partial pressure. The difficulty in oxidizing the surface may
arise from the fact that the cations in SnO, are already in their
maximum oxidation states, which prevents the further addition of
monatomic O~ species to the surface.

/e should stress that, because of the size of the slab used in our
calculations (2 X 1 supercell), here we have compared only certain
discrete degrees of oxidation-reduction of the surface. For example,
in the case of Opggeyac: I'o = —0.5 and I'g = —1 correspond to 50%
and 100% reduction of the surfaces, but, in the real system, inter-
mediate compositions may be stable under different pressure and
temperature conditions. Slightly reduced surfaces could then be
stable at temperatures lower than those estimated above.

Adsorption energy modeling— To estimate the energy change
involved in the process of adsorption of a molecule onto a clean
surface, we built models of (i) the clean surface slab, (ii) the mol-
ecule, and (iii) the surface plus the molecule system. For all three of
these models, total energy calculations were performed, allowing us
to evaluate the total energy balance of the adsorption process (the
so-called adsorption energy, )

Ejnitial = ET(clean surface) T ET(molecule)

Erfina = Et(clean surfacetmolecule)

ads AET = ETfm:ul - ETmm:ﬂ [2]

A negative E, 4, means that the adsorption is energetically favorable,
and may occur spontaneously without entropic considerations (DFET
deals with the ground state at 0 K).

The adsorption analysis requires several complementary steps:
identification of possible surface adsorption sites (considering va-
cant sites), molecular modeling, and, finally, adsorption modeling of
NO, and SO,.

Two relevant adsorption sites appear to be a natural choice for
the stoichiometric surface: a bridging site and an in-plane site.” It
seems clear that the latter involves not only oxygen atoms but also
the corresponding Sns, atom. In addition, the adsorption to oxygen-
removed sites (vacant sites) seems relevant, so Opigevee and
Opplanevac Sites are considered. B

A good description of the adsorbed molecules is necessary to
obtain credible theoretical predictions, Table II gives the molecular
models used and the energetic and geometric parameters obtained

Table II. Energetic and
Reference values are from the literature.

tric first-principles-

i

deled parameters of several molecules involved in the adsorptions considered in this work.

Bond energy (eV) Bond (A) Angle (°)
Compound This work Reference value®’ This work Ref. This work Ref.
0, 5.90 6.23(calc.) 1.24 1.18-1.21% - -
5.23(exp.)
N 9.47 10.55(calc.) 1.12 1.09-1.11% - -
9.47(exp.)
NO 7.03 7.45(calc.) 1.17 1.12-1.17% - -
6.63(exp.)
NO, 5.54 - 1.23 1.20™ 132 133-134*
S0, 5.91 - 1.49 1.48% 112 109
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Table III. Calculated adsorption energies, E,q, for NO, at several adsorption sites of the SnO,(110) surface and maximum desorption rate

temperature Typr

ted for the experi

conditions of Ref. 44. Some configurations are not energetically favorable (E,q > 0).

Energetically favorable processes are labeled with letters in parenthesis to identify them in Fig. 4. For NO, a configuration in the presence of
SO,(Y) is considered for later discussion on poisoning.

Adsorbate Surface termination {1 o) Adsorption site Elags (€V) Tvor (°C)

NO 0.0 Opias ~132 198 (2)
0.0 Silypprane ~0.24 52 ()
-05 Opsas “118 167 (©
-05 Oprigs+50; in Opyve ~128 - )
~05 Opriggyac ~0.42 89 @
~1.0 Opriggvac ~0.98 153 (@)

NO, 0.0 Obiidg +1.51 -
0.0 Sipprane ~0.52 94 ®
-0.5 Opridgvac (single bonded) -2.31 502 (o)

-05 Opridgvac — Sinplane +0.34 -
-1.0 Opridgvac (single bonded) -2.02 424 )
(double bonded) -1.95 400 (w)
-1.0 Ogiiggvac — SDirplane 211 454 x)
-0.5 OlPlaneVac (single bonded) -1.26 178 (y)
-1.0 OlplaneVac (double bonded) -0.74 120 (z)

compared with those in the literature. The agreement achieved is
comparable with the commonly accepted discrepancy described in

the literature.

Table III summarizes caiculated £,y for NO and NO, and the
adsorption sites considered. Adsorption temperatures were obtained
by means of the well-known Redhead equation, which links the
|E,q5 of a process with its maximum desorption rate temperature

(Tvpr) in3 a
experiment.

temperature-programmed  desorption
The adjusting parameters were set according to the

(TPD)

experimental conditions of Ref. 44 where an experimental TPD
specttum can be found for NO and NO, desorption from an

Sn0O,(110) surface (Fig. 4).

We recall that our model only provides energies (and their cor-
responding desorption temperatures) for the specific adsorption con-
figurations analyzed. In contrast, an experimental TPD spectrum
provides the temperature range over which species are desorbed by
considering a plethora of adsorption configurations present in a real
sample. Consequently, we would expect the calculated temperatures
to belong to the corresponding experimental TPD signal range. Our
theoretical predictions of Typg for the few adsorption cases consid-
ered fall within the wide experimental desorption peaks from Ref.
44.

Our results suggest that Oggg sites are the most energetically
favorable for NO. This behavior is compatible with the observation
that NO reduces SnO,, given that NO is expected to bond with a
surface oxygen and eventually to remove it, thus reducing the

NOx /ppm surface.” In contrast, energetically preferred adsorption sites for NO,
350 : al are related to oxygen vacancies. Moreover, the TPD spectrum simu-
o eéxperimenta lated for NO, suggests that the lower temperature peak could be
250§ |l—NoO 3 associated with Opypraevae Sites while the one at a higher tempera-
{56 = i ture seems to be dpe 0 Opriggvac- ) )
Note that the difference between the preferred adsorption sites of
50 b NO and NO, indicates that by generating vacant sites and adjusting
} —_ — their density, the feasibility of adsorption onto SnO, of NO vs NO,
= 0 5 calculated may be changed. ) )
©. | | NO 5| |2 Tal)lc v summarizes the ca]ct}]ath ans for SO, at several snf:s‘
by 2 8 g As for NO,, the preferred adsorption sites involve oxygen vacancies
E % § but in this case it seems that the adsorption has a similar strength for
- OE H both Oppianevac and Opriggvac This differenge in behavior with re-
g i 5 gard to the oxygen vacancy type has dramatic consequences on the
® ’\'\ interference of SO, when trying to detect NO,.
= { / \8 ttt It is known that SO, avidly saturat(es NO, adsorption sites, re-
§ E‘ AN i ; A K A ducing the sensing capability of SnO,.” In the present calculations,
L 0 100 200 300 400 500 600 the strongest adsorption within the cases studied corresponds to

temperature [°C]

SO,. This theoretical behavior is compatible with the experimental
evidence of poisoning.
In particular, SO, adsorbs more strongly than NO, to vacant

Figure 4. Top: Experimental TPD spectra for NO and NO, desorbing from a
dehydroxylated SnO,(110) surface (reprinted from Ref. 44, with permission
from Elsevier). Bottom: Calculated TPD spectra for NO and NO, consider-
ing all of the configurations detailed in Table III. One TPD spectrum was
simulated (by means of solving the rate expression for desorption
kinetics™") for each adsorption configuration with the experimental param-
eters given in Ref. 44. For every configuration, the temperature correspond-
ing to the maximum desorption rate is indicated with a labeled arrow (see
labels and Typr values in Table I11). Total spectra are sums of the normalized
single configuration spectra. Total intensities only serve as a visual guide as
they are obtained from summing normalized intensities.

oxygen sites but the difference in the calculated E, values is
smaller for Opggy,e Telated adsorptions (the higher temperature
peak in the NO, TPD spectrum). This suggests that the poisoning
strength depends on the adsorption site involved in the process. So
SnO,(110) in which the presence of Opyigeva. dominates and there
are few Oy plaevae Would appear to be a better sensor candidate, as
it should experience less poisoning. Linking this with the surface
reduction stability described above, it is clear that to avoid the mas-
sive apparition of Oppevae the temperature of the sensing material
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Table IV. Calculated adsorption energies, E ., for SO, at several adsorption sites of the SnO,(110) surface and maximum desorption rate
temperature Tpg estimated for the experimental conditions of Ref. 44. Note that, in contrast to the case of NO,, our calculations show that SO,
adsorption onto a 100% reduced slab may only be spontaneous (E 4 < 0) in one single O bonding configuration. Some configurations are not

energetically favorable (E 4 > 0).

A deeyidantea Qi ke T
Adsorbate Surface termination (1 )

Adsorption site Fags (€V) Tyvir (°C)
S0, 0.0 Opyige 172 i
0.0 Styprane ~0.86 128
-0.5 Opridgvac (single bonded) -2.05 435
-0.5 Opridgvac — SDiplane +1.12 -
-1.0 Opriggvac (single bonded) +0.26 -
(double bonded) -2.56 606
-10 Obridgvac — SinPlane -2.97 741
-0.5 Olplanevac (single bonded) —2.98 748
-1.0 nPlaneVac (double bonded) —3.09 770

should not exceed 480°C. If an occasional single Opppapevac 18
present below this temperature, adsorption onto such a site should
be avoided to diminish the effect of the poisoning, and so the sens-
ing material should work at temperatures higher than 200°C which
favors the desorption of NO, from and Or,pievac- Finally, to obtain
good sensing behavior over a large range of the target gas concen-
tration, adsorption sites must be kept unsaturated. In other words,
the sensing material should work at a high desorption rate tempera-
ture to achieve a steady state where the adsorption/desorption ratio
is a function of the concentration. Consequently, according to the
NO, TPD spectrum, temperatures between 200 and 300°C do not
appear promising.

All of these considerations suggest that to achieve the best ad-
sorption conditions and diminish poisoning by SO,, the optimum
working temperatures are between 300 to 450°C (left side of the
high-temperature desorption peak of NO,).

The preferred adsorption sites for NO are Ogg,. Therefore, it
may seem that there is no competitive behavior with SO,. However,
Table III shows that, for intermediate reductions, the adsorption of
NO onto Ogg, in the presence of an SO, occupying an Oppiggyac
site (Table TIT case Y) is slightly stronger than in the noninteracting
case (case c). These results suggest that in spite of the predilection
for different adsorption sites shown by NO and SO,, a cross-
influence may occur between the two compounds, and this would
merit further analysis.

It is important to bear in mind that the previous discussion is
centered around good behavior in the adsorption stage. This is only
one stage in the chemical transduction and, therefore, it is necessary
but not sufficient to guarantee a good sensing response.

Con

We adopted a theoretical approach to study the NO and NO,
adsorption onto SnO,(110) based on ab initio calculations. Bridging
oxygen sites and oxygen vacancy sites were identified as the most
relevant adsorption sites for NO and NO,, respectively. This differ-
ence suggests that by adjusting the oxygen vacancy site density the
feasibility of NO vs NO, adsorption onto SnO, may be changed.

Oxygen vacancies seem to be the most favorable adsorption sites
for poisoning by SO,, suggesting competitive behavior with NO,.
Theoretical trends indicate that while SO, adsorption strength is
almost independent of the oxygen vacancy type (bridging or in-
plane), NO, adsorbs more strongly onto bringing than in-plane va-
cancies. Such a difference suggests that poisoning may be reduced if
the working conditions make bridging oxygen vacancies the domi-
nant adsorption site. Considering the surface reduction stability with
respect to temperature under atmospheric oxygen partial pressure,
and the experimental and ab initio modeled TPD spectra of NO,,
ideal SnO,(110) surfaces present optimum adsorption activity for
gas sensing applications with minimum poisoning at temperatures
between 300 and 450°C. In the case of NO, no competitive behavior

with SO, was expected due to their predilection for different adsorp-
tion sites, but further study may be necessary to analyze cross-
influences.

We have shown how ab initio modeling of surfaces and adsorp-
tions can provide ideas for improving the performance of solid-state
chemical sensors. Theoretical predictions regarding optimum work-
ing conditions for real sensors would require a more complex model
including, for example, charge transfers between adsorbate and sur-
face and the cross-influence of OIH groups due to humidity.
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Abstract: The authors present an ab initio study of NO, and SO, chemisorption onto non-polar ZnO(10-10) and ZnO(11-20) surfaces with the aim of
providing theoretical hints for further developments in gas sensors. From first principles calculations (DFT-GGA approximation), the most relevant surface
reduction scenarios are analyzed and, subsequently, considered in the chcrmsorptlon study. First, calculations indicate that NO, adsorbs avidly onto Zn

o ot Thic fo amimiatilo il dh ot it o (bt CENTO), Qoo
Sceoiis

suiface atoms. This is compatible with the oxidizing character of NO,.

molecule competes with NO, for the same adsorption sites) and indicate that p

the case of stoichiometric ZnO(10-10) surfaces.

1. Introduction

Zinc oxide (ZnO) is a semiconductor metal oxide suited for a
great variety of applications like chemical gas sensing, UV light
emitters/detectors, transparent high-power electronics, surface
acoustic wave devices, piezoelectric transducers and varistors [1-
4.

As far as gas sensing properties are concerned, ZnO was the
first metal oxide used in semiconductor gas sensing devices [5].
There are studies that demonstrate their response towards gases
like CO, CO,, NO, NO,, $O,, I,S, HCHO, NH;, H,, ethanol and
humidity [6,7]. Short later, the great stability and sensitivity of
other materials such as SnO, and TiO, attracted the attention of
the researchers [8.9]. For this reason, today we can find many
computational studies devoted to the interaction of gaseous
molecules with SnO, and TiO, [8-10], but only few theoretical
works dealing with the interaction of ZnO with gases [11-18].
Complete reviews on the state-of-the-art of ZnO based gas
sensors and their theoretical modeling can be found elsewhere
[2,6-8]. In the last few years, ZnO has attracted again great
interest [19] as a result of the development of the first nanowire
synthesis techniques [20].

NO, is generated in combustion processes and has hazardous
effects on the human health [21]. Consequently, its detection is an
issue of major interest in the mainstream gas sensing applications.
It can be easily detected measuring the modulation of the
electrical conductance of metal oxides (like ZnO) when NO,
molecules are trapped at their surface [6,7]. An important
problem of this technology is that other interfering gases (like
SO,) have a poisoning effects on the sensors’ response to NO,
[6,7.9,10]. As previously stated, very few theoretical works
studied the interaction between NO, and ZnO surfaces and only
considered the interaction with ZnO polar surfaces (i.e.
Zn0O(000£1)) [18]. According to the work of Rodriguez et al. [18]
on the interaction of NO, with polar ZnO surfaces, NO, is a very
good oxidizing agent for preparing ZnO from metailic zinc. Zn
sites reacts more vigorously with NO, than with other metals such
as Rh, Pd, or Pt which are typical DeNO, catalysts. No evidence
was found for the full decomposition of the NO, molecule (i.e.,
no NO, - N + 20). It appears that NO, is very efficient for fully
oxidizing metal Zn centers that are missing O neighbors in oxide
surfaces.

In contrast to this previous theoretical work [18], most of the
nanowires used in recent gas sensing experiments expose lateral

oo v QO adsorntion (since thic
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poisoning can only be reverted at typical operation temperatures (T < 700 °C) in

non-polar surfaces (i.e. ZnO(10-10) and ZnO(11-20)) [19,20].
Consequently, there is a lack of theoretical background to support
the development of this gas sensing technology. Here we present
an atomistic theoretical study on the interaction of NO, and SO,
with the most stable (and relevant) non-polar surfaces of ZnO that
may contribute to understand the chemistry and performance of
ZnO-based gas sensors.

2. Computational Details

Our first-principles methodology was based on the density
functional theory [22,23] (DFT) as implemented in the SIESTA
code [24,25]. We made use of the generalized gradient
approximation (GGA) for the exchange-correlation functional
[26] and norm-conserving Troullier-Martins pseudopotentials [27]
in the Kleinman-Bylander factorization form [28]. The solutions
of the Khon-Sham equations were expanded as a linear
combination of atomic pseudo-wave-functions of finite range. For
all atomic species double £ plus polarization orbitals basis-sets
were used. Total energy convergence was guaranteed below 10
meV as usual in this kind of calculations [29]. To do so, a real
space mesh cut-off of 250 Ry and a reciprocal space grid cut-off
about 15 A were used. The structural relaxations were done by
means of a conjugate gradient minimization of the energy, until
forces on all atoms were smaller than 0.04 eV/A (which provided
relaxed total energy values more stable than 10 meV). No
s were imposed in the relaxa
calculated as analytical derivatives of the total energy [30]. Spin
polarization was considered in the total energy computations and
basis set superposition error (BSSE) [31] was corrected in the
calculated adsorption energies.

To deal with surface stability and adsorption calculations, we
modeled all surface geometries as three dimensionally periodic
slab systems, generated from the relaxed bulk unit cell, with a
vacuum width of 12 A between surfaces to avoid interaction
between periodic images of the slabs. These slabs were
constituted by 2x2 surface superceiis to modei different surface
reduction percentages, and to ensure that the adsorbed compound
do not interact with periodic images of the supercell.

n where forces were
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Figure 1: Top and side views of the non-polar ZnO(10-10) and ZnO(11-
20) surfaces. In each case, squares limit the atoms contained in one single
unit cell. Adsorption sites are highlighted and relevant surface atoms are
identified.

3. Results and Discussion

3.1 Surface orientation stability

ZnO wurtzite structure belongs to the hexagonal system (space
group P6;mc, lattice parameters a = b = 3.25 A and ¢ = 5.20 A),
and two non-symmetry-equivalent atoms at (1/3,2,0,0)7,
(1/3,2/3,0.3826), [2]. Wurtzite structure does not present
inversion symmetry along ZnO(000x1), and consequently, the
crystal exhibits crystallographic polarity. The non-polar ZnO(10-
10) and ZnO(11-20) surfaces are the most abundant and studied
from the surface science point of view [11,32-36].

Both non-polar surfaces are obtained by cutting the crystal
perpendicular to hexagonal Zn and O layers. The (10-10) and (11-
20) surface geometries are sketched in Fig. 1. Each layer of the
(10-10) surface contains two Zn-O dimmers per repetition unit, at
different depths (labeled as “Top” and “Bot” in Fig. 1). The (11-
20) surface layers are formed by two Zn-O dimmers, which form
zig-zag lines along the surface. In this case, the two dimmers are
equivalent and in the same plane. Our estimates of the surface
free energy values were 0.064 ¢V/A? for (10-10) and 0.070 eV/A?
for (11-20). Therefore, the (10-10) surface orientation is slightly
more stable than the (11-20). This result is compatible with
previous calculations [36].

3.2 Surface reduction-oxidation stability

We followed the ab initio thermodynamics methodology
proposed by Reuter and Scheffler [37] for the theoretical analysis
of surface oxidization and reduction. This formalism enables to
elucidate the most favorable surface configuration in equilibrium
with the oxygen content in air at a given pressure and temperature
(or, equivalently, a given oxygen chemical potential ). Briefly,
the most stable surface composition and geometry at a given
temperature T and pressure P is the one that minimizes the
surface-free energy o(T,P) given by

o(T.P)=v-Tu (T.P)/A ey

where I, =%(N, —N, ) is the excess of oxygen in each surface
(N, and Nz, are the number of oxygen and zinc atoms at the
outermost layer), ¥ is the surface free energy at p, =0 (i.e. under
the ground conditions of OK that are assumed in DFT), p, (T,P) is
the oxygen chemical potential. A detailed description of this
procedure and its applications can be found elsewhere [9,10].

The application of Eq. (1) to the oxygen defective ZnO non-
polar surfaces indicates that, under thermodynamic equilibrium
at P ~ 0.21 bar of atmospheric oxygen, heating above room
temperature (T ~ 25°C) is required to remove the outermost
oxygen atoms. Fig. 2 shows the results for different reduction
percentages for both surfaces.

In the case of (10-10), reduction of Or,, atoms becomes
always more energetically favorable than reduction of Og, atoms.
In the first case (Orgp). slight surface reduction becomes favorable
above 750°C while the second case (Opgy) is possible above
1100°C. This is compatible with previously reported experiments
[38].

Concerning (11-20), there is only one type of oxygen atoms at
the outermost surface layer (see Fig. 1). In this case slight
reduction takes place at temperatures above 550°C. Our results
also indicate that higher reduction percentages are stable above
1000°C. Complete surface reduction is feasible above 1200°C.

In summary, only stoichiometric or slightly reduced surfaces
are plausible scenarios at the operating temperatures of ZnO gas
sensors (T < 700°C) [6,7] and, consequently, only these two
situations will be considered in the following sections.

temperature @ 0.21 bar [°C]

(10-10)

(10-10) oxygen reduction:

025} O, O 1

250% ---250% .
— 50.0 % 50.0 % e
020 —750% _-_ 7500 . A
s 100.0 % 100.0 % -7

T T T T T
35 30 25 20 15 10 -05 00
oxygen chemical potential 1, [eV]

temperature @ 0.21 bar [°C]

(11-20)

2000 1500 1000 500
0.30 T T T T T
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025k —125% 3
L 25.0%
— [ —375%
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Figure 2: Surface free energies for different terminations of the non-polar
ZnO(10-10) and ZnO(11-20) surfaces as a function of the oxygen
chemical potential. The top axis shows the corresponding O, gas
temperature for atmospheric air equivalent conditions (i.e.: oxygen partial
pressure of P ~0.21 bar [39])
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Results and Discussion

Table 1. Calculated adsorption energies E.i. temperature of maximum
desorption rate Typr and charge transfer Aq for NO, and SO, onto the
ZnO(10-10) surtace. “Or,” and “Zny,,” cases correspond to the
stoichiometric surface. “Znr,, + Oro, vac” corresponds to the slightly
reduced surface (25% of Orq, oxygens). Schematic representations (side
view) of the adsorption geometries are included.

Table 2. Calculated adsorption energics E.g temperature of maximum
desorption rate Typr and charge transfer Aq for NO, and SO, onto the
ZnO(11-20) surface. “O” and “Zn” cases correspond to the stoichiometric
surface. “Zn + O vac” corresponds to the slightly reduced surface (12.5%
of surface oxygens). Schematic representations (side view) of the
adsorption geometries are included.

(10-10) Eqqs [eV] Tworl°C] Aqgle-] (11-20) Eqqs [eV] Tuor[°C] Aqle]
Site \  Adsorbate NO, NO, |'S S0, Site  \  Adsorbate NO, NO, - NO, -
Orep g 002 - 510 +0.01 +0.59 ) fyf 045 449 - 581 4005 4069
o
Znpg, {Yf 045 108 50 502 +0.12 40.10 Zn {y{ 058 128 142 646 +0.15 +0.16
3 L
o -
Zii+Orpvac § ¥ 076 081 273 165 4028 4015 Zn+Ovac L7 070 072 300 241 +023 047
..................... P e ST PRI - R S R [P — e -4 ]
Znre, {Yf 086 12 201 531 4014 4032 zn £y 085 103 121 472 +018 4035
Znpy + Opp vAC ;;; 4110 -230 517 1378 +0.36 +0.79 Zn+0vac ;;.; 094 215 369 1273 4045 +0.70

3.3 Molecular adsorption modeling

In order to estimate the energy exchange involved in the
adsorption process of a molecule onto a clean surface, we built
models of (1) the clean surface slab, (2) the molecule, and (3) the
surface slab with the molecule adsorbed. For all these three
models, total energy calculations were performed allowing us to
evaluate the total energy balance of the adsorptions process (so
called adsorption energy E,q) as:

E finitial = El(clsan surface) T Eumolecule)

Etfinal = Er(clean surfacetmolecule)

Eaas = AEr = Erpinat - Etinitial @

Accordingly, a negative value of E,4, means that the adsorption
is energetically favorable, it being possible for this to occur
spontaneously without entropic considerations [9,10]. To ensure
the effective cancellation of errors between the large energies that
appear in Eq. (2) adequate conditions were considered [40]. In our
case, a 5 layer slab was enough to guarantee the stability of the
adsorption energy values.

Desorption temperature estimations were obtained by means of
the well-known Redhead equation, which relates |E,i of a
process to the maximum desorption rate

temperature (Typg) in a temperature-programmed desorption
(TPD) experiment [9,41].

The charge transferred to the adsorbate Aq was estimated by
the usual Mulliken’s population analysis of the molecule atoms
before and after the adsorption. According to our definition, a
higher and positive Aq implies a bigger charge captured by NO,.

3.3.a (10-10) surface

Under the light of the previous results on surface stability
(section 3.2), we only considered adsorptions on stoichiometric
and slightly (25%) Orqp reduced ZnO(10-10) surfaces (Table 1).

In the case of stoichiometric surfaces, NO, tends to adsorb onto
Zn sites. Slight surface reduction does not change the preferential
adsorption site but the presence of surface oxygen vacancies
increase the adsorption strength (and Typr) and the charge
transfer (and the effect on the conductance of the sensor). In both
cases there is a strong influence of the molecule orientation being
the bi-dentate configuration (2 O atoms bonded to a surface Zn
atom) the most stable one. All these results are compatible with
the general trends reported by Rodriguez et al. [18]: NO, is an
oxidizing agent that reacts vigorously with Zn atoms.

As far as SO, is concerned, our results indicate that this
oxidizing molecule competes with NO, for the same adsorption

sites and adsorbs more avidly (specially in reduced surfaces, with
Typr as high as 1273°C). Only, in the case of stoichiometric
surfaces, temperatures in the range of 550°C would “clean” and
“reset” the surface after poisoning by SO,.

3.3.b (11-20) surface

The study of the thermodynamic stability of ZnO(11-20)
revealed that the stoichiometric configuration is the most
plausible up to 550°C. Above this temperature slight reduction is
also possible. For this reason we considered again only
stoichiometric and slightly (12.5%) oxygen reduced ZnO(11-20)
surfaces (Table 2).

Again, spontaneous adsorption take place only onto Zn atoms
and these adsorptions are stronger onto reduced surfaces. In this
case, |Eqq| energies (and Typy, are lower than in (10-10) probably
due to the zig-zag structure of (11-20) that creates local electric
fields less favorable for the adsorption. This effect is also
observed in the adsorption of SO,, that competes again with NO,
for the same adsorption sites).

Now, “cleaning” the stoichiometric (11-20) surface after SO,
poisoning is not straightforward. “Resetting” would require
temperatures around 650°C but this could induce surface
reduction which would increase the strength of the SO,
adsorption.

4. Conclusions
An ab initio study of the adsorption of NO, and SO, onto non-
solar ZnO(10-10) and ZnO(11-20) surfaces i ented. The

polar ZnO(10-10) and ZnO(11-20) ces is presented. The
(10-10) and (11-20) stoichiometric surfaces are stable up to 750
°C and 550 °C, respectively. At higher temperatures, a progressive
reduction of the oxygen content of the outermost ZnO layer
appears.

NO, adsorption takes place spontancously onto the
stoichiometric and slightly reduced terminations of both non-
polar surfaces. In all cases, bi-dentate NO, adsorption onto Zn
surface atoms are the preferred configurations. This is compatible
with the oxidizing character of NO,.

In both surfaces, SO, competes with NO, for the same
adsorption sites, and in general, adsorbs more avidly. This result
explains the poisoning by SO, of the sensing response of ZnO
towards NO,. According to our results, temperatures around
550°C would be enough to revert the poisoning effect in
stoichiometric (10-10) surfaces but temperatures above 1000°C
would be necessary to recover (11-20) surfaces.
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Dissipated power in metal oxide nanowires (ryw<<45 nm) often causes important self-heating
effects and as a result, undesired aging and failure of the devices. Nevertheless, this effect can be
used to optimize the sensing conditions for the detection of various gaseous species, avoiding the
requirement of external heaters. In this letter, the sensing capabilities of self-heated individual SnO,
nanowires toward NO, are presented. These proof-of-concept systems exhibited responses nearly
identical to those obtained with integrated microheaters, demonstrating the feasibility of taking
advantage of self-heating in nanowires to develop ultralow power consumption integrated
devices. © 2008 American Institute of Physics. [DOIL: 10.1063/1.2988265]

Nanowires have emerged as potential components of
new devices and circuit architectures, due to their unique
chemical and physical properties.H However, their small di-
mensions are responsible for self-heating effects caused by
dissipated power while operating in electrical devices.® This
leads to temperature gradients, which significantly reduce the
lifetime of these cornponent&7 Nevertheless, applying well-
controlled current values through individual nanowires” en-
ables setting their effective temperatures to values appropri-
ate for gas sensing applications.

In this letter, we demonstrate that self-heating in indi-
vidual SnO, nanowires can be used to fabricate ultralow con-
sumption gas sensors. These proof-of-concept devices ex-
hibit responses to different concentrations of NO,, nearly
identical to those obtained with an external microheater.
Therefore, energy-efficient metal oxide sensors suitable for
mobile devices can be obtained using this intrinsic effect.
Moreover, the combination of experiments with both tech-
nologies (self- or external heating) allows determining the
effective temperature achieved during the measurements.
The latter result is mandatory for further improvement of the
future prototype performance.

Individual single-crystal SnO, nanowires, synthesized
by catalyst supported chemical vapor deposition of a mo-
lecular precursor [Sn(O'Bu),],’ were transferred onto sus-
pended silicon micromembranes equipped with an integrated
SnO,: Sb microheater and platinum interdigitated microelec-
trodes. Nanowires were electrically contacted to platinum
microelectrodes by a lithography process using a FEI Dual-
Beam Strata 235 FIB instrument combined with a trimethyl-
methylcyclopentadienylplatinum [(CH;);CH;CsH4Pt] injec-
tor to deposit platinum‘10 Two probe dc measurements were
performed using an electronic circuit designed to guarantee

YAuthors to whom correspondence should be addressed. Electronic ad-
dresses: dprades@el.ub.es and fhernandezra@ gmail.com.

YPresent address: INRSfE'lnergie, Matériaux et Télécommunications, Uni-
versité du Québec, Varennes, Canada.
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93, 123110-1

and control low current levels 1, (from 0.1 to 500 nA) and to
avoid undesired fluctuation.® All the experiments were per-
formed in a customized chamber, in which the gas flow was
maintained at 200 ml min~!. Accurate gaseous environments
were provided by massflow controllers mixing synthetic air
(SA) and NO, (10 ppm * 1% in SA). Lab-class gases con-
tained less than 5 ppm/V of C,H,, and H,O. Ten devices
were fabricated using SnO, nanowires with lengths (Lyw)
between 5 and 15 wm and radii (ryw) between 35 and 45
nm, which showed reproducible electrical responses in ex-
periments repeated along for four weeks. Herein, we use the
following definition of the conductometric response (S) to
NO,

Ryo,—R
S(%) =100 X —2 (1)
Rsp
where Ryo, is the steady value of the resistance of the nano-
wire expos_ed to NO, and Rgy is the reference resistance
value in SA.

Response (S) of Su0, to NG, strongly depends on the
operation temperamre.11 Thus, fast and reversible sensing is
merely observed at temperatures above 7'=75 °C, since the
spontaneous desorption of this gas has a minimum thermal
energy of Ey4,=0.52 eV, which corresponds to a thermal
desorption process active above 7= 80 oc !

Individual SnO, nanowires exhibited low responses to
NO, at room temperature (7=25 °C) and probing currents
below I,=0.1 nA without any noticeable recovery of the
resistance baseline [Fig. 1(a)]. On the contrary, same devices
displayed significant responses to NO, pulses (concentra-
tions of 100 ppb—10 ppm) at higher I, [Fig. 1(a)]. From a
dynamic point of view, NO, sensing is a thermally activated
process, and as a consequence, the higher the temperature 7,
the shorter is the residence time of the gas molecules on the
SnO, surface.” Thus, shorter response (7,) and recovery
times (Tf) are expected with the increasing 7.

© 2008 American Institute of Physics
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FIG. 1. (Color online) (a) Response S of a SnO, nanowire operated at two
different current values (7,,=0.1 nA and 7,,=10 nA) to NO, pulses of dif-
ferent concentrations. Both measurements were obtained without external
heating sources. (b) Normalized responses to [NO,]=0.5 ppm at three dif-
ferent current values /,,. In these three plots, the response .S was normalized
(from O to 1) to the corresponding S to NO, at each temperature: this trans-
formation ease the comparison of the recovery dynamics in the same
y-scale.

A similar behavior was observed in SnO, nanowires
with the increasing I,, [Fig. 1(b)], suggesting a close relation
between I, and T. Due to the integrated microheater in these
prototypcs,8 it was possible to validate this assumption and
compare the response of the devices operated by either self-
or external heating. Experimental results demonstrated that
self-heated devices could reproduce the best performance
achieved with the conventional approach [inset Fig. 2(a)].
The comparison of the responses (S) and recovery times (7)
obtained with the two operaling condilions (Fig. 2) allowed a
first and rough estimation of the effective temperature
reached by the nanowire due to self-heating (Fig. 3), since
nearly equivalent response curves were observed in both
cases. According to Fig. 2, maximum response to this gas
was monitored with [, =10 nA, which was in good corre-
spondence with the optimal working temperature reported in
literature for NO, sensing with SnO, (=175 °C).!

The modulation of the gas response with 7 or I,,, shown
in Fig. 2(a), is explained by the existence of manifold ad-
sorption sites on the SnO, surface, all of them with different
desorption energies (Ey, from 0.52 to 1.26 eV) and charge
exchange probability (AqNO2 from 0.42 to 0.96 electrons per
NO, molecule).'> We compared the experimental values of
the desorption time 77 to the residence time 7 of different
NO, states. Each state is defined by a specific desorption
enthalpy (—AH,.,=FE,.) and a mean residence time 7.
These two parameters are related to Eq. (2),

Appl. Phys. Lett. 93, 123110 (2008)
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FIG. 2. (Color online) Response S of our SnO, nanowires operated in self-
heating mode and with external microheater to [NO,]=0.5 ppm. (a) Com-
parison of the responses obtained with both measuring methodologies. The
similarities to the calibration-curve of the external heater were used to
roughly estimate the effective temperature obtained by the nanowire due to
self-heating. The maximum response to this gas with and without heater
(I,=10 nA) is the absolute equivalent (inset). (b) Similar correlation be-
tween the recovery times (‘rf). Dotted and dash-dotted lines correspond to
the mean residence time (7,) of a NO, molecule onto an adsorption site
(described by Eg4) as a function of the temperature [see Eq. (2)]. Shaded
area corresponds to forbidden recovery times.

\

1 - AH .
Tres = ;CXP( k—rdes) > (2)
0 B

where v, is the average desorption attempt frequency
(around 1013 z),? kg is the Boltzmann constant, and T is
the absolute temperature. Figure 2(b) shows the residence
time 7, for the slowest and fastest desorption process with
experimental 7, values as function of the operation tempera-
ture. First, the longest 7,o, (Egee=1.26 €V) is the lowest limit
of 74, as expected, in the first and rough approximation, the
complete recovery to the resistance baseline occurs only after
desorption of the last molecules from their surfaces, which
happens long after the mean residence time 7, Neverthe-
less, a more realistic approach to estimate the experimental
recovery time 7, should consider other effects, such as sur-
face band bending effects on the adsorbate binding e:nergy.14
It is noteworthy that the 7 values decrease with temperature,
which qualitatively agrees with a thermally activated desorp-
tion process [Fig. 2(b)].

From the electrical point of view, a SnO, nanowire and
the two Pt—SnO, contacts can be modeled by two back-to-
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FIG. 3. (Color online) Estimated temperature of the devices at different 7.
(#,,~35 nm) (inset) SEM image of a SnO, nanowire connected to two Pt
microelectrodes fabricated with focused ion beam. The equivalent circuit of
this structure corresponds to two back-to-back diodes (Dpw and Dgy) in
series with the nanowire resistance (Ryy). These three components dissipate
electrical power and contribute to the self-heating of the device.

back Schottky diodes in series with a resistance (Fig. 3)]
These three components dissipate electrical power that con-
tributes to the heating of the whole structure. In a first ap-
proximation, the voltage drop at the forward biased junction
Vbrw 1s negligible, whereas the reverse biased contact con-
tribution Vpgy is comparable to the voltage drop along the
nanowire VNW.7"15 The dependence of these two last terms
with the temperature together with the evaluation of the heat
dissipation processes at the nanoscale makes modeling these
self-heating effects rather complex.

The fact that the nanowire resistance may significantly
change when exposed to the different concentrations of gas
brings uncertainty to the sensor’s response, opposite to con-
ventional sensors, whose temperature remains constant dur-
ing the operation. In our devices, these power variations
were less than a factor of 1.8 under the optimum working
conditions, and the dispersion of results obtained in all the
experiments were fully comparable to those obtained with
external microheaters (error bars in Figs. 2 and 3). In any
case, this difficulty can be easily circumvented with appro-
priate calibrations of sensors.

It should be mentioned that these devices operated under
optimal conditions for NO, sensing with less than 20 uW to
both bias and heat them,'® which is significantly lower than
the 140 mW required for the external microheater.'” This is
an important step forward toward low power metal oxide gas
sensing devices.

In summary, we have demonstrated that self-heating in
metal oxide nanowires can be used to heat them and opti-
mize their response to gases without the requirement of ex-
ternal heaters. These devices, which require extremely low

Appl. Phys. Lett. 93, 123110 (2008)

power supply to come into operation, represent an important
advance in power efficiency and miniaturization.

This work was partially supported by the Spanish Gov-
ernment [projects N-MOSEN (MAT2007-66741-C02-01),
CROMINA (TEC2004-06854C03-01/MIN), and MAGAS-
ENS], and the UE [project NAWACS (NAN2006-28568-E)].
J.D.P. and R.J.D. are indebted to the MEC for the FPU grant.
Thanks are due to the German Science Foundation (DFG) for
supporting this work (Sonderforschungsbereich 277-at the
Saarland University, Saarbruecken, Germany) and to the Eu-
ropean Aeronautic Defense and Space Co. (EADS N.V.) for
supplying the suspended micromembranes. J.D.P. and R.J.D.
have contributed equally to this work.

ly. Cui, Q. Q. Wei, H. K. Park, and C. M. Lieber, Science 293, 1289
(2001).

R, Yasuda, H. Noji, M. Yoshida, K. Kinosita, and H. Itoh, Nature
(London) 410, 898 (2001).

M. Law, H. Kind, B. Messer, F. Kim, and P. D. Yang, Angew. Chem., Int.
Ed. 41, 2405 (2002).

M. Law, J. Goldberger, and P. Yang, Annu. Rev. Mater. Res. 34, 83
(2004).

S.V.N.T. Kuchibhatla, A. S. Karaoti, D. Bera, and S. Seal, Prog. Mater.
Sci. 52, 699 (2007).

SE. Pop, D. A. Mann, K. E. Goodson, and H. Dai, J. Appl. Phys. 101,
093710 (2007).

E Hernandez-Ramirez, A. Tarancon, O. Casals, E. Pellicer, J. Rodriguez,
A. Romano-Rodriguez, J. R. Morante, S. Barth, and S. Mathur, Phys. Rev.
B 76, 085429 (2007); T. Schwamb, B. R. Burg, N. C. Schirmer, and D.
Poulikakos, Appl. Phys. Lett. 92, 243106 (2008).
°F. Hernandez-Ramirez, J. D. Prades, A. Tarancon, S. Barth, O. Casals, R.
Jimenez-Diaz, E. Pellicer, J. Rodriguez, M. A. Juli, A. Romano-
Rodriguez, J. R. Morante, S. Mathur, A. Helwig, J. Spannhake, and G.
Mueller, Nanotechnology 18, 495501 (2007).
°s. Mathur, S. Barth, H. Shen, J.-C. Pyun, and U. Werner, Small 1, 713
(2005); S. Mathur and S. Barth, ibid. 3, 2070 (2007).

10, Hernandez-Ramirez, A. Tarancon, O. Casals, J. Rodriguez, A. Romano-
Rodriguez, J. R. Morante, S. Barth, S. Mathur, T. Y. Choi, D. Poulikakos,
V. Callegari, and P. M. Nellen, Nanotechnology 17, 5577 (2006).

M. Batzill and U. Diebold, Prog. Surf. Sci. 79, 47 (2005); A. Maiti, . A.
Rodriguez, M. Law, P. Kung, J. R. McKinney, and P. Yang, Nano Lett. 3,
1025 (2003).

21 p. Prades, A. Cirera, and J. R. Morante, J. Electrochem. Soc. 154, H675
(2007); J. D. Prades, A. Cirera, J. R. Morante, J. M. Pruneda, and P.
Ordején, Sens. Actuators B 126, 62 (2007).

M. C. Desjonquéres and D. Spanjaard, Concepts in Surface Physics, 2nd
ed. (Springer, Berlin, 1996); V. P. Zhdanov and B. Kasemo, Surf. Sci. 415,
403 (1998).

A Rothschild, Y. Komem, and N. Ashkenasy, J. Appl. Phys. 92, 7090
(2002); A. Rothschild and Y. Komem, Sens. Actuators B 93, 362 (2003).

BIn our devices, the resistance of the reverse biased contact Rpry
=211 MQ is not negligible compared to the resistance of the nanowire
Ryw=76 M [This results are extracted from Ref. 7].

!5The electrical dissipated power P by Joule effect at an Ohmic device is
given by P=I’R, where I is the current flowing through it and R is its
electrical resistance. The maximum R we measured in our devices was
Ry ~300 MO and the maximum current we applied was [, ..
=300 nA. Thus, the highest power dissipated at the device was P,
~27 pW.

7Accurding to the specifications given by the manufacturer (European
Aeronautic Defense and Space Company, EADS N.V.), the suspended
membranes we used (model IESSICA) require 140 mW to reach the maxi-
mum temperature achieved with self-heating (I, =300 nA corre-
sponded to 72300 °C).

1

_ Ph.D Dissertation



m J. D. Prades _



J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, A. Cirera, A. Romano-Rodriguez, J.R. Morante, S. Barth, P. Jun, S. Mathur,

“An experimental method to estimate of the temperature of individual nanowires”
Int. J. Nanotechnol., accepted for publication (2008).

Int. J. Nanotechnology, Vol. x, No. x, xxxx 1

An experimental method to estimate of the
temperature of individual nanowires

J. D. Prades®*, R. Jimenez-Diaz®,
F. Hernandez-Ramirez"*, A. Cirera?®,
A. Romano-Rodriguez® and J. R. Morante®®
aEME/XaRMAE/INZUB, Dept.d’ Electronica, Universitat de Barcelona,
C/Marti i Franques 1, Barcelona, E-08028, Spain
Electronic Nanosystems S. L., Barcelona, Spain

CInstitut de Recerca en Energia de Catalunya (IREC)
C/ Josep Pla 2, B3, Ground Floor, Barcelona, E-08019, Spain

*Corresponding authors e-mail: dprades@el.ub.es, fhernandezra@gmail.com

S. Barth®, P. Jun® and S. Mathur®

d . . . .
Department of Inorganic Chemistry,University of Cologne,
Cologne, Germany

eDepartment of Chemistry, University College Cork, Cork, Ireland.

Abstract: In this paper, the authors present an effective experimental method
to estimate the temperature of individual metal oxide nanowires that can be
used to quantify the heating produced in conductometric or other operating
conditions. The here-proposed method is based on the analysis of the recovery
time of the nanowire’s resistance after exposure to an gas pulse (0.5 ppm of
NO, in dry air). It is reproducible with different devices always with
uncertainties below +20°C in the temperature range (70-300°C) studied herein.
The exploration of alternative gases and nanolitography techniques may help to
extend its working range its applicability to other materials. In any case, the
opportunity to probe temperatures at the nanoscale opens the door to a number
of fundamental and applied advancements in the field of nanotechnology.

Keywords: nanowire, self-heating, temperature, nanometrology, SnO2, NO2,
gas sensor, FIB

Reference for publisher use only

Copyright © 200x Inderscience Enterprises Ltd.

I - © oissertofion 161




Biographical notes:

Joan Daniel Prades was bom in Barcelona in 1982. He graduated in physics at
the Universitat de Barcelona in 2005 and now he is pursuing for the PhD
degree in Department of Electronics of the same university. His current
research is focused on first-principles modelling of electronic and vibrational
properties of nanostructured metal oxides and on the experimental validation of

thage thagretical madels
mese WMeorcucar moaGeis.

Roméan Jiménez-Diaz was born in Barcelona in 1983. He received his degree
in physics at the Universitat de Barcelona in 2007 and the Master degree in
Electronic Engineering at the University of Barcelona in 2008 . Currently he is
student of the doctor’s degree program “electronic engineering and
technology”. His professional experience is related to the use of focused ion
beam (FIB) lithography in the fabrication of metal oxide gas nanosensors.

Francisco Hernandez-Ramirez was born in Barcelona in 1981. He received his
degree in physics at the Universitat de Barcelona in 2002 and his Ph.D in 2007
at the same university. His professional experience is related to the use of
focused ion beam (FIB) lithography in the fabrication of metal oxide gas
nanosensors. Currently, he is CEO of Electronic Nanosystems, SL (ejnanos), an
start-up company devoted to the development and commercialisation of
nanotechnological products.

Albert Cirera Graduated in Physics at the University of Barcelona in 1996. He
received his PhD in 2000 from the University of Barcelona, awarded with
the extraordinary prize of the Universitat de Barcelona. He is permanent-staff
Associate Professor at the Department of Electronics at the same university.
His current research is involved in the IN?UB (Nanoscience and
Nanotechnology Intitute) and he leads the activities in Modelling for
Nanoelectronics and Sensing Devices. He has published 40 papers in journals
(h=14), about 100 papers in conferences, 3 book chapters and 3 patents. He
leads 2 research and 2 industrial projects. Recently, his activity was recognized
by the Intensification Research Program of the Universitat de Barcelona.

Albert Romano-Rodriguez is Professor in Electronics at the Universitat de
Barcelona. His research activities are in the fields of characterization of
semiconducting materials and processes, development of nano- and
micromechanical devices and solid state gas sensors. He has started a strong
involvement in the application of focused ion beam techniques in
nanotechnology, with strong emphasis in the fabrication of nanocontacts to
nanometre-sized materials. He is author or co-author of over 150 scientific and
technical papers in these fields and has presented invited talks at different
national and international conferences.

Joan Ramon Morante received the PhD degree in physics in 1980 from the
Universitat de Barcelona. Since 1986 he is Full Professor of Electronics and
Director of the Electronic Materials and Engineering (EME) group. Recently,
he has been appointed Head of the Area of Materials of the Catalonia Institute
for Energy Research (IREC). His activities have been centred in electronic
materials and the validation of the technology and processes in materials,
specially emphasizing semiconductor materials technology transfer, electronic
ceramics, metallic oxides and sensing materials. Likewise, he has particular
interest in nanosciences where he has specialized in the development of
microsystems and integrated chemical sensors. He has published over 500
scientific papers, reviews and book chapters, several patents. He serves on the
Steering and Organizing Committees of a number of international conferences.

J-5. praces I



An experimental method o estimate of the temperature of individual nanowires 3

Sven Barth was born in Neunkirchen, Germany in 1976. He received his
chemistry diploma from the Saarland University, Saarbruecken in 2003 and his
Ph.D in 2008 from the same university. His professional experience is related
to the synthesis and characterization of nanoscaled metal oxides as well as
metalorganic compounds. Currently, he is a postdoctoral fellow at UCC,
Ireland, working on the formation of oxide and semiconductor nanostructures
under high pressure conditions and their structural characterization.

Pan Jun was borm in Gansu, China in 1981. He is a doctoral fellow at the
University of Cologne. He has obtained is Masters in Engineering from the
Central South University in China. His research interests focuses on the
“Controlled Growth of Metal Oxide Nanowires for Device Applications” with
emphasis on materials for energy applications.

Sanjay Mathur is the Chair Professor of Inorganic and Materials Chemistry at
the University of Cologne, Cologne, Germany. He also leads the Division of
CVD-PVD Technologies at the Leibniz Institute of New Materials in
Saarbruecken, Germany. His research activities lies in the domain of Chemical
Nanotechnology with focus on the molecule-based synthesis of functional
inorganic nanostructures. He is Associate Editor of the journals Nanomaterials
and Applied Ceramic Technology, and serves as the Editorial Board Member
on Ceramics International and International Journal of Nanotechnology and
Science of Advanced Materials. He has published over 120 scientific papers,
reviews and book chapters, several patents and has delivered over 100 invited
conference presentations. He is a member of the Inorganic Chemistry Division
of the TUPAC and ISO Task Group on Nanotechnologies. He serves on the
Advisory Committee of a number of international conferences.

1 Introduction

Nanowires have emerged as potential components of new devices and circuit
archiieciures due io iheir unique chemical and physical properiies {1-3j. On one hand,
their high surface-to-volume ration makes them particularly attractive for sensing
applications [1]. On the other, their crystalline properties (nanowires are well-faceted
single-crystalline materials) makes them excellent systems to perform fundamental
studies [2,3]. In both cases, controlling the experimental conditions, and particularly the
temperature, is an issue of major interest. For example, the recovery of the photoresponse
in metal oxide nanowires [4] and their response to gases [5,6] are thermally driven
processes.

A widely used strategy to control the operating temperature of devices based on
individual or bunches of nanowires is to establish a thermal equilibrium between the
nanowire and a bulkier thermal source, such as a cryostat [7], a furnace [8], or a
microheater [9]. However, the thermal equilibrium in nanowire based devices can be
altered by the experimental conditions, such as the irradiation with photons [10] or the
electrical measurements [4,8,11], leading to important temperature gradients. Precisely
monitoring of these thermal variations, which are extremely localized in the nanowires,
remains as an unsolved issue since conventional methods based on thermal probes or
spectroscopic techniques [12] are not feasible at this scale. As a consequence these
temperature effects are usually neglected and their actual impact on the device
performance underestimated.

Results and Discussion
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In this work, we present a methodology to estimate the temperature in individual
metal oxide nanowires due to Joule self-heating. The strategy is based on the analysis of
the temperature dependent device response to gaseous species. The opportunity to probe
temperatures at the nanoscale could lead to progress in the fields of fundamental and
applied nanotechnology.

2 Experimental section

Individual single-crystal SnO, nanowires, synthesized by catalyst supported chemical
vapor deposition of a molecular precursor [Sn(O'Bu),] [13], were transferred onto
suspended silicon micromembranes equipped with an integrated SnO,:Sb microheater
and platinum interdigitated microelectrodes. Nanowires were electrically contacted to
platinum microelectrodes by a lithography process using a FEI Dual-Beam Strata 235
FIB instrument combined with a trimethyl-methylcyclopentadienylplatinum
[(CH;5)3CH;CsH,4Pt] injector to deposit platinum [14].

Two and four probe DC measurements were performed using an electronic circuit
designed to guarantee and control low current levels I, (from 0.1 nA to 500 nA) and to
avoid ANY undesired fluctuation [9].

Experiments were exclusively performed in a customized chamber (15 ml in volume),
in which the gas flow was maintained at 200 ml min”. Accurate gaseous environments
were provided by massflow controllers mixing dry synthetic air (SA) and NO, (10 ppm
+1% in SA). Lab-class gases contained less than 5ppm/V of C,H,, and H,O.

Ten devices were fabricated using SnO, nanowires with radii (ryw) between 35 and
45 nm, which showed reproducible electrical responses in experiments repeated along 4
weeks.

3 Our proposal

It is well established that the power dissipated in individual nanowires by Joule effect
may lead to important self-heating effects. In the case of semiconductor SnO, nanowires,
this effect is evident in the decrease in the resistance values measured at different probing
currents I, (see Figure 1). However, the manifold intrinsic donor defects (with different
activation energy) that cause the n-type semiconductor behaviour of SnO, [15], also
complicate the relation between the variations in conductance values and changes in the
temperature. Therefore, other strategies are mandatory.

SnO, is well know for conductometric responses to gases, which strongly depend on
the operation temperature [15,16]. Specifically, the response S [17] to NO, presents a
maximum between 150 and 225 °C, while the response T, and recovery T times decrease
monotonously with rising temperature (Figure 2.a and 2b). The data follow
approximately exponential decay laws [18] Iike

- AH
Tp exp[kl‘fesJ ey
B

where AH,,, is the desorption enthalpy of the gaseous molecules from the surface, kg is
the Boltzmann’s constant and T is the absolute temperature.
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Therefore, while different temperatures may lead to the same S value, each 7, or ¢
value can be unambiguously related to one single temperature. In addition, changes in S
are in the range of percents while . or 1y can vary by orders of magnitude. In the
following, we demonstrate that the analysis of the response dynamics is an appropriate
method to estimate the nanowire temperature.

We observed that response times (t,) are faster than recovery times (t¢) and, while <,
values were comparable to the time needed to change the atmosphere inside the chamber
(approximately 9 seconds) [19], all T were above this value. Consequently, we will focus
our discussion on the recovery transients (t¢) in order to avoid any controversial
interpretation of the dynamic measurements.

Figure 1 Nanowire resistance as function of the probing current I,, that causes self-heating.
Resistance evolution displays a semiconductor behaviour, as expected for SnO,.
Measurements were performed in 4-probe configuration to avoid parasitic contact
effects. (Inset) SEM micrograph of a nanowire with 4-probe contacts.
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4. Results

To demonstrate the feasibility of our proposal, we measured the response of the
nanowires to 10-minute-pulses of 0.5 ppm of NO, diluted in SA. First, we used probing
currents I, from 0.6 to 300 nA (values based on previous investigations [11]) to self-heat
the nanowires and modulate their response. Subsequently, the experiment was repeated,
with the same devices, using the microheaters integrated in the membranes to precisely
set the nanowire temperature (+5°C) based on the power-temperature calibrations
provided by the membrane supplier [20]. The devices were operated at 75, 125, 225 and
325°C. In both cases, identical experimental conditions were maintained.

Comparison of both data sets (Figure 2.a and 2.b) allows the estimation of the
nanowire temperature due to self-heating (7" .vs. [, calibration). The data displayed in
Figure 2.b was also used to produce a T .vs. 7 calibration-curve.

Figure 3 shows the result obtained with a test data set. These data point were acquired
with ten different nanowires (ryw = 40£5 nm) applying current values different than the
ones used in the calibration set. Solid data points where obtained just measuring the fall
time of the nanowire resistance (from 90% to 10% of the signal — Figure 4) after
exposure to the gas pulse and using the 7 .vs. 7z calibration-curve to estimate the
temperature (solid grey line). Hollow data points indicate the deviation from the
temperature calculated on the basis of the 7 .vs. [,, calibration. In all cases, the analysis
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of 7; allowed to estimate the nanowire temperature with a deviation lower than 20 °C.
These results demonstrate that the correlation between T and t¢ can be reproduced, even
with different devices.

Concerning the repeatability of this method, Figure 4 shows four records of the
recovery of the nanowire resistance acquired weakly: differences were comparable to the
noise of the measurements.

Figure 2 Response of SnO, nanowires operated in self-heating mode and with external
microheater to [NO,] = 0.5ppm. (a) Comparison of the responses S obtained with both
methodologies. (b) Similar correlation between the recovery times t¢ The similarities to
the calibration-curve of the external heater were used to roughly estimate the effective
temperature obtained by the nanowire due to self-heating.
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Figure 3 Validation of the here-proposed methodology with different nanowires and I, values.
Solid data points were obtained measuring t¢ (from 90% to 10% of the signal) and using
the T .vs. 7ycalibration-curve (grey solid line) to estimate the temperature. Hollow data
corresponds to the temperature predicted on the basis of the 7'.vs. ,, calibration. In all
ccccc deviations are bellow 20 °C
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Figure 4 Resistance change due to the gas pulse measured at I, = 8nA. The records were
acquired weekly during four weeks: differences are comparable to the noise. The 90%
to 10% signal decay time is indicated.
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5. Discussion

The here-proposed method was tested for temperatures between 75 °C and 300 °C.
The lower limit is due to the desorption temperature of NO, from the SnO, surface:
reversible sensing is merely observed at temperatures above T = 75 °C, since the
spontancous desorption of this gas has a minimum thermal energy of E,. > 0.52 ¢V [21],
which corresponds to a thermal desorption process active above T > 80°C [18]. The
upper limit is determined by the electrical degradation of the nanoelectrodes produced
with FIB lithography [14]. In order to extend this range, other gases and other
nanolithography processes should be explored in the future.

All metal oxides, various semiconductors and carbon nanotubes show significant
conductometric response to NO, [1-3]. For this reason, this methodology can be easily
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extended to other nanostructured materials. In any case, the selection of other gaseous
species may help to further extend its applicability.

The possibility of using only one concentration of NO, enormously simplifies the
implementation of this methodology and the concentration in the chamber is below the
harmful limits for NO, [22].

From the signal processing point of view, the analysis of the 90%-10% fall time is
very simpie and insensitive to probiems such as drifts in the baseline of the nanowire
resistance.

Finally, the here-presented calibration of the self-heating effect warns about its
importance even al low current operation. For instance, in SnO, nanowires of
Inw ~ 35nm, current values below the nA range are enough to heat them above 75°C. This
result also suggests a critical revision of the previous electrical characterization works.

4. Conclusion

In summary, we provide an effective experimental method to estimate the
temperature of individual nanowires that can be used to quantify the heating produced in
conductometric or other operating conditions. The method is based on the analysis of the
recovery time of the nanowire resistance after exposure to a gas pulse. For calibration
purposes, also an external heating source is needed. These results pave the way for
further developments in thermal control at the nanoscale.
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Insight into the Role of Oxygen Diffusion in the Sensing
Mechanisms of SnO, Nanowires**
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The role of oxygen diffusion in the response of individual SnO, nanowires to this gas is studied. Different oxygen partial pressures
lead to strong changes of their electrical resistance, even at room temperature. Since surface models fail to explain the
experimentally observed long-term resistance transients, it is necessary to make a description of the interaction mechanisms
between oxygen species and SnO, nanowires by taking ion diffusion into account. Our model correctly describes the
experimentally measured dependence of the nanowire resistance with oxygen partial pressure, and it can be applied to the

characterization of other metal oxide materials.

1. Introduction

Metal oxide nanowires are attracting a great attention in
different applications due to their novel properties.'%1 In
particular, chemical sensing is favored by their high surface-to-
volume ratio.!! In the last years, many groups have devoted
their efforts to determine the ultimate sensing capabilities of
these nanomaterials!'™) and to obtain theoretical models able
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to describe their experimental responses.>*°! On the other
hand, present nanofabrication techniques enable the devel-
opment of new prototypes which combine metal oxide
nanowires with well-established microelectronic technolo-
gies.'%) In this context, the characterization of tin oxide
(SnO,) nanowires is important to develop a new generation of
metal oxide gas sensors, since this material is one of the most
promising for sensing applications.[">"'l SnO, is a large band-
gap (3.6 eV) semiconductor whose electrical properties can be
adjusted for multiple uses by the incorporation of dopant
ions!™! and catalytic additives.*®) In the past, their physico-
chemical properties and sensing performances were exten-
sively studied,'”*] demonstrating the commercial relevance
of SnO,-based devices. SnO, nanowires are currently used as
the building blocks of a new generation of gas sensors, and their
properties are being examined in detail #6819

In this study, the interaction between oxygen species and
individual SnO, nanowires was analyzed. As surface models
are not enough to explain the changes of nanowires’ electrical
resistance Ryw with different oxygen partial pressures, oxygen
diffusion into the bulk is proposed to be the responsible for the
long — term drifts of Ryw after exposing the nanowires to
changes of the oxygen partial pressure in air. Similar analyses
were successfully reported in the past to justify drift processes
in SnO, thick and thin film sensors.[?> 2 The results obtained
with SnO, were corroborated by ZnO nanowires.

2. Results and Discussion

2.1. Description of Oxygen Sensing with the Surface Model

Oxygen sensing in SnO, nanowires is generally considered
as a pure surface effect.l] The adsorption of oxygen species at
the nanowires creates a depleted region close to their external
shell which reduces the conduction channel through them and
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increases the overall electrical resistance Ryw.P*7] According
to this assumption, Rnw in nitrogen (N5) and synthetic air (SA)
is given by,

pL
Ryw_n, = P (N
pL
Ryw_sa = 2
NW—SA 2(r—2)? ()

where p is the SnO, resistivity, L the nanowire length, r the
nanowire radius and A the width of the depletion layer. Here,
electrical mobility w inside the nanowire is assumed not to be
modified by the sensing process. Then the response S (in
percentage) of one SnO, nanowire to N>-SA-N, pulses
depends on the radius as,

S(%) =

Ryw_sa — R[\'VV*/V'L] 100 = - (r - )\)2 100
Ryw—sa r?

@

Responses of our devices (Fig. 1) at 7=>573 K were fitted to
Equation 3 (Fig. 2)*” and a depletion layer of width A=10nm
was estimated, which is in good agreement with literature
data 28]

deep depletion condition (also called in the literature flat band
situation!*)), in which surface phenomena entirely modify the
bulk properties (i.e., the number of free electrons Ny) and thus
Equation 3 can be rewritten as,142)

\ Ryvw-sa — Rvw-—w, Na—n, — Na_sa
S(%) = |———————2 - 100 = |—=—"1-100
) Raw-sa ] [ Ni n, ]
Ny
=—=—-100
Na-w,

@

where Ny y, and Ny 54 are the number of free electrons
inside the nanowire in N, and SA atmosphere, respectively,
and Né!, their difference. According to this model, the number
of reactions involving charge transfer merely depends on the
intrinsic properties of the surface. In this case, Equation 4 is
modified as,

'

\ N, ng(2-m-r-L) 2-n\ 1
%)y =-—4d . 100="2""""" 00 = ().
S(%) Ny 100 =T 100 (nd )r 100

®

where 7 is the concentration of sites in which charge transfer
takes place and n, is the free electron concentration. Fitting
the experimental data obtained with our thinnest nanowires
(r~20nm) to Equation 5 and taking a value of n,=
5. % 10" em™3P% a value of n,=44+02) x 10" em™2
was found. The number of sites involving charge transfer at
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Figure 1. SnO, nanowire electrically contacted with FIB nanolithography
techniques. The inset shows a high magnification SEM image of the SnO,
nanowires. The gold particles used as catalytic element during the syn-
thesis are visible at their tip.

the nanowire surface is assumed to be proportional to the
total number of surface sites 5, available in SnO,,

ns =61, ©
where 6 is the fraction of sites contributing to the gas

response.”'”] A maximum of one site per surface unit cell in
SnO, was found in theoretical examinations.® Conse-
quently, 5, can be estimated as the reciprocal of the area of
the surface unit cell. For the most stable surface orientations
in SnOg,m] 7ns has an average value of 5 x 10" sites cm™2
and, consequently, charge transfer takes place merely at 10%
of all available sites (#~0.1), which is in agreement with

)

[
B
(wdd) ‘od

L (3.0
w

R/R,

60 90 120 150 180 210
time (s)

L "

40 80 120 160 200 240
r (nm)

Figure 2. Response S of SnO, nanowires to synthetic air/nitrogen pulses
as function of their radii. Higher responses are clearly observed with
diminishing dimensions. Sensor response is defined as S=100 (Rsa —
Rn2)/Rsa (Inset) Typical response to synthetic air of a SnO, nanowire with
r/220nm at T="573 K. A slow drift of the electrical resistance is observed
after the initial and fast increase of Ryw and during the last part of the
recovery process.
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literature values.*2! This is further justified by the Weisz
limitation, which considers the electrostatic repulsion forces
among adsorbed species.mﬂ

Albeit this model foretells the significant characteristics of
the response of SnO, nanowires to oxygen, it is unable to
explain long-term drifts of the resistance Ryw values which are
observed after the exposure of these nanomaterials to oxygen-
rich atmospheres (inset in Fig. 2). The drift becomes important
with thick nanowires and is highly dependent on the
temperature. At normal working conditions (7'~ 573K)!*!®!
the steady state is reached after several minutes, whereas at
room temperature (7 =298 K) it can take several hours, even
for the thinnest nanowires (r=20nm), before complete
stabilization of Rnw is obtained (Fig. 3). Similar behavior
was reported in the past with thin film SnO, sensors.>°-2¢]

2.2. Description of Oxygen Sensing Using the Diffusion
Model

It is well established that SnO, is an n-type semiconductor
due to its oxygen deficiency.[** In undoped material, oxygen

Resistance (a.u.)

Resistance (a.u.)

time (hours)

Figure 3. Response of two SnO; nanowires to a quick change of the
oxygen partial pressure. a) SnO, nanowire with r=75nm at T=550K.
Stabilization of Ry is not observed after 34 hours. b) SnO, nanowire with
r=20nm at room temperature (T=298K). Stabilization of Ryy takes a
few hours. In the steady-state, oxygen diffusion into the bulk is completed.

www.afm-journal.de
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vacancies V¢ are compensated by conduction electrons (€)Y
Therefore, the oxygen exchange equilibrium can be written as
(using the Kroger-Vink notation),

1
(R e Pl 50 @)

And the corresponding mass action law for Equation 7 as,

Ko = V7] - p(02)"2 ®
where p(O,) is the oxygen partial pressure, K, is the
respective mass action constant and square brackets indicate
concentrations. Equation 8 and the electroneutrality condi-
tion imply a dependence of Rnw on the oxygen partial
pressure as,2%21:33]

Ryw x o} o p(0y)" )

with the nanowire conductivity and n—1/6 for undoped
SnO,, if oxygen ions migrate into the bulk of the nanowires.
The kinetics of this process is ruled by the chemical diffusion
coefficient of oxygen in SnO, which is given by,[20’21'35]

D(T) = D, exp (%?)

where E, is an activation energy and k the Boltzmann constant.
Thus, the characteristic time 7 before reaching the steady-state

(10)

can be roughly estimated with the following expression,[zo'ﬂ'j 5]
2
T D1 b

where L is the characteristic length of the diffusion path (see
Supporting Information). Considering Equation 11, it can be

(wdd) *od

W0 10 100 500 10 0
4 PO, poml

0.0 " . s L J 49
0 5 10 15 20 25 30 35

time (hours)

Figure 4. Response of one SnC, nanowire with ra220 nm to increasing
oxygen partial pressure at room temperature (T=298K). Resistance is
normalized to the experimental value in synthetic air environment. (Inset)
log—log plot of resistance as function of oxygen partial pressure. A linear
behavior of slope n=1/6 is observed.
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o, o, Co
e, L N,
? * Cs
®0% 1. %%, , ®9% , , |G
i m— AR A Pt
v c,
Substrate

Figure 5. One-dimensional model of oxygen diffusion in nanowires. According to the surface model, adsorbed oxygen creates a depletion region close to
the surface (red dashed line) and then a fast change of Ryy is observed. The new equilibrium between oxygen in the environment, Cg, and the
concentration of oxygen at both the nanowire surface, Cs, and its external shell, Cy, creates a gradient with the inside C, favoring ion migration into the bulk.

This diffusion is associated with long-term drifts of Ryy.

claimed that on a very long time scale, diffusion in SnO,
occurs even at room temperature.®!
In order to determine the exponent value n, in our

nanowires (see Eq. 9), the relative change of Rnw was
measured after a quick change of the oxygen partial pressure at
T=573K and T=298K (Fig. 3). Thin nanowires (r~20nm)
were used to reduce the time to reach stabilization. A value
close to n=1/6 was estimated in the experiments
(Mexp =0.156 £ 0.007).

The diffusion coefficient D at these two temperatures was
Dsie~107 cm? s and Dyogge~10Y cm? s! (see
Supporting Information), in correspondence with reported
values for SnO, single crystals.?021:37]

To check the validity of our results, SnO, nanowires were
exposed to increasing oxygen partial pressures at T=298K
(Fig. 4) and the experimental values of Ryw were fitted as
function of p(O,) (inset in Fig. 4), exhibiting a slope of n~1/6.

Identical experiments at room temperature (7=298 K) with
ZnO nanowires were reported in the literature.!*®! In the
present study, we repeated oxygen diffusion experiments with
these metal oxide nanowires (7'=298 K), estimating a value of
n~1/2 for this material (see Supporting Information). This
result corresponds to a diffusion process based on interstitial
mechanisms, which is typical for ZnQ.[*4]

All these results can be explained using a one-dimensional
model which combines surface phenomena and oxygen
diffusion into the bulk of nanowires (Fig. 5). Immediately
after the exposure to oxygen, adsorbed species at the surface
compensate surface vacancies, leading to a fast increase of Raw
(inset in Fig. 2). This change is understood by the surface model
as a widening of the depleted layer at the external shell of the
nanowires. Later, ions migrate into the bulk compensating
oxygen vacancies V' in the material. This second step is the
responsible for the long-term drifts of Rnw, whose length
depends on the nanowire radius and the temperature (inset in
Fig. 3). In the steady-state, oxygen sensing becomes a bulk
Although our approach provides a simple and int
explanation of drifts in Rnw, other phenomena might be
required in further optimizations of the model, like charge
mobility near the surface of nanowires or the existence of
mobile donor species.[*!]

itive
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The here-presented methodology can be extended to the
study of other metal oxide nanowires and gas sensing processes
involving a variation of the oxygen partial pressure. However,
it does not explain the sensing mechanisms of other gas species
diluted in synthetic air, like CO, since the oxygen partial
pressure is almost constant.”]

3. Conclusions

The resistivity of SnO, nanowires is highly dependent on the
oxygen partial pressure of the surrounding atmosphere, even at
room temperature. Although surface models describe most of
the sensing characteristics of these nanomaterials, they do not
explain long-term drift processes in the response of individual
SnO, nanowires to oxygen. In this study, the contribution of
ion diffusion into the bulk is considered, enabling a realistic
description of the sensing phenomena present in nanomater-
ials. Furthermore, it is demonstrated that some of their
intrinsic parameters can be estimated using the formalism
describing ion diffusion in solids. This analysis is general
and can be extended to study other metal oxides. In this work,
it has been applied to ZnO. Furthermore, the presented
methodology can be applied to other gases in which the partial
pressure of oxygen plays an important role in the sensing
mechanism.

4. Experimental

SnO, nanowires with radii between 20 and 220 nm were synthesized
by chemical vapor deposition (CVD) method. TEM studies revealed
dislocation free bodies with lattice spacing in correspondence with the
rutile structure of SnO; [15]. Some of them were dispersed in ethylene
glycol, and the suspension was then spread on a SiO./Si wafer with pre-
patterned Au/Ti/Ni microelectrodes. Platinum contacts on nanowires
were patterned with a FEI-Strata 235 Dual Beam FIB instrument,
following a nanolithography process designed to minimize the Ga*
contamination of the sample [19], and the electrical measurements
were performed using a Keithley 2602 Source-Meter Unit (SMU) and a
Gamry Potentiostat PCI4/750 [19]. Gas measurements were performed
with the help of a self-made electronic circuit designed to guarantee
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low current levels and avoid undesired fluctuations, inside a home-
made chamber following a methodology explained in detail else-
where.[9,11]
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Determining the diffusion mechanisms in ZnO nanowires

Zn0 nanowires synthesized via a CVD method™ were contacted by FIB techniques (Fig.A).™ To
evaluate the mechanism of ion diffusion in their bulk, the resistance of some of these nanowires was
monitored as function of the oxygen partial pressure (Fig.B) at room temperature (T = 298 K). The
following experimental dependence was found in all the experiments,

R, «o o p(0,) (1)
with n = 1/2. This resuit is in agreement with reported vaiues for ZnO single crystais,”* and justified
by the existence of ion diffusion based on interstitial mechanisms.[ <! The diffusion coefficient D at
T =298 K was estimated using the formula, el

LZ

T

D(T) = (ii)

where L is the characteristic length of the diffusion path and t the characteristic time before reaching
the steady-state. For a nanowire-based sensor and a one-dimensional diffusion model, L may be the
diameter F of the nanowire (see Fig.4). In figure B, the response of a ZnO nanowire with r = 110 nm
(F = 220 nm) stabilizes after t = 34 h approximately. Therefore, a value of D ~ 10" cm® / s is
detelrsminelsl in a,gree[glent with reported values for the diffusion coefficient in ZnO at this temperature
(103107 em? / s).
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Figure A. ZnO nanowire of length L = 13 pm  Figure B. Response of an individual ZnO nanowire (Fig.A)
and radius r = 110 nm electrically contacted to a sudden change of the partial pressure of oxygen
with FIB-techniques. (T = 298 K). The nanowire was in low oxygen pressure for 48
hours to ensure initial stabilization. Signal stabilization to the
steady-state is takes several hours. (Inset) Detail of the
resistance transition from low to high oxygen partial pressure.
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4.1.2 Summary of Results

Unit 1.a Ab initio atomistic modeling

The ab initio study of the surface stability of SnO2-cassiterite revealed that the most
abundant and relevant surface orientation is the (110), which is in accordance
with previous experimental works (Papers 3 and 4). Therefore, the subsequent

studies were centered on this facet.

In order to model realistic atomic arrangements, we explored the feasibility of
different surface configurations based on the ab initio thermodynamics
methodology. Under ambient conditions, the stoichiometric surface
configuration is the most stable one. When the temperature is raised above
270°C a single Osnigg vacancies may form and even at higher temperatures
(above 480°C) the formation of a single isolated Ompiane vacancies is possible. At
temperatures above 640°C multivacant configurations are the most probable
(Papers 3 and 4). These theoretical predictions (which are in agreement with
previous experimental works) together with the typical working and annealing
temperatures of MOX-based sensors indicate that the partially reduced surface
terminations must be considered in order to model realistic gas—surface

interactions.

As a consequence of the previous results, the surface oxygen vacancies were included
to model the interaction of NO, NOz and SO: with the Sn02(110). These
calculations indicated that:

¢ NO adsorption takes place onto oxygen sites in stoichiometric surfaces.

e NO: essentially interacts with oxygen vacancy sites (reduced surfaces).

¢ SO: competes with NO: for the same adsorption sites and it is harder to
desorb thermally.

These results are compatible with the expected oxidizing/reducing characters of
each gas and explain the poisoning effect. Moreover, the comparison of the
desorption energies involved in all these processes is in accordance with
Temperature Programmed Desorption (TPD) experiments (Papers 3 and 4).
Similar results were obtained with ZnO: the most stable surface terminations were
the non-polar (10-10) and (11-20) ones of the wurtzite phase, it was necessary
to consider the role played by the surface oxygen vacancies and NO:z interacted
preferentially with surface metallic sites (oxygen vacancy sites) competing with

SOz (Paper 5).
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Unit 1.b Experimental validation — Novel sensing approaches enabled by the nanoscale

. The conductometric response towards NO: of individual nanowires operated at
different temperatures with microheaters revealed that the optimum working
temperatures (T ~ 175°C) correspond to interactions with in plane sites of the
Sn02(110) surface (according to the simulations of the TPD spectra) (Paper 6).
Specific DFT calculations explained this: the charge captured by NO: upon
absorption onto in plane sites is higher than any other (see Paper 15 for more

details).

. Similar responses towards NO2 were reproduced heating the nanowires by means of
the power dissipated by the applied current. As previously presented (Paper %),
our experimental setup allowed controlling the probing current applied to the
nanowires and thus, controlling the magnitude of the self-heating effect up to
temperatures close to 350°C (Paper 6). Besides the enormous progress in terms
of miniaturization, this novel approach reduces dramatically the power needed
to operate these sensors to few tens of microwatt. This result opens the door to

a new generation of ultralow power consumption gas sensor devices.

. Another consequence of the previous result was the proposal of an innovative
experimental method to estimate the temperature at the nanowire’s scale. This
is based on the comparison of the dynamic response to gases of the nanowire

operated with external heaters and with self-heating (Paper 7).
Unit 1.c On the connection between surface and bulk oxygen vacancies

. The fact that the long-term drifts in the responses of MOX nanowires to sudden
changes in the oxygen content in air vary with the nanowire’s radii, compelled
us to consider the influence of additional bulk effects in their response to gases.
All the experimental evidences were compatible with the occurrence of oxygen
diffusion into the bulk of MOX nanowires (even at room temperature). This
result remarks the importance of the diffusion effects in MOX, which are
frequently neglected, and indicates that these effects should be taken into

account in further modeling of MOX gas sensors (Paper 8).
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4.2 Unit 2: Light -= MOX interaction

Unit 2 is fully devoted to the study of the photon—metal oxide (MOX) interactions on
the basis of the principles that rule the charge transport properties in semiconductors. The

unit is separated in sections concerning the critical analysis of the potential of individual

MOX nanowires in light sensing applications and the study and theoretical modeling of the

phenomena that limit their dynamic response.

Unit 2.a Understanding photodetectors based on nanowires. The opportunity

to use a single crystal of a wide bandgap semiconductor for UV light detection
experiments is attractive both from the technical and from the fundamental
points of view. The superior crystalline quality is expected to provide excellent
performances and opens the door to ideal experimental conditions for research.
Individual metal oxide nanowires offer this exceptional experimental scenario.
In this section, the photoconductive response of pristine ZnO and SnO:
nanowires is studied. An exhaustive analysis of the factors that influence their
response 1s presented. The technological issues that can improve their response

are also identified. All these results are presented in Paper 9.

Unit 2.b. Understanding the long-term photoconductive states. The analysis

presented in the previous section highlighted the poor dynamic response to
light of MOX nanowires and preliminary identified its cause: the electron-hole
separation effects that take place near the nanowire’s surface. In this section,
the problems concerning the long-term persistence of the photoconductivity in
MOX nanowires are presented in detail and modeled on the basis of the results
obtained in Unit 1. Several strategies to minimize this inconvenient effect are

also proposed and tested (Paper 10).
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Cologne, D-50939, Germany
Received: May 20, 2008; Revised Manuscript Received: July 3, 2008
We present a set of criteria to optimize photodetectors based on n-type metal oxide nanowires and a comparison
methodology capable of overcoming the present lack of systematic studies dealing with such devices. The
response of photoconductors is enhanced following different fabrication strategies, such as diminishing the
distance between the electrical contacts, increasing the width of the photoactive area, or improving the electrical
mobility of the nanomaterials. The validity of the theoretical background is verified by experimental results
obtained with devices based on ZnO nanowires. The performances of our devices show that the normalized
gain of single ZnO nanowire-based photodetectors exceeds those of thin films.

Introduction

Metal oxide nanowires are gaining growing interest as
photodetectors due to their potential applications in gas sensing
and optoelectronics.! Although preliminary works revealed
promising results,' 1! further research is necessary in order to
reach complete control of their photosensing properties. Among
all n-type metal oxide nanomaterials, photoresponses of ZnO
and SnO; nanowires have been widely studied;! ™' however,
the lack of well-established fabrication methodologies and
standardized procedures obfuscates a comparison of experi-
mental results. For instance, photoconductive gains (Gp,) ranging
from 10? to 10% 410 and response times (7) between mil-
liseconds and hours were reported for ZnO nanowires,>+7:10
which possibly result from different experimental conditions
and device geometry used in all of these studies. Here, we
present some systematic strategies for enhancing the response
of photodetectors based on nanowires and a methodology for
the facile comparison of the measured photoresponses. These
strategies are fundamental to the potential of this technology in
real devices and applications.

Figure 1. Diagram of a metal-oxide structure with an arbitrary volume
A of length L, width W, and thickness 7., under a photon flux (I>ph.
Experimental Methods Photocarrier generation is induced in the upper layer of the structure

7nO nanowires were fabricated via a vapor-phase carboth- until a depth o ! and leads to photoconduction (jp) under polarization.

ermal transport process inside an Atomate’s chemical vapor
deposition (CVD) system. The source material was a 1:1 molar

mixture of commercial ZnO (metal basis, 99.99%) and graphite following a nanolithography process explained elsewhere.!3~1
powder (crystalline, 300 mesh, 99%) from Alfa Aesar. Gold Electrical measurements were performed with the help of a self-
nanoparticles were used as catalytic islands on thermally made electronic circuit designed to ensure low current levels
oxidized Si wafers.!> Uniform nanowires were obtained with and to avoid undesired fluctuations!® inside a homemade
mean radius <r> = 90 + 15 nm and lengths up to 30 zm. chamber. Photoresponse was excited using both UV LEDs and
Some of them were electrically contacted to platinum micro- a UV lamp. UV LEDs were centered on 4 = 340 & 10 nm and

electrodes using a FEI Dual-Beam Strata 235 FIB instrument 2 = 385 £ 15 nm (Seoul Optodevices TOF34C and Purple-Hi
E1L5M-4P0A2), whereas the UV lamp was a HAMAMATSU
* Corresponding authors: dprades@el.ub.es, s.mathur @uni-koeln.de. LC8 light source with a type[—01] Hg—Xe lamp enhanced for

T Universitat de Barcelona. N . ; | A L
#Leibniz-Institute of New Materials. the line at 2 = 365 nm. Light intensity impinging on the
§ University of Cologne. nanowires was determined with the help of a thermopile detector

10.1021/jp804614q CCC: $40.75 © 2008 American Chemical Society
Published on Web 08/22/2008
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(FieldMax-TOP). Up to 10 devices based on single ZnO
nanowires were fabricated, and their photoresponses were
studied as a function of different experimental parameters to
validate the theoretical discussion. Two-probe I—V measure-
ments revealed symmetric responses in great accordance with
results published elsewhere.!” The effective voltage drop along
the nanowires was determined by decoupling the rectifying
contact from the purely resistive contribution of the nanowires
following the procedure described elsewhere.!” To evaluate the
role of surface contribution on the photoresesponse of these
devices, some samples were coated with a 475 + 50 nm thick
layer of PMMA (2 wt % poly (methyl methacrylate) in
dichloromethane) by spin coating. All experiments were per-
formed in real air atmosphere.

Results and Discussion

1. Theoretical Background. Photodetectors based on single
n-type metal oxide nanowires, modeled as an arbitrary volume
of length L, width W, and thickness 7 (Figure 1), can be studied
using the fundamental principles ruling light carrier generation
on semiconductors.'® Thus, current density jy, is given by the
following equation,

Jon = qARLY (€))]

where g is the elemental charge, Any, is the concentration of
generated carriers, and v is their velocity. Ang, can be also
written as shown in eq 2,

Any, ”Fr zF

Ve o 'WL

where 7 is the quantum efficiency of carrier generation by one

photon, F is the absorption rate of photons, 7 is the carrier
lifetime, and Vpy is the photogeneration volume (Figure 1).

The approximation in eq 2 assumes a constant carrier

generation profile until the depth o %, where o is the absorption

coefficient of the metal oxide at one fixed wavelength (see the

Supporting Information). An,y and 7 are also related through

the following continuity equation,'

@

Mng, _ - Angy 3)

ot oph T i
where gy, is the generation rate of charge carriers under
illumination. Assuming that the concentration of electrons Ang,
is independent of 7, the photocurrent dynamics at the rising (time
constant 7,) and falling (time constant 74) edges are given by
(see Supporting Information),

iph(f) =
iph(l) = Iphe

where Iy, is the photocurrent at the steady-state. However, if
an external field E is applied parallel to the longitudinal axis of
ohmic nanowires, then the velocity of carriers (v) can be
expressed in terms of the applied voltage (V) using the following
formula,

Ly(1 e “
K ()

=u*E= 4“L_V (©)
where u* is the effective carrier mobility. According to the
Matthiessen’s rule, u* can be divided into the bulk (up) and
surface (us) contribution according to eq 7.1%
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The absorption rate of photons F' when metal oxide nanowires
are exposed to a flux of @y, photons can be also expressed by
eq 8,

F=p0,WL ®)

where {3 is the fraction of photons not reflected by the surface,
and WL is the effective area of one nanowire (see Figure 1).
Therefore, using eqs 2, 6, and 8, current density j., can be
rewritten as eq 9

SV, ©)

jph:q

rrent I,
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experimental response of real devices, we assume that nanowires
are thick enough to absorb all the incident photons. That is to

say,

To evalunate the total nhotogenerated cu

which is the

Tzao 10
Therefore, it can be deduced that thinner nanowires (7 <
o 1) will lead to lower photoresponses. On the contrary, the
use of thicker nanowires (7> o) will not imply a further
signal enhancement. For instance, the penetration depth o.™* of
near-UV photons (wavelength from 400 to 250 nm) in ZnO is
almost constant at 50 nm.'® Thus, ZnO nanowires with radii
slightly above r ~ 25 nm should be used to maximize photo-
response to UV-light in this wavelength range.
If the constant absorption profile approximation is maintained,
photocurrent /i, in nanowires that satisfy eql0 is given by eq
11,

Ly =jlo W)= qf—yﬁnr;t VD, (11)
where three different contributions are clearly identified. The
first one is related to geometric parameters of the device (W/
L), the second one to the intrinsic properties of nanowires
(fnru*) and the third one only depends on the experimental
conditions (V®). The performance of these devices can be
also analyzed in terms of their photoconductive gain Gy, which
is defined in eq 12,18

ph_q}, L’?/

where identical types of contributions are involved.

2. Experimental Validation and Discussion. 2.1. Geo-
metrical Aspects. Concerning the geometry of photodetectors,
eq 11 implies enhanced I, with increasing width (W) of the
photoactive area. To verify this, the responses of single ZnO
nanowires and lamellae were compared.’ ZnO lamellae were
randomly obtained during the synthesis process of ZnO nanow-
ires when the density of catalytic gold nanoparticles is very high
(Figure 2). Other authors have postulated that the origin of these
structures could be related to variations of the oxygen concen-
tration during synthesis.”® ZnO lamellae presented thicknesses
(T) comparable to the diameter of the nanowires (2r ~ 220 nm),
but their widths (W) were up to 10 times larger, allowing us to
confirm the enhancement of Iy, with increasing photoactive areas
(Figure 2a). To compare the UV photosensing performances of
individual ZnO nanowires with ZnO lamellae, identical condi-
tions were used in all experiments (P, = 3.3 x 1013 ph m™2
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Photodetectors Based on Individual Metal Oxide Nanowires
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Figure 2. (a) ZnO lamella of length Ly = 3.9 um and average width
around Wi & 1000 nm contacted with FIB nanolithography techniques.
(Inset) SEM image of the mixture of ZnO nanowires and ZnO lamellae
obtained after the synthesis process. (b) Normalized photoresponse Tph
to the distance between electrical contacts L of one ZnO lamella and
one ZnO nanowire (Lyw = 13 #m) under identical conditions (P =
3.3 x 10! ph m~2 571 4 =340 & 10 nm). i, is higher with the lamella
due to a larger value of W.

s 2 = 340 + 10 nm) and a comparable photocurrent (fph)

‘malization to the interelectrode distances

e 1€ Yy normalization to the mi tances

=2 (13)

The photoresponse [Figure 2] obtained with a nanowire was
4.7 times lower than the one measured with the lamella shown
in Figure 2a. The average width of this lamellar structure was
Wi, ~ 1000 nm, whereas the nanowire showed Wi, ~ 220 nm
in diameter (W, /Wyw & 4.5). Tn accordance to eq 11, the higher
active area of ZnO lamellae caused enhanced photocurrent
values 7ph as predicted by geometrical factors and shown by
the presented values (WL/Wxw ~ Lonylpnovw))-

Another convenient way to increase the width of the
photoactive area is using multi-nanowire-based configurations.
These devices can be realized by self-assembly techniques, such
as dielectrophoresis, to electrically contact large amounts of
nanowires in parallel.?!:?2 This fabrication methodology prevents
parasitic effects arising from uncontrolled nanowire—nanowire

contacts, and the resulting devices admit higher currents (with
simpler conditioning electronics) without damaging the nanow-
ires'® (see the Supporting Information). It is noteworthy that,
according to eq 12, the photoconductive gain Gy, obtained with
these multi-nanowire configurations is equivalent to the gain
provided by one single nanowire, if all of them are identical.

The distance between contacts (L) also determines the
response of the photodetector since both /iy, and Gy, increase
inversely with this parameter. L not only influences the
photocapture area (WL) but also determines the effective electric

J. Phys. Chem. C, Vol. 112, No. 37, 2008 14641
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Figure 3. (a) ZnO nanowire with radius » = 90 £ 10 nm contacted to
five contacts fabricated with FIB nanolithography techniques. (b)
Photoresponse I, and photoconductive gain Gy, (inset) of the ZnO
nanowire as a function of the distance L between electrical contacts
obtained with @y, = 3.3 x 10¥ ph m~%7!, A = 340 &+ 10 nm, and V
=1V.

field (E) inside the nanowire due to the bias voltage (V) applied
externally. Indeed, this second aspect dominates the overall
contribution of L to the photoresponse (see eqs 11 and 12). The
dependence of I, and Gy, on L was experimentally confirmed
by fabricating five electrical contacts separated at different
distances on an individual ZnO nanowire (Figure 3a), and
measuring the UV photoresponse between different pairs of
electrodes. It was experimentally found that /, and Gy, increase
inversely with the distance between contacts L, in accordance
with eqs 11 and 12 (Figure 3b). Therefore, it can be concluded
that higher-gain photodetectors are obtained by diminishing this
fabrication-related parameter. The lower limit for L will strictly
depend on the precision of the nanolithography technique and
other size-associated phenomena such as diffraction, if L
approaches the wavelength of photons, or uncontrolled degrada-
tion effects produced when the rupture electrical field of the
metal oxide is overcome (see the Supporting Tnformation). To
exemplify the later point, it can be roughly estimated that
nanowires contacted between two electrodes with a separation
of only 50 nm?? and polarized at 5 V 110 will be subjected to
electrical fields as high as 1 MV/cm.

2.2. Intrinsic Properties of the Semiconductor. In addition
to geometrical factors, the dependence of Iy, on intrinsic material
properties, such as %, 7, u* and f , have to be considered (see
eq 11). The spectral response of photodetectors is determined
by the quantum efficiency 7, which was observed to increase
by up to 3 orders of magnitude when photons with energies
above the bandgap interact with these devices, compared to
typical responses obtained with sub-bandgap photons.>* The
variation of quantum efficiency # as a function of incident light
wavelength (1) was investigated. In Figure 7, it is demonstrated
how I, scaled up when above-bandgap photons (4 = 340 £
10 nm) interacted with a single ZnO nanowire-based device,
compared to low I, response obtained with sub-bandgap
photons (4 = 385 £ 15 nm). This result shows the importance
of tuning the bandgap of such photodetectors to select their
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Figure 4. Dynamic behavior of the photoresponse I, measured with
an individual ZnO nanowire when a UV pulse is applied (dashed line)
(®pn = 3.3 x 108 ph m2 s 2 =340 & 10nm; V = 1V). The
response fits with theoretically deduced exponential laws and exhibits
time constants of 7, = 170 & 3 s and 79 = 300 £ 8 s.

active/blind spectral regions.!b324 Tt is noteworthy that the
bandgap edge of nanowires depends not only on the material
but also on their dimensions.'*!3 Thus, controlling the radii of
nanowires is critical to tune the spectral sensitivity of the final
devices.

The photogenerated carrier lifetime (7) is the second param-
eter directly related to the intrinsic properties of nanowires,
which is known to be higher in nanomaterials compared to bulk
due to the large surface-to-volume ratio and the formation of
deep level surface states.'®>’ For metal oxide nanowires, it is
generally accepted that photocarrier relaxation dynamics consists
of an initial decay process in the nanosecond range, explained
by the fast carrier thermalization and hole-trapping by surface
states, followed by a slow decay dependent on the surrounding
atmosphere and the nanowire surface coating.>#?62” This second
process, with characteristic time constants in seconds, dominates
the final response of nanowire-based photodetectors. For this
reason, the carrier lifetime contribution 7 to the photoresponse
I, (see eq 11) can be modified by controlling the surface
interactions of this type of nanowires. Time-resolved measure-
ments allowed us to estimate the rising time constant 7, and
falling time constant 7gexhibited by our devices (Figure 4). The
evolution in time (i,(7)) was in accordance with the theoretical
model (egs 4 and 5), whereby values close to a few minutes
were found.

The third parameter related to the intrinsic properties of
nanowires is the electrical mobility ¢*, which is known to be
dependent on their radii. In the case of ZnO, mobility values
ranging from 2 to 30 cm?/(V s) were reported for nanowires
with radii below » ~ 100 nm.?®3! The diminished mobility
increases up to the bulk value (~200 cm?(V s)) in thicker
nanowires.!® This behavior is attributed to scattering and
trapping of the electrons by surface defect states and becomes
more significant in thin nanowires possessing higher surface-
to-volume ratios. Thus, thicker nanowires are convenient to
obtain optimal devices for y* optimization due to minimized
surface contributions us (eq 7). The limitation introduced by
the dependence of u* with radius can be also circumvented by
passivating the nanowire surface, which is reported to dramati-
cally increase the mobility of ZnO nanowires (up to 1.000 cm?/
(V 5)).31-3

It was demonstrated that the mobility of ZnO nanowires
dramatically increased (up to ~1.000 cm?/(V s)) with SisNy/
Si0,,%! polyimide,* poly(methyl methacrylate) (PMMA),> and
polyacrylonitrile® coatings. Therefore, we covered some devices

Prades et al.

35 T T T T T

O bare nanowire
3.0F A PMMA-coated nanowire

Ion (A-um)

0.0 W ]

00 04 08 12 16 20 24
Voltage (V)

Figure 5. Photoresponse (I, = IL) normalized to the distance between
electrical contacts L of one single ZnO nanowire (Lyw = 13 um) before
and after coating with PMMA under identical illumination ($p, = 3.3
» 10" ph m~2 571y 1 = 340 £ 10 nm). Ly is higher after coating due
to surface passivation induced higher u*.
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Figure 6. Linear dependency of photoresponses I, on the applied

voltage V of an individual ZnO nanowire (under two different photon
fluxes Dpp).
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Figure 7. Photoresponse Iy of an individual ZnO nanowire under
different photon fluxes @,y at constant polarization voltage (V=1 V).
A linear dependence between these two parameters is experimentally
observed. Remarkably, photoresponse I, is highly dependent on the
energy of the incident photons.

with PMMA by spin coating after eliminating the surface
contamination with oxygen plasma. The passivation layers were
approximately 500 nm thick, and presented high UV transpar-
ency (optical transmittance above 92% from 300 to 800 nm)
and extremely low conductance (below 0.1 nS) independent of
the illumination. The photoresponse of these devices was ~9.5
times higher after coating (see Figure 5). To elucidate this point,
the mobility of the nanowires!® before and after passivation were
estitmated to be u* ~ 3—5 cm?/(V s) and p*pwwvia) ~ 40—53
cm?/(V s), respectively. This improvement in the nanowire
mobility (factor of ~10) and the high transmittance of the
PMMA layer explain the increased photoresponse according to
eq 11.
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The last intrinsic parameter of nanowires to be considered in
this work is the fraction of photons () not reflected by the
surface of the metal oxide, which was recently demonstrated
to be lower in photodetectors based on aligned nanowires
compared to thin films.?’

2.3. Working Conditions. As far as the experimental condi-
tions are concerned, it can be expected from egs 11 and 12 that
photoresponse raises linearly with applied voltage V and flux
of photons ®y,. Figures 6 and 7 demonstrate the linear increase
in device response in dependence to the two parameters and
UV-light according to theory. This feature complicates compar-
ing most of the reported results, since different experimental
conditions were used in these experiments.!~'° For this reason
we propose a more generic way to express eq 12,

~ ph s 1A
8ph = v =iy U

which is a normalized photoconductive gain, independent of
the device geometry and the experimental conditions.

Apart from the photoconductive gain, the dynamic behavior
of these devices is also important for optimizing real devices.

Their low-pass bandwidth can be defined as BW ~ (2x7) L.
Thus, the normalized gain per bandwidth becomes
SpnBW= 2_[ (15)

From equation 15, it can be observed that the quantum
efficiency 7 and mobility u* are the key parameters to evaluate
the overall performance of these photodetectors.

3. Comparison to State-of-the-art Devices. To substantiate
and validate the performances of our nanowire-based devices,
the photoresponse values were critically compared with previ-
ously reported results. Soci et al.!? recently reported photocon-
ductive gain values of Gy = 5 X 107 in devices with Ly, =
1 um and <r>p = 110 nm polarized at Vi =5 V for equivalent
illumination conditions, which is much higher than the typical
Gy, values measured in our experiments. For example, G, = 6
x 10% was obtained with V=1V, L =~ 13 wum, and r =~ 110
nm. However, an accurate comparison of these two devices can
be only achieved if the photoconductive gain Gy, is rewritten
as shown in equation 14. If gy, is calculated, we find that gy i
= 1075 m*/V and gz = 1076 m*/V, showing that the literature
value is only 1 order of magnitude higher than ours. This
discrepancy can be explained considering the mobility #* and
lifetime 74 of nanowires. On one hand, our ZnO nanowires have
response time constants close to v ~ 300s (Figure 4) and
exhibited mobility values of ~3 cm?/(V s), which was estimated
following a procedure described elsewhere.!3 On the other hand,
Soci and co-workers reported 7 ~ 33 s and //lm 270 cm*(V
s), whose product (rm,uﬁ[) is a factor 10 time higher than ours
(zu*), which justifies the divergence of values in g, (see eq
14). Fully consistent results were obtained with the rest of
devices under test, demonstrating that gain normalization of
photodetectors to the geometry and polarization conditions is
necessary for adequate comparison. Moreover, comparison of
gph values allows the determination of which intrinsic properties
of the photoactive material must be improved to enhance the
performance of future devices. For example, according to the
experimental results, the electron mobility u* should be im-
proved in our case. From all of these results, it can be concluded
that the experimental responses obtained with photodetectors
based on single nanowires are precisely modeled by the here-
summarized theoretical approach.
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Finally, the same methodology was applied to compare the
photoresponse of ZnO nanowires and ZnO thin films.3¢ In
general, higher photocurrent values I, were obtained with larger
grains,?”*! due to increasing mobility which approaches bulk
behavior (~200 ¢m?*/(V s)) in high- quality thin films,** with
typical photoconductive gain values of Gph 1 = 1360.%® Using
the polarization and geometric conditions reported by the authors
(Vgﬁm =5V, Lgllim = 10 u), the normalized photoconductive
gain was found to be gpti = 3 x 1073 m%/V, whose value is
clearly lower than the one reported with single ZnO nanowires.
On the contrary, the normalized gain per bandwidth of ZnO
thin films is significantly higher (¢t BW = 3 x 1073 m? Hz/
V) than that obtained with ZnO nanowires (gph WBW =5 x
1078 m2 Hz/V19), if 7if ~ 1.5 us.3 Comparing this result with
egs 14 and 15, it is concluded that the higher photogain achieved
with individual nanowires is mainly associated to the longer

S T WA UEIR DI T U P

lifetime of the photocarriers, which increases at the expense of
diminishing dynamic response.

Conclusions

We presented in detail the principles ruling the response of
UV photodetectors based on metal oxide nanowires. Different
design and fabrication strategies to enhance their performances
were identified and discussed, such as controlling their geometry

or tuning the intrinsic electrical properties of nanowires. Most
of them were validated with experimental results obtained with
photodetectors based on single ZnO nanowires. Finally, a
rigorous methodology to compare different devices was pre-
sented, overcoming the present lack of systematic study in this
field. On the basis of this methodology we conclude that current
photodetectors based on single ZnO nanowires achieve better
normalized gains (up to 3 orders of magnitude) with slower
response compared with thin film devices.
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Supporting Information:

1) Photogeneration theory details: non-uniform absorption and transient solution

Zn0O and SnO; are n-type semiconductors [I, II] due to the donor character of their intrinsic defects
[IIL, IV]. Photo-current I, generated by incident light can be theoretically modelled with the help of the
continuity equation describing the photo-generated excess of minority carriers Ap, (;,t) in the low

injection regime [12]. That is to say,

OAP Ap .
atp :gph_ Tpp +DpV2Apph (1)

where g, is the pair generation rate per volume unit, 7, is the hole lifetime and D, the hole diffusion

=

constant. If

=

he x — axis and z — axis are considered to be parallel and perpendicular to

he longitudinal
o

direction of the nanowire (. and 7" dimensions in figure 1 of the main text) and the illumination is

assumed to be uniform and parallel to the z — axis, the following simplifications can be introduced in

equation (i),

> Ap,, .

VAp,, = aAp (ii)
g =8u2) (iif)
Ap, )= Ap , (2.1) (iv)

In general, photo-generation across the section of the nanowire will be non — uniform. In this case,

Zon(z) 1s generally described as,

gaD)=anpd®, e~ V)
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where « is the light absorption coefficient of the metal oxide at the incident wavelength, 7 is the
quantum efficiency of pairs generation by one photon, £ is the fraction of photons not reflected by the
surface and @, is the flux of incident photons. Therefore, the steady excess of minority carriers along z

is obtained by solving the following equation,

2
oz Apph (Z) 0 Apph (Z) :
O=anpd,e” - +D, B (vi)
T Oz
r
If all excess carriers are extracted at z = 71121 the solution of equation (vi) can be annroximated bv
all CXCCss callleds ale exialict al L4, O SOIRION O CQUALION (V1) call Ve appro aict Iy,

where L = \'/Dprp is the diffusion length of minority carries. The previous approximation is valid
only if aQsz >>1. In the case of ZnO, ' of near UV photons (wavelength from 400 to 250 nm) is

almost constant at 50 »nm [13] and L, is estimated to be above 2 gm [IV]. Thus, the product

a’L’ ~1600 >>1 verifies this restriction.

In quasi-neutral conditions, ( Appi(z) ~ An,(z) ), the photo-generated current density j,, along the x-

axis at depth z can be expressed as,
J(2)=q n,(2)v (viid)

where ¢ is the elemental charge and v the carrier velocity. To obtain the photo-generated current /,,

through the section of the nanowire (/- 7) (see figure 1), the following integral must be evaluated,

1z (ix)
VR

obtaining,
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T O -7
1, :qu%{a L (e e —lj—l(edf —1)} (x)
a

p

If the thickness of the nanowire fulfils,

al <T<1L, (xi)
and v is expressed as,
&
yo MV (xii)
L

where 1" is the electron mobility, V" the applied voltage and L is the length of the nanowire, equation

(x) becomes,
/4 .
[ph:qZﬁUTﬂ Ve, (xiii)

This expression is identical to equation 11, which was obtained assuming a constant generation profile
until &/, Therefore, it can be concluded, in first approximation, that the existence of a non — uniform

absorption profile would not modify the results presented here.

Let us also analyze the evolution in time of the photo-generated carriers Ap,,. As we have

demonstrated, uniform adsorption profile can be assumed without loss of generality. Therefore, equation

(i) can be rewritten as

=g, (xiv)

AApph :gphz.p (XV)
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which corresponds to equation 2, if we assume quasi-neutral conditions ( Apy, & Anyy, ), electron-hole
recombination in pairs (T, = T =1 ) and g, =7 1’/Vph , where 77 is the quantum efficiency of pairs

generation by one photon, / the absorption rate of photons, and J', the photo-generation volume.

If the light is turned on at = 0 and Ap,;(0) ~ An,;(0) = 0, the transient solution of equation (xiv) is,
v .
Anph(t)—gphrp(l—e "j (xvi)

Since 7,(?) is proportional to An,(?), an exponential raise of 7,(f) is predicted by turning on the light
source before reaching the steady state (equation xv). On the other hand, if the light is turned off at 7 = 0,

the transient solution of equation xiv is,

t

An,,(0)=g,7,e " (xvii)

assuming a complete extinction of the charge excess long time after turning off the light: Ap,u(f—>o0) ~
Any(t—>00) = 0. Now, in(f) relaxes exponentially when turning off the light source as proposed in

equation 4.

The time scale of these two processes are determined by the lifetime 7, which can be estimated from
time resolved measurements of /. This is the procedure we followed in this work. Lifetime rmay differ

in raise and decay processes due to charge separation and trapping effects [12].
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1) Self — heating effects on nanowires:

Dissipated power P in nanowires increases their temperature 7" due to Joule heating effect, as
described by the authors elsewhere [14]. If individual nanowires are used as photodetectors, one critical
parameter to preserve their integrity is the current 7 [19]. It was experimentally demonstrated that high

power UV pulses dramatically increase photocurrent 7, (figure I), leading to an irreversible

degradation of these devices by melting (figure II).

Resistance (a.u)

0 15
time (min)

Figure I. Photoresponse of a SnO; nanowire [11] as function of fast UV pulses. The UV lamp was
used in this experiment. It can be observed how the nanowire does not recover the resistance baseline

with increasing UV intensity. (Dashed lines indicate UV pulses).

Figure II. SnO, nanowire before (left) and after (right) applying a UV light pulse of P =365 mW/cm?.

The nanowire is completely destroyed after the measurement due to self-heating effects.
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Abstract

The responses of individual ZnO nanowires to UV light demonstrate that the persistent
photoconductivity (PPC) state is directly related to the electron—hole separation near the
surface. Our results demonstrate that the electrical transport in these nanomaterials is influenced
by the surface in two different ways. On the one hand, the effective mobility and the density of
free carriers are determined by recombination mechanisms assisted by the oxidizing molecules
in air. This phenomenon can also be blocked by surface passivation. On the other hand, the
surface built-in potential separates the photogenerated electron—hole pairs and accumulates
holes at the surface. After illumination, the charge separation makes the electron-hole
recombination difficult and originates PPC. This effect is quickly reverted after increasing either
the probing current (self-heating by Joule dissipation) or the oxygen content in air (favouring
the surface recombination mechanisms). The model for PPC in individual nanowires presented
here illustrates the intrinsic potential of metal oxide nanowires to develop optoelectronic
devices or optochemical sensors with better and new performances.

Supplementary data are available from stacks.iop.org/Nano/19/465501

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Methods for the synthesis of nanomaterials have undergone a
huge improvement in recent years [1, 2], providing researchers
with nanowires with high surface-to-volume ratio and excellent
crystalline properties [3, 4]. Their electrical characterization
is a direct way to gain a deep comprehension of some of
the phenomena typical of the nanoscale, which originate
due to the overexposure of the bulk of nanomaterials to
surface effects [5-7]. To date, a large majority of works
have focused on the study of nanowire bundles [8], but
uncontrolled parasitic effects between nanowires has made
obtaining any conclusive result difficult [9]. The constant
improvement of nanofabrication techniques is slowly changing

3 Authors to whom any correspondence should be addressed.

0957-4484/08/465501+07$30.00

this situation, enabling the appearance of many works dealing
with individual nanowires, whose electrical characterization is
extremely helpful in evaluating transport phenomena in single-
crystal structures [10].

Among nanowires, metal oxide ones are excellent
candidates for evaluating the influence of surface effects on
the bulk properties of nanomaterials, since they are highly
reactive to their surrounding atmosphere [11]. This property
has attracted an increasing interest in integrating them as
building blocks of new nanodevices, such as gas sensors or
optoelectronic devices [6, 7]. Zinc oxide (ZnO) nanowires
are versatile metal oxide nanomaterials which have been
successfully tested in different fields [12], such as chemical [3]
and biological sensing [13], optoelectronics [6, 7], energy
harvesting [14], and ultraviolet (UV) photodetection [15-19].

© 2008 IOP Publishing Ltd  Printed in the UK
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In this last case, they even exhibit higher photoconductive
gains [18, 19] than equivalent devices based on thin film
technologies [20].

The effects of UV light on ZnO are more complex than a
simple band-to-band photoresponse [15-19], since a persistent
increase of the electrical conductivity is often induced which
lasts for a long time after the exposure to UV [21-30] and
requires a post-treatment of the sample to recover the initial
value. The origin of this persistent photoconductivity (PPC)
phenomenon is still controversial. On the one hand, some
authors relate PPC to either intrinsic or extrinsic point defects
which exhibit metastable charge states [21-23]. On the
other hand, others claim that the origin is the electron-hole
separation related to the surface properties of metal oxides
[24-27, 29, 30]. Thus, a widely accepted description has not
yet been presented [23].

In this paper, the strong influence of surface effects on
the transport phenomena of nanomaterials has been used to
evaluate the PPC effect in individual ZnO nanowires and
demonstrate its surface origin. Unlike previous works, here,
the use of a single nanowire has allowed us to exclude other
influences and experimentally simplify the analysis. We have
studied the influence of the surface recombination mechanisms
on PPC via the effective mobility and the density of free
carriers. Moreover, the PPC recovery at different working
conditions (probing currents and atmospheres) has also been
studied in detail. Based on these results, a model for PPC
in a single nanowire is presented, and different strategies
to minimize or even block the PPC in ZnO are outlined,
enabling the design of nanowire-based photodetectors free of
this undesirable effect.

2. Experimental details

7n0 nanowires [3] (see supporting information available at
stacks.iop.org/Nano/19/465501) were dispersed in propylene
glycol and deposited onto an insulating SiO, chip with pre-
patterned Au/Ti/Ni microelectrodes. Then, some of them
were electrically contacted to the microelectrodes in four-
probe configuration with an FEI Dual-Beam Strata 235 focused
ion beam (FIB) machine equipped with a metal-organic
precursor to deposit Pt strips (figure 1) [31], following a
methodology designed to minimize structural modification
during the fabrication process [9]. The electrical response
of the final devices was evaluated inside a home-made
chamber specially designed to illuminate the sample at the
same time then different atmospheres were applied with
the help of gas mass-flow controllers. The light power
impinging on this sample (A,n = 340 £ 10 nm)* was
estimated with a photodiode located beside it>. A home-
made electronic circuit designed to guarantee that low current

4 The ZnO nanowires were synthesized with a commercial Atomate’s CVD
system. The source material was a 1:1 molar mixture of ZnO (metal
basis 99.99%) and graphite powder provided by Alfa Aesar. Crystalline
nanowires with average radii (rnw) = 90 £ 15 nm and lengths up
to Lyw = 30 pm were obtained [3]. High-resolution TEM images
showed well-faceted single-crystalline nanowires with dislocation-free bodies
grown along the [0001] direction (see supporting information available at
stacks.iop.org/Nano/19/465501).

5 Seoul Optodevices model TOF34C.

UV pulse

3600

60 120
time (s
s

Figure 1. ZnO nanowire of length Lyxw = 13 pm and radius

rnw ~ 95 nm electrically contacted with FIB nanolithography
techniques. The inset shows evidence of PPC in these nanowires: the
conductance baseline was not fully recovered after switching off the
light.

levels I, (from 0.1 to 250 nA) were applied during the
experiments was used [32], and parasitic effects of the
metal-nanowire contacts were avoided by performing four-
probe DC measurements [10] (see supporting information
available at stacks.iop.org/Nano/19/465501). Fifteen of these
devices exhibited stable characteristics without any noticeable
degradation after three weeks of continuous operation. All
the experiments were performed in either synthetic air
(SA) or nitrogen (Np). Finally, some of them were
passivated with a 470 nm thick PMMA layer deposited
by spin coating.  This layer was UV (ransparent and
electrically insulating (see supporting information available at
stacks.iop.org/Nano/19/465501).

3. Experimental results and discussion

3.1. Evidence of PPC in individual ZnO nanowires

Non-illuminated ZnO nanowires (length Lyw = 13 um
and radius rnw  ~ 95 nm) in oxygen-rich atmospheres
exhibited conductance values of Gosay = 59 4 6 nS, which
are in agreement with reported data [15-19] (see supporting
information available at stacks.iop.org/Nano/19/465501). No
significant photoresponse was observed with impinging
photons with energies v below the bandgap of ZnO (Egep =
3.37 eV [33]) (see supporting information available at
stacks.iop.org/Nano/19/465501). In contrast, photons with
higher energies led to an important increase of the electrical
conductance of the nanowires. This result confirms that
photoconduction in ZnO nanowires is mainly originated by
band-to-band electron—hole pair generation in their bulk.
Dynamic measurements showed that the conductance baseline
was not fully recovered after switching off the light,
demonstrating the existence of PPC in these nanomaterials (see
the inset in figure 1).
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Figure 2. (a) Relative conductance change (G /Gy) of a ZnO (C)
nanowire under illumination (60 s UV pulse, photon flux @
@pp = 3.3 x 108 m~2? 7!, wavelength X, = 340 & 10 nm) acquired - 30t 1
at three different current levels (/) in synthetic air. The axis break ]
shows the conductance 1 h later. (b) Dependence of the PPC with the E 20
probing current 7, in synthetic air. The magnitude of the PPC >
(AG/Gy) was determined as described in the text. The PPC values 2
and error bars shown in the figure are the mean and the standard 3 10}k J
deviation of the results obtained with ten different samples. The 2
dependence of the conductance in the dark (Gg) with the probing
current is shown in the inset. The conductance rise demonstrates the Ui ) ) ) ]
self-heating of the nanowires during the measurement, in accordance 0 50 100 150 200

with the semiconductor character of ZnO.

3.2. Influence of the probing current on PPC

It was experimentally found that the intensity of PPC is directly
related to the probing current (/) applied to the nanowires
(figure 2). The recovery of the conductance G of a ZnO
nanowire after a 60 s UV pulse at different 7, is shown in
figure 2(a). Here, the relative persistence of the conductance
was defined as

AG  Gin—Go

Go  Go
where G was the initial value in darkness and G 1, the value
1 h after the pulse.

The PPC effect fully disappeared 1 h after illuminating

the sample with I,, > 100 nA. In contrast, the PPC did
not vanish with lower I, reaching a maximum with I, <
1 nA (figure 2(b)). These two different behaviours are an
indirect proof of the well-known dependence of PPC on
temperature [21, 25, 26, 34], since nanodevices reach high
temperatures due to the dissipated electrical power when they

(€]

probing current | (nA)

Figure 3. Recovery of the PPC stimulated by high probing current
values. (a) G/Gg record. A 60 s UV pulse was applied to a ZnO
nanowire in low-current conditions (7,, = 0.5 nA). After the
stabilization of the PPC (at 7y), the conductance recovery was
stimulated by increasing the probing current (£, = 150 nA).

(b) Analysis of the recovery transients for different Z,,. The
experimental data points were fitted to exponential decay laws (lines)
to estimate the recovery time constants 7. (c) The PPC recovery time
constant t as function of the probing current 7,,,.

come into operation. To validate this assumption, the recovery
of G in a ZnO nanowire showing PPC was stimulated with
a sudden increase of I, from 0.5 to 150 nA (figure 3(a)).
Transient responses in good correspondence with exponential
decays were found in all the experiments (figure 3(b)).
The higher the probing current I, that was applied to the
nanodevices, the faster the recovery time that was observed
(figure 3(c)). Equivalent responses were monitored in SA and
N,. Thus, the modulation of I, is proposed as a simple and
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fast methodology to control PPC, despite it not shedding any
light on the origin of PPC in ZnO. It goes without saying that an
accurate estimation of the temperature reached by the nanowire
due to Joule self-heating would provide valuable information
about the activation energies of the states related to PPC, but
this point remains a complex experimental issue [35].

3.3. On the origin of PPC in ZnO nanowires

There are two opposite models which describe PPC in
7Zn0. The first claims that this phenomenon is related to
metastable bulk defects located between shallow and deep
energy levels [21-23]. According to this assumption, oxygen
vacancies can be excited to a metastable charged state after a
structural relaxation. In these states, the recapture of electrons
is prevented by a thermally activated barrier [21]. The second
maintains that PPC is a pure surface effect related to the capture
of electrons by surface states [26, 27, 29], which arise with the
generation of oxygen vacancies by UV light [24, 26, 30]. This
process is also reverted by temperature-assisted adsorption of
oxygen species [26-28]. In these two theoretical approaches, if
electron—hole pairs are spatially separated, their recombination
rate is significantly reduced, giving rise to PPC.

3.3.1.  Evaluation of surface effects in PPC. To clarify
the origin of PPC, individual ZnO nanowires were used
to take advantage of the overexposure of their bulk to
surface effects. [, = 1 nA was always applied, and the
experiments were systematically repeated in both SA and N,
(with 50 ppm of residual O,). Conductance modulation curves
were represented in terms of {(G/Gg) — 1} to facilitate the
comparison of the different recovery transients.

In figure 4(a), Go of a ZnO nanowire was respectively
GO(SA) = 59 4+ 6 nS and GO(NZ) = 110 £ 10 nS in SA
and N,. UV illumination gave rise to photoresponses 4.2
times higher in N than in SA. Equivalent responses were
monitored with the rest of nanowires, confirming that surface
interaction mechanisms dominate the UV photoresponse and
PPC. To decouple the bulk and surface phenomena, some of
the nanowires were passivated with PMMA. Previous works
proposed that coating ZnO with polymers not only prevents
the interaction of its surface with gases, but it also passivates
the electron states of metal oxides associated to dangling
bonds located at the surface [19, 36-38]. The conductance in
darkness of the coated sample (Gopmma) = 1400 £ 120 nS)
was 24 times higher than in SA (Gosay = 59 £ 6 nS),
whereas the photoresponse was found to increase 12 times in
comparison to the response in SA.

3.3.2. Modelling PPC in ZnO nanowires. The electrical
properties of metal oxide nanowires are strongly influenced
by the environment. In general, oxygen molecules in air
absorb onto their surface, trapping conduction electrons from
the bulk [39]. This process leads to the appearance of a
negative charge distribution fixed at the surface, which is
generally described with an upward band-bending [39]. In the

sl (@)

UV pulse 4

(G/G,)-1 (a.u)

""" N, {[O,] = 50ppm}

——SA {[0,]=21%}
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0 20 40 60 80 100 120 140 3600
time (s)

T T T T T T T

——— uncoated in SA
----- PMMA coated
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0 20 40 60 80 100 120 140 160
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Figure 4. Relative conductance {(G/Gg) — 1} of a ZnO nanowire
with a 60 s UV pulse (photon flux &y, = 3.3 x 10¥ m2s7!,
wavelength Ay, = 340 £ 10 nm) acquired at low probing current
conditions (/,, = 1 nA). Solid-orange plots were rescaled
(multiplying the data by x4.2 and x 12, respectively) to ease the
comparison of the recovery processes. (a) Two different atmospheres
were used: synthetic air (SA) and nitrogen (N3). The oxygen
concentration was [Oy]ss = 210000 ppm and [O;]n, = 50 ppm,
respectively. The response to the UV pulse in N, was 4.2 times larger
than in SA. (b) Relative conductance {(G/Gy) — 1} of a ZnO
nanowire with the same UV pulse before and after coating the
nanostructure with PMMA. Response to the UV pulse after coating
was 12 times larger than before.

steady state, this phenomenon reduces the effective conduction

channel along the nanowires and modulates G as [40, 41]

7 (raw — )2
Lxw

G = |elnop @
where G is the conductance of a nanowire of radius ryw and
length Lxw, e the fundamental charge, nq the concentration of
free carriers, p their electrical mobility, and A the width of the
depletion layer, which depends on the chemisorbed species.

In oxygen-rich atmospheres, A grows, and thus lower
electrical conductance is observed. In contrast, thinner A
occurs with low pressure oxygen atmospheres and higher
conductance values are obtained [40]. This prediction is in
agreement with our experimental data:

Gopvma) = 1400 08 > GO(Nz) =110nS > GO(SA) =59nS.
3
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The A value in SA for ZnO nanowires can be estimated by
solving the Poisson equation [41],

_ lelno 2 4oy a2
Vo = —450&[(2wa A7) = 20w — A)
x log(ryw/(rvw — A))]. 4

For rnw ~ 95 nm, A ~ 35 nm was found, considering
a typical barrier of V, ~ 0.55 eV [41], np = 4 x
107 c¢cm~! [10] (see supporting information available at
stacks.iop.org/Nano/19/465501), and the relative dielectric
constant of ZnO (¢; = 8.65 [42]). This A value is also in good
correspondence with the literature value [41].

In fact, this simple model explains the modulation
of G in N and SA (up to a factor 2.5)°, but it fails
with the huge change observed in PMMA-coated samples
(a factor of 12). 1In this case, the contribution of the
electrical mobility must be taken into account as well,
since high mobility values have been reported in coated
nanowires due to the reduction of electron scattering at their
surfaces [19, 36-38]. Following a methodology explained
in detail elsewhere [10] (see supporting information available
at stacks.iop.org/Nano/19/465501), the electrical mobility of
both coated and uncoated ZnO nanowires in SA was estimated
(U(SA) = 54+ 2 cm®>V!s! and H(PMMA) = 53 £
§ cm? V-1 s71). This difference (a factor of 10) explains the
variation of G between the two experiments (see equations (2)
and (3)).

Under illumination, UV photons generate electron—hole
pairs in the bulk of the nanowires. After a few seconds, the
photoresponse (AGypp) reaches a steady state in which the
recombination and the generation rates are equal (figures 5(a)
and (b)). Thus, the excess numbers of n and p carriers (An and
Ap) is given by [43]

AGp X An=Ap =gt 5)

where g is the photogeneration rate of carriers per volume unit
and 7t their mean lifetime. If the number of recombination
mechanisms is large, T can be roughly estimated with the help
of Mathiessen’s rule [43],

1 1
=) — ©)
T 7 I/'
Some authors claim the existence of two different mechanisms
which steer the photoresponse in metal oxides [28, 29, 44].
The former one is a fast band-to-band recombination in
their bulk with characteristic times in the nanosecond range
(figure 5(a)) [13]. The latter, which becomes dominant in
nanosized materials’, is highly dependent on the existence
of chemisorbed oxygen molecules at their surfaces, since

6 According to equation (2), the maximum conductance (Gmax) of the
nanowire corresponds to the case of a null depleted layer (A = 0). The
formation of a depleted layer of thickness A results in a decrease of the
conductivity (Gmin). The change in the conductivity due to the formation of
this depleted layer is thus Gyax/Gmin = (mw)z/(mw — }‘)2. In our case,
ww = 95 nm, A = 35 nmand Gpax/ Gmin = 2.5.

7 The contribution of surface mechanisms is especially important in the case
of nanowires because their diameters are significantly lower than the diffusion
length of carriers in ZnO (Lzpo ~ 1 pem) [33].

(@)

hv

Figure 5. (a) Flat-band situation. When the material is illuminated
with above-bandgap photons the @ photogeneration of electron—hole
pairs equals the @ band-to-band recombination mechanism, reaching
steady conductance values. This case corresponds to the bulk
material and also to the nanowires passivated with PMMA.

(b) If band-bending near the surface is considered, an additional
mechanism appears due to charge separation by this built-in
potential: ® holes tend to accumulate near the surface and
recombine with electrons in an @ oxygen-assisted surface
recombination mechanism. ® Temperature and ® adsorption of
oxygen by electron capture facilitates the access of the electrons to
the surface. (¢) When the illumination is switched off, the bulk-like
recombination mechanism rapidly extinguishes holes in the inner part
of the nanowire. The remaining unpaired electrons are responsible
for the @ persistent photoconductivity situation, which can only be
reverted by favouring the ® oxygen-assisted surface mechanism.

holes discharge oxygen species from the surface by indirect
electron—hole recombination mechanisms (figure 5(a)) [44].
Thus, equation (5) can be rewritten as

8

AGph X An=Ap= ————
o b L/ touk + 1/ Tourt

@)

where Ty and s are the lifetimes of the photocarriers
recombined in the bulk and at the surface. In oxygen-rich
environments, surface recombination is favoured and lower
AGyp, values are produced. In contrast, this mechanism is
blocked in coated samples, explaining the experimental trend
of measured photoresponses (figure 4),

AGpemma) > AGphNy) > AGphsa)- (8

When the light is switched off, the two recombination
mechanisms swiftly contribute to recover the initial carrier
concentration in the nanowires. Nevertheless, the built-
in potential near the surface caused by oxygen adsorption
separates the photogenerated pairs: holes accumulate at the
outer shell of the nanowire and electrons remain together
in the inner part. This photogenerated effect prevents the
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recombination of a fraction of the pairs, whereby PPC is
observed after the UV pulse (figure 5(c)). Thereby AG /Gy
will strongly depend on the oxygen content in air. That is to
say, the higher this experimental parameter is the more efficient
recombination through the surface is, and the less important
the PPC becomes (figure 4(a)). In the particular case of
PMMA-coated samples, nanowires approach the so-called flat-
band conditions® and thus, no charge separation takes place,
favouring a complete recovery of the conductance baseline in
the dark (figure 4(b)).

If the temperature increases, carriers gain thermal energy
and they can easily overcome the built-in potential. In this case,
PPC is not observed (figure 2).

According to first-principles calculations, oxygen in air
(0,) undergoes a dissociative chemisorption at the surface
oxygen vacant (VO) sites in ZnO non-polar surfaces [45, 46],
by filling the VO with one O atom originating from the
adsorbate. This dissociation of O, is exothermic and
barrierless, and may even occur spontaneously at room
temperature. This result suggests that VO sites are the surface
sites at which oxygen-assisted recombination of electrons and
holes take place. From the point of view of the electron states,
we demonstrated that VO sites are associated to surface states
with energy 0.5 eV above the valence-band edge [47].

The model proposed here only assumes the existence of
a built-in potential to justify the charge pair separation and
hole accumulation near the surface of the material. Since
this feature is common to other metal oxides, the model
can be easily extended to other materials with similar PPC
effects [48]. This model does not take into account the large
number of bulk charge states located within the band gap of
7Zn0 [33] with a strong influence in many applications, such
as gas sensing [33]. Other simplifications that may limit
the model are those related to the flat-band approximation
in coated samples. These simplifications may prevent the
explanation of the few-seconds kinetics to reach the steady
state, which is experimentally observed even when the samples
are coated with PMMA.

4. Conclusions

The study of persistent photoconductivity (PPC) in individual
7n0O nanowires demonstrated that the electrical transport
properties in these nanomaterials are determined by the surface
in two different ways. On the one hand, the effective mobility
and the available free carriers (u and 7,) are controlled by the
surface recombination mechanisms assisted by the oxidizing
molecules in air. On the other hand, the photoconductance G
is modified by the changes in the size of the depletion layer (1).

In particular, PPC essentially depends on the built-in
surface potential originated by the surface charges. Under
UV illumination, this built-in potential induces electron-hole
separation, and hole accumulation at the surface. Once the light
is switched off, the accumulated charges need recombination

8 Surface passivation implies that there are no gas molecules chemisorbed
onto the ZnO surface [19, 36-38]. In this situation, no charge is trapped at the
nanowire’s surface and no band-bending occurs. This obviously is a drastic
approximation.

paths to be drained, and PPC appears if these paths are not
available.

It is experimentally observed that PPC recovery times
are linked with the availability of recombination paths. We
observed that PPC was quickly reverted after increasing either
the probing current (self-heating by Joule dissipation) or the
oxygen content in air (favouring the surface recombination
mechanisms). These experimental results and the proposed
model helped us to elucidate the origin of the PPC in
nanostructures. Thus, PPC can be completely blocked by
heating the final devices or passivating their surfaces. It is
noteworthy that PMMA coatings totally blocked the PPC,
overcoming one of the main limitations of integrating ZnO
and other metal oxides in a new generation of optoelectronic
nanodevices.
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A. Supporting information

A.1 Synthesis, morphology and structure of the ZnO nanowires

Zn0 nanowires were fabricated via a vapor-phase carbothermal transport process inside an
Atomate’s chemical vapour deposition (CVD) system. The source material was a 1:1 molar
mixture of commercial ZnO (metal basis, 99.99%) and graphite powder (crystalline, 300 mesh,
99%) from Alfa Aesar. Gold nanoparticles were used as catalytic islands on amorphous alumina
substrates. Uniform and crystalline nanowires were obtained with mean radius <rw> = 90£15
nm and lengths up to L = 30 pm (Figure I). High resolution TEM images showed well-faceted
single crystalline nanowires with dislocation free bodies grown along the [0001] direction
(Figure II).

ZnO NW

4 ¢ “ #1210} Za0 Poie bl st
Figure I SEM micrograph of the as grown ZnO Figure II. HRTEM analysis of a ZnO nanowire.
nanowires. Nanostructures with mean radius Crystalline and dislocation-free ZnO grow along the
Ty = 90215 nm and lengths up to 30 pm were [0001] direction. Surface roughness is less than 3
obtained. monolayers. Thanks are due to Dr. J. Arbiol.

A.2 Electrical I(V) characteristics

The nanowires” I(V) characteristics measured in 2 and 4-probe configurations are shown in
figure III. In the 2—probe case, we observed a symmetric non-linear characteristic corresponding
to two back-to-back Schottky diodes in series with the resistance of the nanowire (1/G). The
conduction through the metal-semiconductor (Pt/ZnO) junction is properly described by
thermoionic emission and interface states assisted tunnelling (TE+TuSA) [a,b]. According to
this model, the voltage drop across the hole structure in 2—probe configuration (V) is [a,b]

V V V /17717—8\4 i .
(2-p) = Vaiode TV —L on) J + Gl ) @

where I is the current, G is the conductance of the nanowire and o and 3 are parameters of the
TE+TuSA model for the voltage drop at the reverse biased diode (Viode). It is noteworthy that o
and G are analytic functions dependent on the free carriers concentration n and the mobility p.
Thus, fitting the experimental curve to equation (i) it is possible to estimate G and also decouple
n and p. A detailed explanation of this procedure can be found elsewhere [a]. In dark (;) and
synthetic air (SA), the conductance of our nanowires was Gysay = 60 = 8 nS and the
correspondent carrier concentration and mobility were pgay = 5 + 2 ecm® V' s and
n,=4-10"cem’.

In the case of 4-probe measurements, we observed a linear characteristic only due to the
resistance of the nanowire. From the slope of this plot we estimated the conductance in dark of
the nanowire in Gysay = 59+6 nS which was in accordance with the previous estimation. The
measurements reported in the main text were performed in 4-probe configuration to avoid the
interfering effect form the contacts.
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Figure IIL I(V) characteristics of a single ZnO nanowire acquired
in 2 and 4-probe configurations in dark conditions. Lines represent
the mathematical fitting to estimate the values described in the text.

A.3 Wavelength photoresponse threshold in ZnO nanowires

To stimulate the photoresponse in ZnO nanowires, we used a set of LEDs [¢] of energies hv
above and below the bandgap of this semiconductor (E;.,(Zn0) = 3.37¢V [d]). In figure IV we
show the fully-ohmic I(V) characteristics under illumination at different energies. For hv below
the E,,,(Zn0), photocurrent increase in less than 5%, while for hv above E,,(ZnO), the
photoresponse is about 160%. This indicates that photoconduction is essentially due to band-to-
band electron-hole pairs generations. From the technological point of view, this results also
suggest that ZnO nanowires are almost visible-blind UV photodetectors with flat response in the
near-UV region. For this reason, we centre our study in the source at hv = 3.64eV (340nm).
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Figure IV. 4-probe I(V) characteristics of a single ZnO nanowire at
different illumination conditions. Significant photoresponse is only
obtained with photon energies above Eq(ZnO) = 3.36eV. All
measurements were acquired under photon flux @y, = 3.3-10" m?s™.

A.4 UV transmittance and conductance of PMMA layers

To evaluate the transparency of PMMA to UV light, transmittance spectroscopy experiments
were performed on PMMA layers of thickness (475 + 50) nm deposited over fused silica
substrates (figure V). In figure VI, the transmittance spectrum of one of these layers is shown,
after subtracting the silica contribution. Transmittances values above 90% were obtained for
wavelengths from 250 nm to 800 nm.
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Chips with pre-patterned microelectrodes were also coated in order to estimate the conductance
and photoresponse of these PMMA layers. Typical conductance values were always below
0.1 nS, and any significant change was observed after UV illumination (figure VII).
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Figure V. Perfilometry profile of a cracked layer of Figure VI. Transmittance spectrum of a PMMA layer.
PMMA deposited onto a silica substrate. Contribution from the silica substrate was corrected.
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Figure VIIL. 4-probe measurement of the conductance
of a PMMA layer. No response to UV light was
observed.
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4.2.2 Summary of Results

Unit 2.a Understanding photodetectors based on nanowires

. The factors that determine the response of photoconductor devices based on
individual nanowires were identified using the general principles that rule the
electron—hole generation and transport in semiconductors (Paper 9). The here—

proposed strategies were validated with customized devices.

J Firstly, the layout of the devices was shown to be important: the optimum
layout corresponds to thick nanowires with extremely short
interelectrode distances. This is a consequence of the fact that the

optimum photon—-MOX interaction essentially is a bulk process.

. Second, we demonstrated that the performance of these devices strongly
depends on the working conditions (essentially, the bias voltage and
the density of photons). A rigorous methodology to compare
different devices was presented, overcoming the present lack of

systematic in the studies of this field.

. Third, the semiconductor properties intrinsic of the nanowires are
different to those of the bulk material. Specifically, the mobility is
lower and the carrier lifetime is larger. The former worsens the
electron transport properties in nanowires while the latter boosts
the photoresponse (up to 3 orders of magnitude with respect to
alternative technologies). However, this improvement in the
magnitude of the response spoils its dynamics. Both effects are
related to surface phenomena: mobility is reduced by electron
scattering with the nanowire’s surface states (which are more
accessible due to the large surface-to-volume ratio) and carrier
lifetime, dominated by band-to-band recombinations, is enlarged by
the built in potential near the nanowire’s surface that separates

electrons and holes and hampers their recombination.
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Unit 2.b. Understanding the long-term photoconductive states

. The effects of the enlarged carrier lifetime in MOX nanowires give rise to persistent
photoconductivity (PPC) states after switching off the illumination. Under
certain experimental conditions, these effects are especially dramatic —may
even last for hours— and ruin the utility of these materials as photodetectors.
However, this situation is extremely useful to gain deeper insight into the role

played by the surface in the transport properties of the nanowires (Paper 10).

. The dependence of the PPC on the temperature and the atmosphere around the
nanowire was fully explained by the following model (Paper 10). Under UV
illumination, the built-in potential near the surface of the MOX nanowires
induces electron—hole separation and hole accumulation at the surface. Once
the light is switched off, the accumulated charges need recombination paths to
be drained, and PPC appears if these paths are not available. It was
experimentally observed that PPC recovery times are linked with the
availability of recombination paths. We also observed that PPC was quickly
reverted after increasing either the probing current (self-heating by Joule
dissipation) or the oxygen content in air (which favors the surface

recombination mechanisms).

. Therefore, PPC can be completely blocked by heating the final devices or passivating
their surface states (Paper 10). It is noteworthy that PMMA coatings totally
blocked the PPC and improved the carrier mobility, overcoming one of the main
limitations to integrate ZnO, and other metal oxides, in a new generation of

optoelectronic detectors.

. The result obtained so far (Unit 1 and Unit 2) revealed a close connection between
gas and light interaction in nanowires due to the dominant role played by the
surface. This fact stimulated the author to model their combined interaction.

These results are presented in the next unit.

m J. D. Prades _



_ Results and Discussion

4.3 Unit 3: Simultaneous Gas - Light — MOX interaction

Unit 3 is dedicated to the study of the combined molecule — photon — metal oxide
(MOX) interactions on the basis of the concepts developed in the two previous units. The
unit is separated in two sections. The first concerns the attractive gas sensing capabilities
of MOXs enabled by the irradiation with UV photons. The second is devoted to the analysis
of the luminescence produced in MOX, which is closely related to the gas active sites at the

MOXs’ surface.

. Unit 3.a Photoactivated detection of oxidizing molecules. Illumination makes
possible detecting oxidizing gaseous molecules with conductometric MOX gas
sensors at room temperatures. Besides the number of potential applications of
this sensing approach, there is a little known about the precise gas sensing
mechanisms activated by the presence of photons. In this section, the effects of
the illumination conditions (i.e.: photon flux and energy) on the response
towards gases of individual SnO2 nanowires are studied in detail (Paper 11).
Combining these experimental results with the previous theoretical findings
about the interaction of NOz with SnO:z (Unit 1), a model that quantitatively

explains these phenomena is postulated (Paper 12).

. Unit 3.b Detection of surface oxygen vacancies with luminescence analysis.
After confirming the key role of surface oxygen vacancies in the gas sensing
activity of MOXs (Unit 1 and Unit 3.a), we pursued to identify an experimental
procedure to determine their presence. In this section the additional energy
states introduced in the band gap of SnO2 and ZnO by the presence of surface
oxygen vacancies are correlated with their visible luminescence signal (Paper
13 and Paper 14). This experimental method to probe the surface atomic
arrangement is successfully applied to a variety of MOX samples (Paper 13 and

Paper 14) and used to predict their sensing performances (Paper 15).
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Abstract: We demonstrate that illuminating metal oxide gas sensors with ultra-violet light is a viable alternative to activate chemical reactions at their
surface without the necessity of heating them. Here, the performance of individual monocrystalline SnO, nanowires to NO, at room temperature as function
of the flux and the energy of photons is studied. The results reveal that nearly identical responses, similar to thermally activated sensor surfaces, can be

achieved by choosing the optimal illumination conditions. This finding paves the way to the development of conductometric gas sensors operating at room

temperature.

Metal oxide (MOX) gas sensors have found extensive
applications in process control industries and environmental
monitoring [1]. The major technical limitation in their usage is the
high operating temperatures essential for gas detection and
sensing [2]. [lluminating these sensors with ultra-violet (UV) light
is a viable alternative to activate chemical reactions at their
surface without the necessity of heating them [3], which would
significantly reduce explosion hazards and improve device life-
time. The preliminary studies on the role of impinging photons on
the final performance of these devices indicate their application
potential [4]. In this letter, we report the response of
monocrystalline SnO, nanowires to NO, at room temperature as
function of the flux and the energy of photons. The results
demonstrate that nearly identical responses, similar to thermally
activated sensor surfaces, can be achieved by choosing the
optimal experimental conditions.

NO, gas, generated in combustion processes is hazardous to
human health [5], and can be detected by using resistive-type
sensors in which the modulation of the electrical conductance of
the sensing material relates to the amount of adsorbed NO,
molecules [6]. According to first-principles calculations [7] and
Temperature Programmed Desorption experiments [8], NO,
molecules adsorb onto SnO, surface oxygen vacancies (OV) with
typical desorption energies above Eg = 0.52 eV, which
corresponds to a thermal desorption process only active above T =
80°C [9]. Thus, at room temperature (T = 25 °C) NO, desorption
barely takes place and no recovery of the device baseline is
observed. For this reason, SnO, sensors are typically operated at
temperatures above 150 °C in order to guarantee a fast molecular
desorption and full recovery of the sensor surface [6].

Monocrystalline SnO, nanowires synthesized by catalyst
supported chemical vapor deposition of a molecular precursor
[Sn(O'Bu)y] [10] were transferred onto suspended  silicon

* Current affiliation: Department of Chemistry,
University College Cork, Cork, Ireland

membranes equipped with an integrated SnO,:Sb microheater and
Pt interdigitated electrodes [11]. Nanowires were electrically
contacted following FIB-assisted nanolithography procedure [12]
(Figure 1.2). A set of monochromatic LEDs with different photon
energies (Ey, =4.00 £0.05 eV to E; = 0.75 £ 0.01 eV) were used
to illuminate the devices, and light power impinging on the
nanowires was estimated through a photodiode placed adjacent to
the samples. Four-probe DC measurements were performed inside
a customized chamber with gas flow maintained at 200 ml-min™.

An accurate gaseous environment (mixtures of synthetic air
(SA) and NO,) in the sample chamber was ensured using mass-
flow controllers. Ten devices were fabricated using SnO,
nanowires with lengths (Lyw) between 5 and 15 microns, and
radii (ryw) between 35 and 45 nm. Stable and reproducible
responses were observed even after 4 weeks of continuous
measurements illustrating the reversibility of photo-activated
process and its application to a new device concept.
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Figure 1. (Color Online) (a) Schematic representation of the here-
proposed device. The sensor is contained in @ a gas tight measurement
chamber with ® embedded light sources. Photons are used to photoexcite
the © nanowire contacted onto @ a microchip. (b) Response S of a SnO2
nanowire, operated in dark and UV illuminated (Ey, = 3.67 £ 0.05 eV, @y,
= 30:10 ph m™® s ), to NO, pulses of different concentration. Both
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measurements were obtained without external heating sources at room
temperature (T = 25°C).

Under dark (non-illuminated) conditions, nanowires exhibited
extremely low responses S [13] to NO, at T = 25 °C without any
noticeable recovery of the resistance baseline as evident in Figure
1.b. On the contrary, the same devices displayed significant and
reversible responses to NO, pulses (concentrations from 100 ppb
to 10 ppm) with characteristic response and recovery time
constants of only a few minutes under constant UV illumination
(Figure 1.b). It is noteworthy that sensor response to NO, scaled
up with the energy of the impinging photons (Figure 2.a and 2.b).
The dependence of the response S of these devices on Epy is
directly related to the capacity of photons to transfer energy to
adsorbed NO, molecules, which facilitate their desorption from
the SnO, surface. If Eyy > Egqp the sensor recovery time T is
minimized and the gas response S maximized, suggesting that
band-to-band photoexcited pairs contribute to a fast desorption of
NO, adsorbates after their separation by the surface built-in
potential [14] (Figure 2.a and 2.b).

On the other hand, it was experimentally found that a
modulation of the response S is a function of both the photon flux
®,;, and the gas concentration [NO,]. To explain this connection,
the influence of oxygen in air was taken into account. In
principle, oxygen molecules tend to adsorb at OV even at room
temperature [15], capturing less electrical charge than the NO,
counterparts [7]. Thus, it can be asserted that NO, and O,
molecules compete for the same adsorption sites (OV) during the
gas sensing experiments. Under ambient conditions, the surface of
SnO, is initially covered with oxygen ions in equilibrium with
molecules in air, remaining only a small fraction of OV sites
available for NO,. This situation explains the weak and non-
reversible response S which is experimentally found after the
exposure of nanowires to this gas. Under illumination, photons
partially desorb oxygen species from the surface, leaving more
OV sites available for NO, molecules. The new steady state based
on the dynamic balance between adsorption and desorption of
oxygen and NO, molecules explains the higher response S of the
devices. The fact that S displays a maximum at different flux of
photons @, as function of the gas concentration [NO,] supports
the here-proposed mechanism (Figure 2.c). However, a detailed
theoretical analysis of the balance rate equations of the NO, and
oxygen populations at the nanowire surface will be published
elsewhere. In a first approximation, the optimum response of
these sensors for a given @y, and [NO,] corresponds to a state in
which the amount of NO, molecules at the nanowire surface is
maximized since the flux is high enough to desorb oxygen
creating new OV, but still low enough to prevent a massive
desorption of NO, by impinging photons. This is corroborated by
the fact that the maximum S displaces to higher ®, with
increasing [NO,]. Thermal heating effects [16] due to illumination
were not observed according to previous calibrations in similar
devices [17].

The performance of these prototypes was also compared to
those operated with an external heater (Figure 2.d). Their

curves revealed n

[NO,] with a strong dependence on @, Low @ values
worsened their sensitivity [18] compared to their heated
counterparts, especially at high [NO,;] due to the low
concentration of available OV sites for molecule adsorption. On
the contrary, high @, exhibited extremely poor responses for low
[NO,] (Figure 2.d). Nevertheless, it was possible to obtain both
linear behavior in a broad range of gas concentration (nearly two
orders of magnitude) and responses fully equivalent to the heated

inear responses to di

responses air

ones by adjusting @ for each [NO,] range (Figure 2.d). This
result agrees with our theoretical discussion.
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Figure 2. (Color Online) (a) Sensor response S and (b) recovery time T to
0.5 ppm of NO, pulse in SA under illumination with different photon
energies at constant photon flux (®p = 30-10% ph m™ s™). (¢) Sensor
response S to 3 concentrations of NO, versus the flux of photons (Ep, =
3.67 £ 0.05 ¢V). The maximum response clearly depends on both the gas
concentration and the flux of photons. (d) Comparison of the sensor
response when operated with conventional heating and UV illumination.
The selection of the appropriate photon flux leads to sensors’
performances comparable to those of conventional heated sensors.

In summary, we have shown that UV illumination of tin oxide
nanowires can be used to enhance their response towards
oxidizing gaseous species, like NO,, at room temperature. The
final performance of these devices is strongly influenced by the
flux and energy of impinging photons, but under the appropriate
illumination conditions responses comparable with those obtained
with resistively heated sensors are monitored, enabling their use
in manifold early-warning applications [5]. This result paves the
way to the development of conductometric gas sensors operating
at room temperature.
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Abstract: The authors present a quantitative model to elucidate the role of impinging photons on the
final performance light-activated gas sensor devices. The model is based on the competition between
oxygen molecules in air and oxidizing target gases (like NO,) for the same adsorption sites: the surface
oxygen vacancies (VO). The model fairly reproduced the experimental measurements of both the steady
and the dynamic response of the nanowires. The quantitative results indicate (1) that, at room
temperature, NO, adsorbs onto OV sites in SnO, more avidly than oxygen, (2) the flux of photons and
the NO, concentration determine the partition of the two gas populations at the surface, and (3) the
band-to-band generation of electron-hole pairs seems to play a significant role on the photodesorption
process. The model provides deep insight about how to control the gas response which paves the way to

the development of low consumption conductometric gas sensors operated at room temperature.
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_ Results and Discussion

Introduction

Gas detection, either for health or environmental purposes, is a major area of application for metal
oxide nanowires. Their high surface-to-volume ratio makes their electrical properties extremely
sensitive to surface-adsorbed molecules [1]. From the technical point of view, chemical nanosensors are
interesting because of their potential to detect extremely low concentrations of chemicals [2] on low
power platforms [3] small enough to be used on a microchip [4]. From the scientific point of view, the
study of individual nanowires provides deeper insight into the gas—surface interactions due to their high
surface-to-volume ratio and excellent crystalline and surface properties [5,6].

Nevertheless they have to be maintained at high operating temperatures to perform the task of gas
sensing [7]. The illumination of these sensors with ultra-violet (UV) light is considered an alternative
way to activate chemical reactions at their surface without heating them [8], enabling a significant
reduction of explosion hazard [9]. We recently demonstrated that the response of light-excited devices is
nearly identical to those obtained heating if the optimal experimental conditions are used [10]. However,
there are only descriptive and qualitative studies of the role of impinging photons on the final
performance of these devices [9]. Here, we present a quantitative model based on the competition
between oxygen molecules in air and oxidizing target gases (like NO,) for the same adsorption sites. We
demonstrate that it is possible to adjust the steady balance of this competition by tuning the photons’
flux and energy and thus, controlling the gas response. This explains the role of photons in this type of
sensors and paves the way to the development of low consumption conductometric gas sensors operated

at room temperature.

Experimental methods

Individual single-crystal SnO, nanowires, synthesized by catalyst supported chemical vapor deposition
of a molecular precursor [Sn(O'Bu)s] [6], were transferred onto suspended silicon micromembranes
equipped with an integrated SnO,:Sb microheater and platinum interdigitated microelectrodes.

Nanowires were electrically contacted by a lithography process using a FEI Dual-Beam Strata 235 FIB

3

I - © oissertofion



instrument [11] combined with a trimethyl-methylcyclopentadienylplatinum [(CHs);CH3CsH4Pt]
injector to deposit platinum. A set of monochromatic LED sources (photon energies from Ep, = 4.00 +
0.05 eV to 0.75 £ 0.01 eV) were used to illuminate the devices. The light power impinging on the
nanowire (A = 340 + 10 nm) was estimated with a photodiode located beside it. Four-probe DC
measurements were performed to avoid parasitic contacts effects [12] using an electronic circuit
designed to guarantee and control low current levels 7, (0.1 n4) and to prevent undesired fluctuation [4]
and self-heating effects [3]. All the experiments were performed in a customized chamber, in which the
gas flow was maintained at 200 ml min”’. Accurate gaseous environments were provided by massflow
controllers mixing synthetic air (SA) and NO, (/0 ppm #£1% in SA). Lab-class gases contained less than
Sppm/V of C,H,, and H,O. Ten devices were fabricated using SnO, nanowires with lengths (Lyw)
between 5 and /5 pm, and radii (ryp) between 35 and 45 nm, which show produ rical
responses in experiments repeated along 4 weeks. Herein, we use the following definition of the

conductometric response (S) to NO:

Ryo. —R
S(%)=100x N0z 54 (1)

SA
where Ryp; is the steady value of the resistance of the nanowire exposed to NO; and Ry is the reference

resistance value in synthetic air (SA).

Results and discussion
1. Summary of experimental results
In the following lines, we summarize the key experimental results that motivated the here-proposed
model. A detail description of this experimental work can be found elsewhere [10].
(a) Under dark conditions, nanowires exhibited extremely low responses S to NO, at T =25 °C
without any noticeable recovery of the resistance baseline. On the contrary, the same devices

displayed significant and reversible responses to NO, pulses (concentrations from 100 ppb to
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_ Results and Discussion

10 ppm) with characteristic response and recovery time constants of only a few minutes under
constant UV illumination.

(b) The sensor response to NO; scaled up with the energy of the impinging photons Epy: if Eyp >
Egap, the sensor recovery time 1 is minimized and the gas response S maximized (Figure 1.a).

(¢) The maximum S depends not only on the flux of the photons impinging on the nanowire @y,
but also on the concentration of analyte [NO,]. Specifically, S displaces to higher @, with
increasing [NO;] (Figure 1.b).

(d) Their calibration curves revealed non-linear responses to different [NO,] with a strong
dependence on @y, (Figure 1.c). Low @, values worsened their sensitivity [13] compared to
their heated counterparts, especially at high [NO,]. On the contrary, high ®, exhibited

extremelv
extremel

noor resnonses for low INQ
Y poor responses for low [NU

behavior in a broad range of gas concentration (nearly two orders of magnitude).

The fact that light induce a recovery of the base line after exposure to gases (a) suggest that photons

play an important role on the desorption of NO, molecules form the surface of SnO, probably via band-

be taken into account such as the competition with other reactive gaseous molecules present during the
measurements. In the following sections, we demonstrate this assumption explains the rest of the

experimental evidences ((c¢) and (d)).
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Figure 1. (a) Dependence on the sensors performance (response S and recovery time T) on the energy of

impinging photons. (b) Sensor response S versus the flux of impinging UV photons (E,, = 3.67 £ 0.05

eV) for three different concentrations of NO,. (¢) Sensor response S versus the concentration of NO, for

three fluxes of UV photons (Ey, =3.67 £ 0.05 eV): @yp100 = 3107 ph m? s, Dyjy mia = 30-10% ph m?s

! and Dyjy hign = 3001 0”2 ph m™ s ). In (b) and (c), lines represent the values predicted by the here-

proposed model.
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_ Results and Discussion

2. Theoretical model

2.1 NO, and oxygen adsorption sites onto SnO, surface

NO; is a gas hazardous to health [14] which is generated in combustion processes. It can be detected
measuring the modulation of the electrical conductance of MOXs, such as SnO,, when NO, molecules
are trapped at their surface [15]. According to first-principles calculations [16] and Temperature
Programmed Desorption experiments [17], NO, molecules adsorb onto SnO, surface oxygen vacancies
(OV) with typical desorption energies above Eg4.s = 0.52 eV, which corresponds to a thermal desorption
process only active above T > 80°C [18]. Thus, at room temperature (T =25 °C) NO, desorption barely
takes place and no recovery of the device baseline is observed. For this reason, SnO, sensors are
typically operated at temperatures above T = 150 °C in order to guarantee a fast molecular desorption
and fully regeneration of the sensor surface [7].

According to experimental [15] and theoretical works [19], oxygen molecules tend to adsorb at OV

even at room temperature [15], capturing less electrical charge than the NO, counterparts [16].

2.2 Adsorption-desorption rate equation and steady conditions

Based on the previous data it can be asserted that NO, and O, molecules compete for the same
adsorption sites (OV) during the gas sensing experiments. According to this picture, under ambient
conditions, the surface of SnO; is initially covered with oxygen species in equilibrium with molecules in
air, remaining only a small fraction of OV sites available for NO,. This situation explains qualitatively
the weak and non-reversible response S which is experimentally found after the exposure of nanowires
to this gas. Under illumination, photons partially desorb oxygen species from the surface, leaving more
OV sites available for NO, molecules. The new steady state based on the dynamic balance between
adsorption and desorption of oxygen and NO, molecules explains the higher response S of the devices.

In order to demonstrate the validity of this assumption we analyzed in detail the balance rate equations
of the NO, and oxygen populations at the nanowire surface to check the validity of this assumption. We

made the following general assumptions:

I - © oissertofion



D Surface consists on a set of adsorption sites in a regular arrangement. Specifically, these sites
are the surface oxygen vacancies (OV) with a maximum concentration of A = 5-10"® sites/m’
[20]. Changes in the operating conditions (i.e. temperature, oxygen partial pressure) are small
enough to do not modify this maximum values.

()  There are always gas molecules available in the environment at their corresponding
concentration /NO,J and [O].

(IT)  The adsorption of oxygen (i.e. the recombination of an OV site with an environmental
oxygen O) leads to a situation equivalent to a non-reduced site.

(IV)  Oxygen and NO, compete for these adsorption sites and only 1 single molecule can be
absorbed at each site at a time. The surface density of adsorbed oxygens and NO, are np and
nno2, respectively. If the concentration of free adsorption sites (the ones available for further
adsorptions) is nyo the following identity applies at any time:

where A is the maximum density of adsorption sites (OV).

VA VAN A naciimne thnat thana 10 1w adAdits nimnl Alhatmaian]l wanatinme afian Alhaaicasmadiaan AL NN 108 A
\ YV © ddDULLIT Uldl UICICT 1S 11V udiuiolial 1ICIIII Al 1CACLIULILS dllwlch 11C1 llbUlPLlU 1 U1 INU»2 111 1
OV site.

Under illumination and heating, the surface density of both species will obey the following rate

equations

aﬂN02

g oNop (T)-ngy -[NO,1- (eN02 (T)+ ONO, P ) nyo,
. 3

dn
Tf =¢o(T) ngy [0,1-leo (T)+ S0Py Jno

Explicitly, for each specie (X = O ; NO,), the adsorption rate is proportional cy(7) to the density of

produced by two different excitation sources. The thermally activated desorption that is proportional

{ex(T)} to the already adsorbed molecules nx. The photoactivated desorption is proportional { oy} to the
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_ Results and Discussion

flux of incident photons @, and to the adsorbed molecules ny. Notice that all adsorption and desorption
constants (cy(7) and ex(T)) depend on the temperature 7.

Combining (2) and (3), the concentration of adsorbed molecules can be determined as a function of
time. The steady state solution, which corresponds to the steady response of the sensors, can be solved

just considering

dn
No, _dno _ (4)
dt dt

2.3 Electrical response of an individual nanowire
The resistance of an ohmic nanowire (of length /,, and radius r,,,) along its axis can be expressed as
[21]

lLow
. nw (5)

Ran =p
2

n(rnw - }\‘X )

where Ay is the thickness of the depleted layer at the outer part of the nanowire that depends on the

adsorbed molecules at the surface. Here, we assume that there is no influence of the gas on neither the

mobility or the free carrier concentration of the material. It is widely accepted [22] that Ay depends on

the charges fixed at the surface Agy by adsorbates chemisorbed in density ny as follows

Ax <Aqx ‘nx =a./Aqx nx (6)
where « is the proportionality constant. In particular, the previous expression takes the following form
for SA and NO, diluted in SA atmospheres

- NAg~ -
Asa =0 (sa)[Ado Do sa)

(N

kNOZ/'SA =0(N0, /SA) X/AQO “No,NO,/sA) T+ AdNo, “N'No,
Notice that the prefactor o and the concentration of adsorbed oxygen np may depend on the presence
of NO, in air. For this reason we have distinguished between the pure SA case and the NO,/SA mixed

case. In order to maintain the simplicity of the following analytical equations,
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(VD)  we assume that nor o nor nO change dramatically by the presence of NO2 in SA. In this

circumstances, equation (6) results in

;\'SA =(X4\quO 'HO

Advo, ‘Mno, (¥

ANO,/SA =OLJAC10 ‘g +Adno, " NNo, =0€«/ACI0 ‘N \/1 + e

Based on the previous derivations, the response of the nanowire to varying concentrations of NO, in

SAis
2
SNO n = RnWNOZ/SA _RnWSA _ (rnw —XSA)Z 1= (rnw —me) -1
2 Rowsa (rnw - 7\’NOZ/SA )2 Adno, Do ’
Tw — 0 JAQg "N \ 1+ TZﬁZ
do Do
)

2.4 Steady response under UV illumination at room temperature

First, based on ab initio calculations [16,23] and spectroscopy measurements [24], we previously
concluded that npy can be modified annealing the samples at well defined temperature and oxygen
partial pressures. Thus, near room lemperature, the density of surface oxygen vacancies will be strongly
influenced by the previous history of the sample. Instead, under illumination, UV photons would be able
to desorb oxygen from the surface and leading to illumination-dependant 7oy, even at room temperature.
For this reason,

(VII) we assume that under UV illumination, oxygen desorption is essentiaily activated by light.

Second, according specific to DFT calculations [16], NO, adsorption may occur spontaneously at
room temperature but NO, desorption is an exothermic process with typical desorption temperatures
above 75°C. Consequently,

(VIIi) we aiso assume that, under UV iilumination, the desorption of NO, near room temperature is

only a light activated process.

10
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_ Results and Discussion

These two additional approximations are equivalent to

CNO2 (~ 300K) << GNOZ q)ph

10
eo(~300K) << oD (10)

Combining equations (2), (3), (4), (9) and (10) we can find the long-term steady response of the

nanowire to NO, in SA as a function of the illumination and the concentration of gas.

2
r —a /Aq _ A0 No, [Oz]SA Co
S([NO 1o ) ™ v © GO[NOZ]CNOZ +GN02([02]SACO+CDph 00)
2LP 0 1= i
\L 255 ph ) 2
t _o A Ao, [02]s4 co /1+AqN02 Cno, Oo [NO, ]
™ \f © So [NOZ]CN()2 +GNO2([OZ]SACO +O 00)\/ Ado Ono, Co [Oz]SA
(11)
The corresponding expressions for nyg; and ng are,
N B So [NOZ]CN02 A
NO, =
2 00 [NO, Jeno, + oo, (0,54 o +O, o) 12)
ONo, 102 )54 ©0
Yo}

= A
66 [NO, Jeno, +0no, (0,)4 o + D o)

2.4.a Discussion
Let us now compare the response predicted by the model with the response observed experimentally

(see Figures 1.b and 1.¢). Concerning the dependence of the response on the gas concentration, we first

notice that the term

f] . Adno, N0, 0 [NO, |

/ (13)
v Ado Ono, o [02 )5y

corresponds to the additional widening of the depleted shell of the nanowire due to its exposition to
NO,. As anticipated experimentally, the higher the gas concentration [NO>] the higher the term (13) and
also the higher the photoresponse S. On the contrary, the S becomes zero in absence of NO,, as

expected.

11
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The high concentration regime is particularly interesting since we observed a saturation of the
photoresponse (d). Experimentally, this corresponds to high [NO,] compared to the flux @, for

example, S5ppm at low flux conditions (Figure 1.c). Remarkably our model also predicts this feature:

. ds
lim =0
[NOz ]+ J[NO, ]

(14)

As far as the flux of photons is concerned, experiments (c) revealed that the maximum response can
be found at different flux values ®pn max depending on [NO,]. There is one single positive and non

trivial value of @, at which S reaches its maximum value:

CNO,

C .
D o Max = [Noz]+6—0[oz]SA : (15)

NO, 0

N
o

Experimental
& 100} Linear Fit
o
x 80
RS
‘E 60
<
2 4
x
S
g 20
S !
0 1 1 1 1
0 1 2 3 4 5)
[NO,] (ppm)

Figure 2. Flux value for a maximum response @, a4y Vversus the concentration of NO,. The linear

relation predicted by the model is observed.

The position of this maximum grows linearly with the concentration of NO, and the zero offset
depends on the content of oxygen. We found a great accordance between this prediction and the
experimental results (see Figure 2). By fitting equation (15) to the experimental data, we estimated the
¢/o ratios for both gases.

c
N9 (177 £0.03)- 10 m 25 ppm !

ONo, (16)

€0 _(533+0.04)-10"7 m™?s ' ppm !
So

12
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_ Results and Discussion

We interpret this dependence as follows. The incident photons are used to activate two processes,
namely, generation of NO, adsorption sites (desorption of oxygens and creation of OV) and desorption
of NO,. The former process tends to increase the photoresponse while the latter tends to decrease it. The
optimum flux of photons @, max just balance both processes resulting in a maximum photoresponse.
Certainly, this balanced flux will increase if any adsorption or desorption rate of NO, or oxygen increase
(numerators and denominators respectively).

From this point of view, let us analyze the maximum and minimum values of nxo2, no and npy in the
whole range of @p. In dark conditions (@, — 0) the maximum surface density of adsorbates is reached
and the minimum is achieved in high-flux conditions (®;, — o). Applying these two conditions to

equations (1) and (11) we obtain the particular ranges predicted by the model:

66 [NO, Jeno,

A
66 [NO, Jeno, +0n0,[02 k4 co

(17)

ONo, [0, )4 <o
0o [NOZ]CNOZ +0Ono, [0,k co
A 2 Ngoy ((Dph) > 0

A

Combining equations (12) and (15) we evaluate the specific surface densities of adsorbates (nx) at the

optimum illumination conditions (®ph max)

1 06 [NO, Jeno

@ s 2 A

nNo, ( phMAX) 2 oo [N02]0N02 +GN()2 [02 ]SA Co

1 oNo, 1024 co

i o ) A 18

no( phMAX) 2 oo [NOZ]CN02 +0No, [Oz]sA €o (13)
1
Noy ((DphMAX) ) A

that correspond to the central values of the previous ranges. According to the model, the maximum
response corresponds to a surface where half of the available sites OV are occupied by NO, or O. The
partition of these two populations depends on their particular adsorption and desorption rates. Figure 3

shows the corresponding plots for the case of [NO,] = 0.5ppm. Surprisingly, to maximize the overall

13
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response, half of the OV sites must remain empty. This is due to the coupling between the two adsorbed

populations expressed in equations (2) and (3).

1.00
nO\,’ >
<
n, =
075Fmumn, . i
3
K 050 j
=
= [NO,] = 0.5 ppm
0.25 [©.] = 210000 ppm
cW
Sy
0.00 1 e e
1 10 100 1000

@, (ph m?s") x 10”

Figure 3. Surface density of adsorbates (nno, and np) and free adsorption sites (ny) versus the photon
flux for S5ppm of NO; in SA. Surface densities are normalized to the density of surface sites A. At the
optimum flux conditions @, yax , half of the sites are vacant and the rest are occupied by NO, and

oxygen molecules.

Finally, to be able to compare the response predicted in (11) with the experimental data of Figures 1.b
and 1.c, we still need to determine, in addition to the ¢/o ratios, the charge capture rate Aqno2/Aqo and
the prefactor . According to our DFT calculations [25], the average charge captured by an NO,
molecule adsorbed onto an oxygen vacancy site in the SnO,(110) surface is (1.6 £ 0.3) e". In these
calculations, we considered more than 40 adsorption scenarios [25]. As far as the charge captured by
oxygen is concerned, it was recently estimated to be around (0.9 + 0.3) ¢ onto oxygen vacant sites [19].
These theoretical estimations results in an average value Aqno2/Aqo = 1.8. According to equation (8), to
estimate the prefactor a we only need the previous theoretical prediction of Aqo, the mean density of
(Asa ~ 10nm) [21,26]. This results in o~ 10" m*/e-.

With all these results, we compared the plots of the predicted response with the experiment (see

Figures 1.b and 1.c). The here-proposed model fairly reproduces the experimental points. The major
14
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differences are observed at low @, and high [NO,]: these conditions maximize the neat absorption rate
of NO, limiting the validity of the approximation (V). In these circumstances, the model underestimates

the density of adsorbed oxygens np and overestimates the overall response S.

2.6 Dynamic response under UV illumination at room temperature

We also verified that the here-presented model explains the dynamic response to sudden changes of
[NO;]. To avoid any controversial interpretation of the dynamic measurements we will center our
discussion in the recovery transients [27].

Let us assume steady conditions under illumination at a given /NO,]. In this circumstances (¢t = 0s),
the NO, in air is suddenly removed (/NO,] = 0). At this point, the surface density of adsorbed NO, and
oxygen will be nnoz(0) and no(0) in accordance with equations (13). As time goes by, photons remove
the adsorbed NO; and the surface evolves towards a new steady situation (with higher density of
adsorbed oxygens) that only depends on the adosprtion/desorpion rates of oxygen under illumination.
With this initial conditions, the evolution in time of the densities of adsorbed molecules of each specie

can be obtained solving equations (2) and (3) with the approximations of equation (10). The result is

nNo, (t) = nNo, (0)'eXP(“5N02‘Dph t)

(e} nyo., (0
no(t) = 4no(0)- I CHN : 0, (?) + A -exp(—Go(Dph th (19)
D, ONo, =060  Oo
[o) n 0 (0] A
+ Co [ Z]SA NOQ( ) 'eXp(—GNoz(Dph t)+ Co [ Z]SA
Dy Ono, 00 6o Ppy

As expected, long time after removing the NO,, the model predicts a complete desorption of this gas
and a new steady value of no (higher than the initial one) which corresponds to the balance between the
adsorption (numerator) and desorption (denominator) rates of oxygen under illumination.

o, (t—ee)=0 < My, ()
co[0,]5, A (20)

[ —>oo) = ——=4— > 0
no(é ) O_chph ”0()

Combining the evolution in time of the adsorbed populations with equations (5) and (8), the evolution

in time of the resistance of the nanowire is
15
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1
Ry (t) = p — . =
Tf(rnw —OR/AQO ’no(t)"'AQNo2 ‘NiNo, (t))
1 21
—A-exp(— oDy t)+B-exp(—(5N02(Dph t)+J

. T~ 1 A
LO lUZ JSA VAN
A O

\ Go Py

Reordering terms we define the square of the thickness of the depleted shell A” as follows

2
Ojfea A
20 = |t [ 20| < agp 2 S0 2k

Tnw | A = - A(l2 : exp(— GO(I)ph t)+ BO(2 . exp(— GNqu)ph
L | T Rpwil) | So “m
(22)
where the first term is the steady value of A°(#) long time after removing NO,
co 1O A
A (t—e0) = Aqg 02 O[& (23)
Oo q)ph
and, therefore,
A2 (t) =22 () = — Ac® - expl— 60D t)+ B2 ‘exp(— SN0, Poh t). (24)

where have made explicit the negative sign of the oxygen’s contribution to the transient. This expression

4.a). Thanks to the different sign of the two contributions, each time constants can be unambiguously
attributed to each adsorbate. Specifically, the recovery constant of each population is inversely
proportional to the flux of photons (from equation (19)):

1
1

™No, = =
o0, Pon (25)
o
© Go q’ph

In Figure 4.b we show the recovery time constants as function of //@,,. This plot reveals great
accordance with the model (equation (25)) and allows us to estimate the cross sections oo, and 0p:

Ono, = (40%10)pm? 26)
Go = (30+10)pm?

16
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The resulting values are comparable within the experimental accuracy. Therefore, we conclude that
the difference of 5 orders of magnitude in the cy/oy rates observed previously (equation (16)) is
essentially due to the difference in the adsorption rate constants of both gases. In other words, at room

temperature, NO, adsorbs onto OV sites in SnO, more avidly than oxygen.

TOTAL FIT (a)
—~ 6F i experimental data
[ —— exponential fits |,

E —_
= £
— 4L - o
\Z\_‘/ 1 , =
o~ 1 & —
Tl . % eXp(-c, 0, P 1) o
= ! K {01 Z
< 1
< 1

oy 1 i

s . . 0
75 15.0 225 300 375 450
time (minutes)

__100
)]
e LI .
E o | I
3
k= o .
& NO2 <
£ 10} .
s ﬁ .
) o .
I :
= AG
1k e
5 b
> I )
8 .21
o i (b)
0.1 .

1 1.0 160 1000
1/@,, (ph' m’s’) x 10

Figure 4. (a) Recovery transient after applying a NO; pulse of 0.5 ppm under illumination (E,;, = 3.67 +
0.05 eV, @, =301 0 ph m? s7'). We represented the evolution in time of the widh of the depleted
layer based on the calculation proposed in equation (22). In this case, the radius of the nanowire was 7,,,
= 45 nm, the distance between electrodes /,, = 2 gm and the resistivity p = 0.0216 2 m [12.a]. The

experimental data point where fitted with a tow exponential law (solid line). As predicted by the model,
while the contribution from NO; decays (dashed line), the contribution form oxygen increase (dash-dot
line). (b) Recovery time constants of the two exponential contributions versus the inverse of the photon

flux for pulses of 0.5ppm of NO,.
17
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2.7 Effects of the photon energy

So far, we only considered monochromatic light with photon’s energy above the band gap of the
semiconductor (Egqp sno2 = 3.57¢V). We observed that the energy of this UV light is enough to produce
desorption of NO; and oxygen but the ultimate cause of these desorptions has not yet been elucidated.

To clarify this point we studied the effect of the photon’s energy on the response to NO, under
illumination. Figure 1.a shows the response S to [NO,] = 0.5ppm as function of the photon energy hv.
All measurements were performed under the same flux of photons (@, = 30-10* ph m? s). The
response to NO, clearly increases with the energy of the photons. This is in accordance with the fact that
the response in dark conditions is almost insignificant. It is noteworthy that the trend varies abruptly for
energies above the band gap of SnO,. This is suggesting that the band-to-band generation of electron-
hole pairs plays a significant role on the photodesorption process.

Figure 1.a shows the recovery times T after the exposure of the nanowire to [NO;] = 0.5ppm as
function of the photon energy Eyn. The general trend is that the energy of the photons accelerates the
recovery of the baseline but three different regimes can be distinguished. First, the recovery time decays
abruptly for photons above 1.25eV and again for photons above 3.5eV. The first energy is comparable to
the energy needed to thermally desorb an NO; molecule from an Op,pjane site, the second one is similar to
the bandgap of SnO,. The first decay indicates that photodesorption of NO, is similar to the thermal

desorption: the higher the photon/thermal energy, the lower the mean residence time of the molecules

suggest again that the band-to-band generation of electron-hole pairs plays a significant role on the
photodesorption process. The coexistence in the nanowire of photogenerated pairs and a built-in
potential near the surface typical of metal oxides leads to a free carrier separation process and holes

nmnlnfi n at th nr-l-‘nn fthe nanngvire. T]« a nw.nl 1. d T
oxidizing molecules (NO; and oxygens) by recombining with the electrons trapped at these adsorbates.

It goes without saying that these results indicate the cross sections Onoz and G are implicit functions

of the photon’s wavelength.
18
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Conclusions

We presented a quantitative model to elucidate the role of impinging photons on the final performance
light-activated gas sensor devices. The model is based on the competition between oxygen molecules in
air and oxidizing target gases (like NO;) for the same adsorption sites: the surface oxygen vacancies
(VO). This assumption was expressed in terms of the balance rate equations of the NO, and oxygen
populations at the nanowire surface. The model fairly reproduced the experimental measurements of
both the steady and the dynamic response of the nanowires. First, the quantitative results indicate that, at
room temperature, NO, adsorbs onto OV sites in SnO, more avidly than oxygen. Second, the flux of
photons and the NO, concentration determine the partition of the two gas populations at the surface.
Third, the band-to-band generation of electron-hole pairs seems to play a significant role on the
photodesorption process. The model also show how to adjust the steady balance of this competition by
tuning the photons’ flux and energy and thus, controlling the gas response which paves the way to the

development of low consumption conductometric gas sensors operated at room temperature.
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Abstract

Defects in SnO, nanowires have been studied by cathodoluminescence, and the obtained spectra have been compared with those measured
on SnO, nanocrystals of different sizes in order to reveal information about point defects not determined by other characterization techniques.
Dependence of the luminescence bands on the thermal treatment temperatures and pre-treatment conditions have been determined pointing out
their possible relation, due to the used treatment conditions, with the oxygen vacancy concentration. To explain these cathodoluminescence spectra
and their behavior, a model based on first-principles calculations of the surface oxygen vacancies in the different crystallographic directions is
proposed for corroborating the existence of surface state bands localized at energy values compatible with the found cathodoluminescence bands
and with the gas sensing mechanisms. CL bands centered at 1.90 and 2.20 eV are attributed to the surface oxygen vacancies 100° coordinated with
tin atoms, whereas CL bands centered at 2.37 and 2.75¢eV are related to the surface oxygen vacancies 130° coordinated. This combined process
of cathodoluminescence and ab initio calculations is shown to be a powerful tool for nanowire defect analysis.

@ AnnE T ST U AT

& LUUO BUSCVICT B.V. All Tlgil‘LS reserved.

Keywords: SnO,; Cathodoluminescence; Nanostructure; Nanowire; Oxygen vacancy; Ab initio

1. Introduction

Tin dioxide (SnO,) plays a key role in solid state gas sen-
sors [1]. So a lot of experimental work has been done in order
to characterize SnO, not only from the technological point of
view as a sensor of different gases [2] but also from the materials
science standpoint [3] so as to achieve improved performances
by means of a better knowledge of the synthesized materials.
The vacancy defects investigation deserves special attention as
they have been clearly related to conductive and sensing proper-
ties of metal oxides [2]. This article will deal with the analysis
of point defects using cathodoluminescence (CL) spectra of
nanostructured SnO», as this technique reveals complementary
information about radiative transitions related to these point

* Corresponding author. Tel.: +34 93 40 39 147; fax: +34 93 40 21 148.
E-mail address: dprades@el.ub.es (J.D. Prades).

0925-4005/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2006.10.014

defects that is not determined by other characterization tech-
niques.

This experimental procedure is not new. Since the mid-1970s,
however, few works have been published presenting the CL spec-
tra of SnO, with different morphologies [4—7]. In all known
cases, several bands between 1.9 and 2.6 eV have been reported
but there still remains some uncertainty on their origin [6]. How-
ever, there are no systematic and detailed works considering
nanowires and their comparison with nanoparticles of different
sizes.

On the other hand, first-principles methodologies based on
the density functional theory (DFT) now provide precise cal-
culations of the energetic properties of bulk materials and their
surfaces in moderate computing times [8]. Consequently, it is
attractive to link theoretical findings with unclearly interpreted
experimental results in order to attain better materials knowl-
edge with a straightforward technological application, such as a
fast and low cost defect detection.
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The aim of this article is to show how CL, with its notable
spatial resolution, can be methodologically combined with the
ab initio calculation and applied to analyze the role played by
the surface oxygen vacancy defects in nanostructured SnO,.

First, data from the literature about intra-gap energy levels
and new DFT calculations are reported and discussed. Second,
CL spectra of liquid pyrolysis synthesized SnO; nanoparticles
with different grain sizes are presented and four different bands
are identified. On the basis of these experimental results, a model
is proposed. Finally, this model is applied to the surface oxy-
gen vacancy defect detection of two different samples of SnO;
nanowires.

2. Experimental details

The cathodoluminescence measurements (CL.) were carried
out in a Gatan XiCLone system attached to a JEOL JSM-820
scanning electron microscope. The collected luminescence was
analyzed by a 300-line grating monochromator and detected by a
Peltier cooled CCD, whose spectral range covers [200,1200] nm
(around [6.2,1.0]eV). The CCD records the whole spectrum at
once in the selected spectral window, thus reducing the measur-
ing times. The system is equipped with a cryostat that allows
low temperature measurements.

The measurements were carried out at liquid nitrogen tem-
perature (~80K). The excitation beam conditions for the SnO;
powders were 20kV for accelerating voltage and ~40nA for
beam current. The nanowires were measured with an acceler-
ating voltage of 10kV and a beam current of approximately
~5nA. Details on sample synthesis are given below.

The structural and morphological characterization of some
of our samples was carried out by means of transmission elec-
tron microscopy (TEM) and selected area electron diffraction
(SAED). In order to obtain the high-resolution TEM (HRTEM)
results we used a Jeol 2010F field emission gun microscope,
which works at 200kV and has a point-to-point resolution of
0.19nm. To improve the contrast and resolution of our images,
minimizing the chromatic aberration inherent in HRTEM micro-
graphs, we obtained the images by filtering the electron zero loss
peak, using a Gatan Image Filter (GIF 2000).

3. Results and discussion
3.1. Intra-gap energy levels of SnO;

For SnOy, it is established the abundance of shallow donor
levels mainly located between 0.15 and 0.30 eV below the con-
duction band minimum (CBM). Henceforth, we will refer to
these levels as bulk shallow levels. According to electro-physical
study data, ionized oxygen vacancies in tin dioxide form shal-
low donor levels with an energy of ~0.03 and ~0.15¢eV below
the bottom of the CBM [9-11]. In electron spin resonance mea-
surements, other authors have observed the existence of donor
levels from ~0.15 up to ~0.30eV underneath the CBM [12].
Note that the literature only shows how, for a given sample, one
(or several) discreet levels are placed around this 0.15eV broad
energy region but does not suggest the existence of a continu-

UBridging (100°)

Fig. 1. SnO;-cassiterite (1 1 0) surface model. Mostrelevant atoms are indicated.
Note how Opidging coordinates forming a 100° angle with six-fold coordinated
tin atoms (Snee) while Opyplage forms a different angle of 130° with Sns. and
Snee.

ous band 0.15eV wide. In what follows, the level at ~0.03eV
will not be considered as long as it is indistinguishable from the
CBM with the computational techniques and the experimental
results shown below. In terms of luminescence, the existence
of these bulk shallow levels means that when a SnO, sample
is excited not only the very bottom states of the CBM but also
the bulk shallow levels are populated, all those levels being the
initial possible state of an eventual radiative recombination.

As far as the surface is concerned, there is much less previous
data in the literature. However, these surface defects are relevant
in determining the gas sensing mechanisms, especially in tiny
nanostructured materials where the surface characteristics stand
out clearly. Initially, we will center the discussion on the (1 10)
surface that is considered the most common faceting orienta-
tion [13]. Fig. 1 shows the atomic arrangement on the SnO;-
cassiterite (1 10). A striking feature of this surface is the pres-
ence of so-called ‘bridging” oxygen atoms (Ogigg). These coor-
dinate with their first neighboring tin atoms, forming an angle of
100°. It has been observed that simple heating of a stoichiomet-
ric SnO;,-cassiterite (1 1 0) surface to temperatures above 225 °C
leads to loss of Opige and the formation of oxygen bridging
vacancies (Opridgvac) [14,15]. According to the literature, if the
temperature is raised above 525 °C, in-plane oxygen vacancies
(Ormplanevac) can be formed [14]. Such a vacancy coordinates
with neighboring Sn atoms forming an angle of 130°. It is worth
noting that, as stated in ref. [14], the given vacancy generation
temperatures may be dependent on the particular samples used.

At this point, we recall that real samples are not only faceted
with (110) surfaces; therefore, a plethora of different oxygen
vacancy sites over different surface orientations arise. In fact,
deeper analysis shows that there are only two relevant surface
oxygen vacant configurations: those that coordinate forming and
angle of 100° (Opriggvac in the case of the (1 10) surface) and
those of 130° (Omplanevac). In order to investigate the band struc-
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Table 1
AD initio results of oxygen vacancy levels over the top of the valence band

Surface Sn-coordination Ovyacancy energy level over
angle (%) valence band (eV) (£0.05)
110y 100 (bridging) 138
130 (in-plane) 0.94
(100) 100 1.42
aon 130 0.86
©o1) 130 0.90

The computational accuracy was established to be better than 0.05 eV. Conse-
quently, the presented results arise with two families of solutions with average
values approximately at 1.40 and 0.90eV above the maximum of the valence
band.

ture consequences of the surface vacancies formation, ab initio
simulations of several low index surfaces of SnOj-casiterite
were performed.

The first-principles methodology used in the present calcula-
tions is based on the density functional theory [16,17] (DFT) as
implemented in the SIESTA code [18,19]. We make use of the
generalized gradient approximation (GGA) for the exchange-
correlation functional [20]. For all atomic species, double { plus
polarization orbital basis-sets were used. Total energy conver-
gence is guaranteed below 10 meV as is usual in this kind of
calculations [21]. A real space mesh cut-off of 250 Ry and a
reciprocal space grid cut-off of approximately 15 A were used.
The structural relaxations were done by means of a conjugate
gradient minimization of the energy, until the forces on all the
atoms were smaller than 0.04 eV/A (which provides relaxed total
energy values more stable than 10 meV). No constraints were
imposed on the relaxation, where the forces were calculated as
analytical derivatives of the total energy [22]. The convergence
of the present results was verified for slabs thicker that two sto-
ichiometric layers, 2 x 1 bulk unit cells wide and with 7 A of
vacuum spacing.

The initially considered low-index orientations are (110),
(100),(101)and (00 1), which are accepted as some of the most
common faceting surfaces of SnOp-cassiterite [13]. It is worth
noting that 100° coordinated oxygens are present on (1 10) and
(100) surfaces and 130° coordinated oxygens appear in surfaces
(110),(101)and (00 1).For all these cases, electron densities of
states were computed for stoichiometric and reduced surface (i.e.
without and with the oxygen vacancy). In all cases, the vacancy
formation implies the creation of allowed states near the top of
the valence band (energetic positions are given in Table 1). In
summary, it is clear that two families of levels appear: one due to
100° coordinated vacancies at approximately 1.40eV above the
valence band and a second, due to 130° coordinated, at 0.90 eV.
Finally, it is worth pointing out that this description in terms
of coordination angles seems general enough to describe the
rich surface vacancies casuistic, independently on the surface
orientation (or the particle morphology).

3.2. Nanocrystalline powder CL spectrum

Fig. 2 shows the acquired CL spectra obtained using samples
of SnO,-cassiterite nanocrystalline particles prepared by liquid

wavelength [nm]

650 600 550 500 450
1.6 . : : .
——1000°C
141 - - - 800°C A

cathodoluminescence [a.u.]

0.0 i 1
18 19 20 21 22 23 24 25 26 27 28 29 30

energy [eV]

Fig. 2. CL spectra of SnO; nanocrystalline particles thermally treated at tem-
peratures ranging from 300 to 1000 °C. All spectra were acquired under the
same experimental conditions: acceleration voltage of 20kV and beam current
of ~40nA with the sample cooled at ~80K. It is remarkable how emission
increases with the sample treatment temperature. The approximate centers of
the four fitted bands are shown; fitting details are given in Table 2.

pyrolysis. This synthesis technique involves thermal treatment
of a microdrop of tin chloride solution deposited onto a pol-
ished substrate [23]. Samples analyzed in this study were treated
for 24 min at stabilization temperatures ranging from 300 to
1000 °C. More details on this particular samples synthesis and
characterization can be found in ref, [24].

Table 2 presents the corresponding fitting data of the CL
spectra. It is a remarkable feature that the CL signal increases

Table 2
Gaussian deconvolution parameters of the spectra shown in Fig. 2
Temperature Grain size Center FWHM Height
“C) (nm) V) V) (au.)
1000 46.7 2.76 028 0.21
2.37 037 1.00
2.19 0.38 0.70
1.87 0.22 0.38
800 229 2.74 0.26 0.10
2.38 0.34 0.50
2.20 0.35 0.36
1.87 0.23 0.14
700 169 2.19 0.50 0.38
1.90 0.21 0.12
500 8.4 2.20 0.46 0.32
1.87 0.29 0.10
400 7.0 221 0.46 0.24
1.89 0.23 0.07
300 - 2.18 0.46 0.06
1.94 0.21 0.01

Notice that these results reveal the existence of four different bands at approx-
imately 1.90, 2.20, 2.37 and 2.75 eV. Also observe that the two higher energy
bands (in italics) only appear at temperatures above 700 °C. Gain sizes esti-
mated by XRD analysis and corroborated by TEM observation are given when
available.
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Fig. 3. Evolution with the sample thermal treatment temperature of the intensity
of the four peaks fitted to the spectra shown in Fig. 2 (numerical values are given
in Table 2). Remarkably, there is a general tendency that shows an increase of
all contributions with the treatment temperature. Besides, the increase is even
stronger for temperatures above 700 °C appearing two new contributions at 2.37
and 2.75eV.

with the treatment temperature. According to these results, it is
possible to identify four different contributions centered at 1.90,
2.20, 2.37 and 2.75eV. The two lower energy bands appear in
all samples whereas the two higher ones emerge at temperatures
above 700 °C (see Fig. 3).

In light of the theoretical vacancy analysis presented above
and the SnO, experimental spectra evolution, it is possible to
sketch a fairly simple model. Fig. 4 shows schematically the
energetic intra-gap positions of the bulk shallow levels and the
two kinds of surface oxygen vacancies (100° and 130° coor-
dinated). According to this, the four recombinations from con-
duction band and bulk shallow levels to the surface vacancy
levels would arise four mean energy values compatible with the

[eV] i Conduction Band

—-- Bulk shallow levels

270 540 E.f() 1190 Proposed recombinations
1.40 O surface vacancies (100°)
0.90 O surface vacancies (130°)
0.00

Valence Band

Fig. 4. Schematic representation of the intra-gap levels of SnO corresponding
to bulk shallow levels and oxygen surface vacancies. For clarity, energy zero was
set at the top of the valence band. Recombinations compatible with the acquired
CL spectra are shown. In the case of recombinations from bulk shallow levels
(which are located within a 0.15 eV wide energy region) the two extreme values
are given. From now on, we will consider the average values of the four proposed
transitions: 2.70, 2.48, 2.20 and 1.98 eV but keeping in mind the uncertainty in
the energy of shallow levels. It is also worth remembering that the computational
accuracy of the oxygen surface vacancy levels was estimated at £0.05 eV.

bands found experimentally within the computational accuracy
(£0.05eV): 1.98,2.20,2.48 and 2.70eV.

Linking these four bands with their contribution to the spectra
as a function of the sample treatment temperature, one could pro-
pose that: (1) bulk shallow levels are present at all temperatures
as long as their energy level is the origin of the recombination of
at least one band (1.90eV) in all samples; (2) at lower temper-
atures, 100° coordinated oxygen vacancies are present whereas
the apparition of 130° oxygen vacancies begins above 700 °C.

Regarding the first proposal, it is worth noting that, as dis-
cussed above, bulk shallow levels are commonly presentin SnO;
in the studied range of treatment temperatures (this is, for exam-
ple, the case of bulk oxygen vacancies).

Finally, and concerning the second proposal, it is congru-
ent with the vacancy formation evolution previously described,
where 130° coordinated vacancies are harder to generate by
heating than the 100° coordinated ones. In this sense, it should
be remarked that, based only on a particular set of sam-
ples, strongly setting a fixed threshold temperature for the
production of one kind of surface vacancy or another seems
difficult.

3.3. Nanowires CL spectrum

Unlike nanoparticles, nanowires present better defined crys-
tallographic surfaces and, depending on their geometric dimen-
sions, the role played by surface oxygen vacancies becomes
more essential for determining their electrical characteristics
as well as their gas sensing mechanisms. Therefore, for under-
standing the nanowire properties and their applications as gas
nanosensors, it is also basic to verify the role of these oxygen
surface vacancies. In this context, the previous experimental
and analytical procedure was also applied to different SnO,
nanowires with different surface oxygen vacancy configuration.

The deposition of SnO; nanowires was performed in a tubu-
lar furnace with either quartz or alumina tubes. The deposition
system was equipped with a vacuum pump in order to obtain a
pressure lower than 1 mbar, and mass flow controllers in order to
inject a controllable amount of gas carrier during the deposition.

Two different deposition procedures were pursued. In the
first one (A-type nanowires), tin monoxide was used as source
material, allowing lower working temperatures. Tin monoxide is
placed at the center of the quartz tube and the alumina substrates
are positioned in the lower temperature region; then, the system
is pumped and the temperature is raised to 300 °C in vacuum. A
subsequent temperature ramp to 900 °C is imparted, keeping a
100 sccm flux of Ar/Hp at 300 mbar in order to prevent the oxi-
dation of tin monoxide. At temperatures higher than 750 °C, the
dissociation of tin monoxide into tin and tin dioxide takes place
and leads to a complete dissociation. The carrier gas transports
tin vapors and, due to the lower temperature of the substrates,
there is a condensation in liquid droplets with dimensions rang-
ing from tens of nanometers to microns. The temperature is then
slowly decreased to 870°C and an A1/O; flux is introduced.
Oxygen reacts with tin droplets and forms SnO, nuclei, which
then develop in elongated nanocrystals. Finally, the system is
cooled to room temperature.

236

J-5. praces I




Results and Discussion

10 J.D. Prades et al. / Sensors and Actuators B 126 (2007) 6-12

(110)

(100)

(010)
(1-10)

[001] P4,/ mnm

Fig. 5. (a) General bright field TEM view of the SnO A-type nanowires. (b) SAED pattern of the area squared in (a).

For the second deposition procedure (B-type nanowires), tin
dioxide powder was used as source material: tin dioxide is place
at the center of the alumina tube at 1370 °C and a flux of 75 sccm
of Ar is used as gas carrier at a pressure of 100 mbar. Tin oxide
nanowires are collected at temperatures ranging from 430 to
470°C.

Notice that whereas A-type nanowires are finally grown and
collected at temperatures above 700 °C, B-type nanowires are
collected at temperatures around 450 °C. These final thermal
conditions determine the final surface vacancy configuration of
the wires.

The presented nanowires were observed with SEM and TEM.
A-type samples present nanostructures with widths ranging
from 20 to 200 nm, while lengths of up to 200 wm are found.
The example micrograph shown in Fig. Sa was captured by
means of bright-field TEM (BFTEM). At this point, we obtained
selected area electron diffraction (SAED) patterns from several
nanowire-like structures in order to determine their structural
composition. A SAED example is shown in Fig. 5b, corre-
sponding to the diffraction pattern obtained on the squared area
in Fig. 5a. A priori, SAED results confirmed our previous X-
ray diffraction (XRD) analysis, where a clear SnOy cassiterite
(P4,-mnm) structure seemed to be mainly present in our sam-
ples. As regards B-type sample, it presents well-formed wire
structures with widths from 50 to 1500 nm and lengths of over
100 pm. Fig. 6 shows a representative SEM view. By means of
HRTEM, we found that the SnO» cassiterite nanowires observed
in sample A mainly grow along the [10 1] direction, with lat-
eral facets defining a square prism corresponding to {010} and
{10 —1} planes. However, in the case of B samples, we found
that the SnO; cassiterite nanowires crystallize along the [010]
direction while the lateral most favorable facets, attending to
HRTEM analysis, are the {200}, {101} and {10 —1}, defin-
ing ahexagonal prism morphology. Nevertheless, both structures
differ from those Pd doped SnQ; cassiterite nanowire-like struc-
tures reported previously [25], which grew along the [001]

direction, and had a square prism morphology with {110} and
{1 —10} lateral facets.

CL spectra of both kinds of SnO nanowires are shown in
Fig. 7, while fitting values are presented in Table 3. Notably,
both CL spectra somehow present a mixture of the four previ-
ously presented CL emissive bands. Comparing both spectra,
it is remarkable that B-type sample (450 °C) clearly exhibits
CL emission with contributions of four bands, whereas A-
type sample (700 °C) only shows contributions of the higher
energy bands. According to the previously described model,
these experimental facts can be understood as follows: (1) both
samples seem to present bulk shallow levels; (2) B-type sample
may contain both kinds of surface oxygen vacancies, whereas

Fig. 6. General SEM view of the B-type sample. Inset: Detail SEM view of the
same sample.
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Fig. 7. CL spectra of SnO; nanowires synthesized with two different methods.
All spectra were acquired under the same experimental conditions: accelerating
voltage of 10kV and beam current of ~5nA with the sample cooled at ~80 K.
The approximate centers of the four fitted bands are shown; fitting details are
given in Table 3.

Table 3
Gaussian deconvolution parameters of the spectra shown in Fig. 7
Sample Center (eV) FWHM (eV) Height (a.u.)
B-type 2.72 0.31 0.35
238 0.29 0.67
2.17 0.27 1.00
1.95 0.18 0.47
A-type 2.76 0.20 1.00
242 0.46 0.54

Notice that for B-type sample it was possible to identify contributions of the
four identified bands, whereas in the A-type sample only contributions of the
two bands possibly related to 130° coordinated oxygen vacancies (in italics)
were detected.

A-type sample only shows evidence of 130° coordinated oxygen
vacancies.

Remarkably, the fact that it is mainly A-type nanowires that
present the hardest to produce kind of vacancies (130 °C coor-
dinated), whereas B-type nanowires present a dominant contri-
bution of 100° coordinated vacancies, seems compatible with
the final synthesis temperatures of both samples. As mentioned
before, a fixed, well-defined temperature threshold for the pro-
duction of one kind of vacancy or the other seems hard to
establish, since it is strongly related to the experimental syn-
thesis and thermal treatment procedures.

4. Conclusions

A model based on first-principles calculations was proposed
to explain the cathodoluminescence spectra obtained using
nanocrystalline SnO, powders treated at different temperatures
and using different nanowires. According to this, four exper-
imental bands centered at 1.90, 2.20, 2.37 and 2.75eV were

identified and related to recombinations from the conduction
band and bulk shallow levels to levels near the top of the valence
band corresponding to surface oxygen vacancies (100° and 130°
tin atoms coordinated). Significant difference in the energy for-
mation of both types of surface oxygen vacancies explains the
appearance of these bands. Whereas 100° tin coordinated oxy-
gen surface vacancy is related to 1.90 and 2.20eV bands; the
130° tin coordinated oxygen surface vacancy is related to 2.37
and 2.70 eV bands. This appears to be significant in the gas inter-
action mechanisms and, hence, in the gas sensor performances
of these nanostructured materials.
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Abstract

The luminescence spectrum of ZnO exhibits, besides a UV band-edge recombination line, a broad visible band around 2.2-2.4 ¢V whose
origin has not been satisfactorily established. Recently, analysis of the luminescence of nanostructured materials with high surface-to-volume
ratios has led some authors to suggest that the band could be related to surface states. This work presents a novel ab initio study of the most
relevant ZnO surfaces and their intrinsic point defects. It reveals the existence of intragap surface states 0.5 eV above the valence band maximum.
If additional bulk defect levels are considered, several bulk-to-surface transitions are compatible with the observed visible luminescence.

© 2007 Elsevier B.V. All rights reserved.

Keywords: ZnO; Luminescence; Surface; Oxygen vacancy; Ab initio; DFT

1. Introduction

Zn0 is a particularly attractive material for luminescent
nanoparticle applications due to its wide band gap (3.37 eV),
large exciton binding energy (60 meV), low refractive index
(1.9), resistance to high-energy irradiation, stability to intense
ultraviolet (UV) illumination, and low toxicity. Its luminescence
spectrum exhibits, besides a UV band-edge recombination line,
a broad visible band around 2.2-2.4 eV whose origin has not
been totally established [1,2]. Numerous authors have related it
to a large number of bulk defects such as oxygen vacancies [3],
antisites [4], or impurities [5]. Analyzing the luminescence in
nanostructured materials of high surface-to-volume ratio, some
other authors suggest that it could be related to surface states
[6-8].

This work presents a novel ab initio study of the most
relevant ZnO surfaces and their intrinsic defects and discusses
the plausibility of a surface origin of the luminescent band from
the point of view of first principles calculations. It shows that ab
initio modeling of materials is a powerful tool for interpreting
luminescence results.

* Corresponding author. Tel.: +34 93 40 39 147; fax: +34 93 40 21 148.
E-mail address: dprades@el.ub.es (J.D. Prades).

0040-6090/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/).ts£.2007.04.013

2. Calculation details

The first-principles methodology we used is based on density
functional theory [9,10] (DFT) as implemented in the SIESTA
code [11,12]. We used the generalized gradient approximation
(GGA) [13] and norm-conserving Troullier—Martins pseudo-
potentials [14]. For all atomic species double ¢ plus polarization
orbitals basis-sets were used. A real space mesh cut-off of
300Ry and a reciprocal space grid cut-off of approximately
15 A were used. Structural relaxation was achieved (with no
constraints imposed) by means of a conjugate gradient mini-
mization of the energy, until the forces on all the atoms were less
than 0.04 ¢V/A. This methodology was successfully applied in
previous works [15,16].

All the surface calculations were represented by periodically
repeated slabs consisting of up to 8 atomic layers and separated
by a9 A vacuum. To simulate the underlying bulk structure, the
slab lattice constant in the direction parallel to the surface was
always set equal to its theoretical equilibrium bulk value. 2 x2
supercells were used to model defective surfaces (see Fig. 1).

3. Results and discussion

The choice of surface orientation is crucial to the meaning of
ZnQ surface models. Experimental observation of faceting orien-
tations in ZnO—wurzite crystals — hexagonal phase, space group
P6amc, lattice parameters a=h=3.25 A, ¢=5.20 A and two
nonsymmetry-equivalent atoms at (1/3,2/3,0.0), and (1/3,2/
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Fig. 1. Solid rectangle marks the surface repetition unit. Dotted rectangle shows the thickness of a single surface layer: a surface unit one layer thick contains two ZnO
dimers (as in the bulk unit cell). (A) Top and side views of the relaxed surface (10—10). Notice that the two dimers are placed at different depths (“Top” and “Bot”
labels). (B) Top and side views of the relaxed surface (11-20}; in this case, both dimers are in the same plane.

3,0.3826)¢ [2] — shows that the (10-10) and (11-20) surfaces
are the most abundant (and thus the most relevant for our
analysis). Both nonpolar surfaces are obtained by cutting the
crystal perpendicular to hexagonal Zn and O layers. The (10-10)
surface geometry is sketched in Fig. 1A. Each layer of this
surface contains two dimers per repetition unit, at different
depths (labeled as “Top” and “Bot” in Fig. 1A). The (11-20)
surface layers are formed by two ZnO dimers, which form zigzag
lines along the surface (Fig. 1B). In this case, the two dimers are
equivalent and in the same plane.

Surface fiee energy values have been estimated at 0.064 ¢V/A?
for (10-10) and 0.070 eV/AZ for ( 11-20). Consequently, the
(10-10) surface orientation is slightly more stable than the
(11-20). This result is compatible with previous calculations
[17].

If the visible luminescence implies radiative recombinations
of energies lower than the band gap of ZnO, some kind of
intragap level must be involved. Initially it could be thought that
the stoichiometric surfaces present intragap levels due to the
dangling bonds generated when cleaving the surface. In order to
clarify this point, the clectron density of states (cDOS) of the
bulk and of the two surface orientations were computed (Fig. 2).
The clear conclusion is that there are no significant differences
between the bulk and the surface eDOS in the intragap region,
so that the stoichiometric ZnO surfaces are not involved in the
visible luminescence.

It is worth noting that we estimated the band gap in our
calculation as 1.36 eV (usually underestimated in DFT-GGA
calculations) placing the Fermi level 0.68 eV above the valence

band maximum (VBM). Therefore, as DFT is a ground state
theory, the only meaningful electron states are those located
below the Fermi level [18]. For that reason, we limited the
eDOS plot to the first eV above the VBM.

The variations in the visible luminescent band have been
independently observed by different authors in samples of dif-
ferent sizes and also after different surface treatments [6—8]. It is
therefore reasonable to assume the cause is intrinsic to the
surface of ZnO. We considered three different kinds of intrinsic
surface defects: oxygen vacancies (Ogyfvac), ZinC vacancies
(Zngyrtvac) and combined dimer vacancies (dimgyfvac). Again,
notice that only in the case of the (10—10) surface can a dis-
tinction be made between the outermost oxygen atoms and the
inner ones; hence the distinction between top (“Top”) and
bottom (“Bot”) for that surface.

As well as the stoichiometric surface, Fig. 2 shows the eDOS
of 25% defective surfaces. This reduction percentage is a com-
promise between convergence of the results and computing
time: lower reduction percentages (more isolated surface de-
fects) require wider surface models and this dramatically in-
creases the computing time. We verified the convergence of the
results with respect to the distribution and concentration of
surface oxygen vacancies for models larger than 2 x2 surface
units.

From Fig. 2 it is clear that only surface defects related to the
removal of the outermost oxygen atoms create acceptor levels
just above the VBM (the generation of a dimgy,svae implies the
creation of an Ogyrevac). In all cases, these acceptor levels are
located 0.5 eV above the VBM. If the Fermi level is positioned
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Fig. 2. Electron density of states of stoichiometric and defective ZnO surfaces compared with the bulk: intragap levels 0.5 eV above the VBM only appear when
outermost surface oxygen is removed. (A) (10-10) surface; Top/Bot distinction is necessary. Intragap levels only appear when Oguvactop are removed. (B) (11-20)

surface.

at 0.68 ¢V, these levels are occupied in the ground state and,
thercfore, their cnergy position is properly predicted by DET.
The apparition of acceptor levels associated with the generation
of surface oxygen vacancies has been reported for other semi-
conducting metal oxides [16].

We have shown that surface oxygen vacancies are the only
studied intrinsic surface defect that introduces intragap levels.
Therefore, we have discussed their stability under atmospheric
pressure following the methodology for the thermodynamic
interpretation of ab initio calculations on surface models de-

scribed by Reuter and Scheffler [19]. This analysis reveals that
the stoichiometric surface configuration is the most stable, as
expected. At temperatures above 560—-690 °C single Ogypvac
can be formed and the reduction rate increases with increasing
temperature, reaching total surface reduction above 1000 °C.
Thus, reduced surfaces can exist at ambient temperatures but as
metastable configurations. This predicted evolution is com-
patible with the known behavior described by W. Gopel and
coworkers, who estimated that the massive generation of sur-
face oxygen vacancies would begin above 700 °C [20]. The
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Fig. 3. Intrinsic point defect levels in ZnO from the literature. Results are taken
from DFT calculations (GGA and LDA approximations), muffin tin calculations
and experimental work. Transitions from some bulk defect levels to surface
defect levels are compatible with the visible luminescence of ZnO (black arrows).

&"’
0& /\5‘@§r o ,\}\\‘&

present result can be seen as a technological heating rule to
adjust the surface reduction of an active material.

Recombination from the conduction band minimum (CBm)
to the predicted surface state 0.5 eV above VBM involves an
energy of 2.86 eV, which is not compatible with the observed
visible luminescence. Therefore, other intrinsic bulk defects
could be the initial state for an eventual recombination (Fig. 3).
According to recent DFT calculations [21,22] and experimental
work [23], bulk oxygen vacancies (Opupvac), introduce donor
levels around 0.7 eV below CBm (previous and less precise
muffin tin calculations are given as a reference [24]). Zinc
vacancies (Znguxvae) lead to acceptor levels at a range of
energies from the very top of the valence band [22] to about
0.9 eVabove VBM [17,22]. This spread appears to be related to
different charge states of the Zngypva.. Interstitial oxygen
(OBuikmeers) could give rise to both donor and acceptor levels
very close to the band edges due to different charge states [22].
Two papers also predict the generation of acceptor levels at
about 0.3 eV below the CBm by zinc interstitials (Znguimers)
[22,24]. Finally, oxygen atoms in a zinc substitutional position
(OBuksubsizn) seem to introduce acceptor levels [24].

It is clear that bulk defect levels could be the initial state of
recombinations with final state at the surface defect levels (see
Fig. 3). Such transitions involve energy values compatible with
the visible luminescence observed. In particular, transitions
from Opyicvac t0 Osyrpvae involve energies of around 2.2 eV and
transitions from Zngjimers t0 Osurfvae iNVOlve energies of about
2.4 eV. It is therefore possible that the visible luminescence of
ZnO has some kind of surfacc origin, but uncertaintics in some
of the reported energetic positions of the intrinsic bulk defects
must be taken into account.

4, Conclusions

The valence band of stoichiometric surfaces does not present
significant differences from the bulk valence band, neither does
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it introduce intragap levels. Furthermore, only surface oxygen
vacancies in the outermost layer of the material give rise to
acceptor levels 0.5 eV above VBM. Finally, it has been shown
that the energy differences involved in recombinations from
bulk defect donor levels to surface oxygen vacancy acceptor
levels are compatible with the observed visible luminescence. A
surface origin of ZnO visible luminescence is therefore theo-
retically conceivable, but further work is needed.
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SnO, nanocrystals were prepared by injecting a hydrolyzed methanol solution of SnCl, into a tetradecene
solution of dodecylamine. The resulting materials were annealed at 500 °C, providing 6—8 nm nanocrystals.
The latter were used for fabricating NO, gas sensing devices, which displayed remarkable electrical responses
to as low as 100 ppb NO, concentration. The nanocrystals were characterized by conductometric measurements,
X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR), and cathodoluminescence
(CL) spectroscopy. The results, interpreted by means of molecular modeling in the frame of the density
functional theory (DFT), indicated that the nanocrystals contain topographically well-defined surface oxygen
vacancies. The chemisorption properties of these vacancies, studied by DFT modeling of the NO»/SnO,
interaction, suggested that the in-plane vacancies facilitate the NO, adsorption at low operating temperatures,
while the bridging vacancies, generated by heat treatment at 500 °C, enhance the charge transfer from the
surface to the adsorbate. The behavior of the oxygen vacancies in the adsorption properties revealed a gas
response mechanism in oxide nanocrystals more complex than the size dependence alone. In particular, the
nanocrystals surface must be characterized by enhanced transducing properties for obtaining relevant gas
1esponses.
Introduction oxides for improved gas sensors. On the other hand, when
comparing our results with other literature reports it appeared

thot tha
that thc sen

The use of semiconducting metal oxide (MOX) nanocrystals
was suggested at the beginning of the 90’s by Yamazoe and
co-workers! as a powerful way for improving the performances
of chemoresistive gas-sensors. The high response of nanocrystal-
based sensors was predicted and experimentally demonstrated
by the same authors. They explained the sensitivity in terms of
enhanced modulation of the charge depletion layer due to the
interaction with the surrounding gases. Since then, intensive
efforts were devoted to the development of metal oxide
nanostructure-based gas-sensors, and an increasing number of

naners anneared in the literature. Thig fact confirms the poter ntial

pHpyRs Sppas s hihahtaiehal A

of nanosized metal oxides in gas-sensing applications, either
as 0-D nanoc1ystals2 or as 1-D nanostructures,’ such as nanobelts
and nanowires. In a recent work,* we developed a wet chemical
synthetic route for the preparation of metal oxide nanocrystals
(mainly SnO,, In,O3, Pd-SnO,) employed as base materials for
chemoresistive sensors.” Remarkable performances toward a
broad range of gaseous analytes were obtained, which in the
following will be focused on the SnO, sensing response toward
NO,, significantly high at low temperatures (25—100 °C). Thus

we obiained a direct confirmaiion of ihe poteniial of nanosized

3 propertics span a v

on the processing route, the thermal h1<t01y, morphology of the
material, and so on. This spread in the results cannot be fully
explained by the dependence of the gas response on the particle
size. It could be indeed a rough approximation to consider the
nanometric size as a tool to improve the sensing properties,
totally skipping the nature of the surface adsorption processes.
This difficulty explicitly appears by referring to the classical
expressions for the charge depletion depth w formed in the oxide
grain upon gas adsorption:®

Jaub\,, uuy\,uujub

w=Ly(2pV" 1)

where Ly is the Debye length, V; the surface potential barrier,
and f§ = g/kT, where ¢ is the electron charge, k the Boltzmann
constant, and 7 the temperature. The interest for oxide nanoc-
rystals in gas-sensing stems from the possibility of having w
comparable to the grain size and hence large relative electrical
resistance change upon exposure to the gases. As the Vs value
depends on the charge density established upon interaction with
the gas, the value of w, for a given material and grain size,
could span a whole range, depending on the surface capability

* E-mail: mauro.epifani @le.imm.cnr.it.

T Istituto per la Microelettronica ed i Microsistemi.
# Universitat de Barcelona.

§ Universita di Brescia.
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10.1021/jp804916g CCC: $40.75

of adsorbing gaseous species. This fact has to be carefully
considered to achieve a deeper insight into the diverse sensing
results of metal oxide nanocrystals and to rationally design their
use in sensing devices.

© 2008 American Chemical Society
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NO, Sensing Properties of SnO, Nanocrystals

It is generally proposed® that the NO, sensing at low operating
temperatures, where we have obtained the highest responses,
is due to NO, chemisorption and to the consequent charge
depletion of the sensing material following the reaction:

NO,(2) +¢~ =NO, (ads) @

sce of NOY tlha ot

Thus the case of INUg is tlmu\,um.u_y amenable to the stud y
of the adsorption properties of the sensing materials. The aim
of this work is just to demonstrate the relevance of the surface
oxygen vacancies in NO, adsorption on nanocrystalline SnO,
and in the related sensing properties. First of all, the chemical
nature of the nanocrystal surface was established by conduc-
tometric measurements, XPS, EPR, CL spectroscopy, and DFT
modeling. The presence of a strongly reduced surface was
evidenced, characterized by very well topographically defined
oxygen vacancies. The latter were used as an input in the ab
initio DFT modeling of the SnO,/NO, interaction. It was
observed that the calculated adsorption energy and the charge
transfer to adsorbed NO, were strongly enhanced by such
oxygen vacancies. Since the NO,-sensing mechanism is based
onto the gas adsorption on the nanocrystals surface and the
related charge transfer phenomena,® direct correlation between
the NO, response and the surface oxygen vacancies could be
established. It was concluded that the nanometer size regime
may be not sufficient by itself to justify high gas response, if
not coupled with well defined surface reception properties.

Experimental Section

SnO, nanocrystals were prepared by a general procedure
based on the injection of metal oxide sols into a hot (160 °C)
solution of dodecylamine in tetradecene, as fully described in
previous work.* After 3 h from the injection step, the nanoc-
rystals were extracted from the synthesis pot and dried at 80
°C. Then, they were heat-treated up to 500 °C in synthetic air
in order to eliminate the organic residuals. After the heat

tole Aid not inerease eubetantislly
ais aia 1ot mcrease suosantairy,

qullllClll, LllU DLLC Ul namno
reaching the final value of about 6 nm.

The substrates for the processing of sensing devices were
precut alumina plates (2 x 2 mm?) onto whose back and front
were deposited platinum heaters and titanium/platinum elec-
trodes, respectively, by lithographic techniques. Powder suspen-
sions were prepared by dispersing 4—6 mg of the heat-treated
nanocrystals in 1—1.5 mL of methanol. Drops of the suspensions
(about 4 ul.) were deposited onto the substrates, waiting for
complete evaporation of the solvent before depositing the next
drop. Gold wires were bonded to the electrodes and heaters
before the drop-coating step.

The flow-through technique was used to test the electrical
properties of the thin films. A constant flux of synthetic air of
0.5 L/min was used as gas carrier. All the measurements were
carried out in a temperature-stabilized sealed chamber at 20 °C
under controlled humidity. The operating temperatures of the
sensors were varied between 25 and 300 °C using the platinum
heating meander integrated in the alumina substrate. The
conductance was studied as a function of operating temperature
and oxygen concentration using certified bottles with oxygen
diluted in nitrogen. Electrical characterization was carried out
by volt-amperometric technique at constant voltage, equal to 1
V, measuring the current through a picoammeter.

XPS (X-ray photoelectron spectroscopy) data were collected
with a Physical Electronics 5500 spectrometer at a pressure of
6 x 1077 Torr. Aluminum Ko X-rays were produced with an
energy of 1486.6 eV and natural line width of 0.9 eV. All the
spectra were fitted to reach the right carbon position (284.5 eV).

J. Phys. Chem. C, Vol. 112, No. 49, 2008 19541

The spectra were fitted with Gaussian—Lorentzian functions
(80—20% respectively) and considering a Shirley baseline.
Analyses were done both before and after Ar-ion sputtering for
1 min.

The cathodoluminescence measurements were carried out in
a Gatan XiCLone system attached to a JEOL JSM-820 scanning

elactron microscone. The collected Inminescence was analvzed
€1eCon MICIOSCOPL. 1 1€ COLSCISa IUIMINesCence was ana:yzea

by a 300-line grating monochromator and was detected by a
Peltier cooled CCD, with a spectral range from 200 to 1200
nm. The system is equipped with a cryostat that allows low
temperature measurements. The measurements were carried out
at liquid nitrogen temperature (~80 K). The excitation beam
conditions were 20 kV for accelerating voltage and ~40 nA
for beam current.

Electron paramagnetic resonance (EPR) spectra were recorded
by using a conventional Bruker EMX spectrometer operating
at the X band frequency and magnetic field modulation of 100
kHz, with a microwave power of 5 mW and a modulation
amplitude of 10 or 3 G. The g values were calculated by
comparison with diphenylpicrylhydrazyl (DPPH) (g = 2.0036).
Powdered samples were put into a quartz apparatus suitable for
both gas flow interaction and EPR measurements. CO was used
as a probe molecule. The following gas treatment sequence was
adopted: (1) SnO,, previously heat-treated at 500 °C, as
described before, was treated in dry air stream (30 cm®min™?)
for 90 min at 400 °C; (2) CO(600 ppm)/Ar mixture was passed

ormmna COGVY ppm AT maxure passe

over Sn0O, (30 cm Imn’l) for 30 min at the same temperature.
After each thermal gas treatment, the samples were quenched
at room temperature (in about 5 min), and EPR spectra were
recorded at 113 K, under the same atmosphere.

The first-principles methodology used in the present work
was based on density functional theory”® (DFT) as implemented
in the SIESTA code.>'® We used the generalized gradient
approximation (GGA) for the exchange-correlation functional
(PBE96)!'"! and norm-conserving Troullier—Martins pseudopo-
tentials.!? Solutions of the Kohn—Sham equations were ex-
panded as linear combinations of atomic pseudo wave functions
of finite range. For all atomic species, double ¢ plus polarization
orbital basis-sets were used. Oxygen atoms were described by
six valence electrons, nitrogen by five, and tin atoms by four
plus the corresponding pseudopotential ion cores. To deal with
surface stability and adsorption energy calculations, we modeled
all surface geometries as three dimensionally periodic slab
systems, generated from the relaxed SnO,—cassiterite'® bulk unit
cell, composed of five O(Sny0,)O layers with a vacuum width
of 12 A between surfaces to avoid interaction between periodic
images of the slabs.*~1¢ This procedure was successfully used
in previous work.'®"?* We set a real space mesh cutoff>'® of
250 Ry and a 5 x 5 x 1 Monkhorst-Pack set?! to obtain total
energies converged within 5 meV per six-atom unit cell, which
is suitable for this kind of calculation.'* ' Under these
conditions, forces over atoms converged to better than 0.004
eV/A2 We also considered spin polarization in the total energy
computations and corrected the basis set superposition error’?
(BSSE) in the calculated adsorption energies. We introduced
structural relaxations by means of conjugate gradient minimiza-
tion of the energy, until the forces on all the atoms were smaller
than 0.04 eV/A2. In the relaxation of the slabs, supercell
dimensions were kept constant and, as proposed by some
authors, no constraints were imposed to the atomic positions
within the supercell. In the slab composed of five layers, the
maximum displacement of the atoms in the middle layer was
as small as 0.05 A.
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Figure 1. Calibration of SnOy-based sensors to NO, at various

operating temperatures. The inset shows a dynamic response curve
measured at an operating temperature of 373 K.

Results

1. Review of NO, Sensing Properties. As shown in Figure
1, the main results concerning the NO, sensing properties of
SnO, nanocrystals are the following™’ (we recall that the sensor
response is defined as (Rg — Ro)/Ry, where Rg is the electrical
resistance upon exposure to the gaseous analyte, and R, is the
electrical resistance in pure synthetic air):

1. At 293 K, a huge response of more than 3 orders o
magnitude was obtained toward as low as 100 ppb NO,
concentrations.

2. At 373 K, the response decreased to about 3 orders of
magnitude for the same concentration.

3. At 473 K, the response substantially dropped but still
remained relatively high (about 70).

4. Beyond 473 K, the response decreases to values lower than
unity.

2. The Chemical State of the Nanocrystals* (a) Conduc-
sieerits. Llectrical characterization of the pi‘ﬁp"(ﬁ‘ﬁu
nanomaterials was carried out by conductance measurements
using different oxygen concentrations. These measurements were
undertaken for characterizing the surface reactivity toward
oxygen, since the oxygen adsorption is commonly invoked to
explain the sensing mechanisms of metal oxides.?> The results
are reported in Figure 2 for SnO, nanocrystals heat-treated at
500 °C. At temperatures above 293 K, the increase in the oxygen
concentration from 0 to 10% results in a remarkable conductance
decrease.

The conductance drop is enhanced at higher temperatures,
spanning a range of about 2 orders of magnitude. The current
variation occurs upon injection of 10% O, and is more
pronounced from 473 K. In this range of temperatures, ion-
osorption of atomic oxygen is known to be favored, while the
adsorption of molecular oxygen is favored at lower tempera-
tures.?> We conclude that the surface reactions with ionosorbed
oxygen control the electrical properties.

(b) Surface Chemical Composition by XPS. SnO, nanoc-
rystals were analyzed by XPS both before and after Ar-ion
sputtering. The survey spectra in Figure 2 show that they are
chemically pure; even after sputtering no differences were seen
in samples, except for the intensity of the C 1s signal. In fact,
it is less than 0.5 atomic % after surface sputtering and confirms
that the C presence is mainly due to adventitious surface
contamination. The Cl moieties in SnO, nanocrystals disappear
after the heat treatment at S00 °C. It is very important to observe
that the O/Sn atomic ratio, obtained from the spectra analysis,
is about 1.2, indicating a strongly reduced surface, if compared

£
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with the theoretical ratio of 2 for SnO,. The reason for the
strongly reduced sample stoichiometry was suggested in the
previous description of the synthesis process.* It appeared that
during the heat treatment a carbon layer is formed at the surface
of the sample, so providing a strongly reducing environment.
Figure 3

(c) EPR Assessment of the Surface Reduction. The reaction
of gaseous analytes with SnO, can be monitored by EPR
spectroscopy in terms of the subsequent formation of paramag-
netic centers. It was demonstrated®* that the reaction of CO
follows the equations:

CO+0,=V,+CO, 3)
Vo= Vote )

where Vy is a shallow neutral oxygen vacancy, Op an oxide
anion in a regular lattice site, and Vpis a singly ionized,
paramagnetic oxygen vacancy. EPR investigation was performed
on nanocrystalline SnO, to detect the formation and the
reactivity of such shallow defects, after thermal annealing and
successive reaction with the gas. CO was used as a probe
molecule, according to procedure reported in the Experimental
Section, at 400 °C.

The sample heat-treated at 500 °C after the synthesis shows
a very weak isotropic signal at ¢ = 1.91 attributed to

paramagnetic monoionized oxygen vacancies Vo,>* which do
not change after further annealing in air at 400 °C (Figure 4a).
After successive reaction with CO (600 ppm)/Ar at 400 °C, no
new paramagnetic vacancies are formed (Figure 4b). These
results do not follow the general trends observed in other work.2*
Residual V5, already present in the 500 °C heat-treated SnO,
and after further treatment at 400 °C in air, are not reactive and
are more likely located in the lattice far from the surface. The
difficult formation of further paramagnetic species after treat-
ment with CO at 400 °C is closely related to the peculiar surface
chemistry evident in our samples. In particular, the absence of
CO interaction with the sample surface is in agreement with
the presence of a strongly reduced surface, as demonstrated by
the electrical, XPS, CL, and simulation results: further reduction
by CO is hindered for thermodynamic reasons, implying an
energetically unlikely surface configuration.

(d) Investigation of the Surface Structure: Cathodolumi-
nescence Measurements on the SrO, Nanocrystals. For
investigating the surface states in low-conductive systems,
cathodoluminescence (CL) is one of the best suited techni-
ques.'7$2 Tt was shown in previous work!” that the visible CL
spectrum of SnO, is dominated by a broad signal composed of
four different contributions centered around 1.90, 2.20, 2.37,
and 2.75 eV (from now on I, II, I1I, and IV, respectively). On
the basis of DFT calculations, these bands were assigned to
radiative recombinations from the minimum of the conduction
band and the SnO,-intrinsic bulk shallow levels toward intragap
states near the top of the valence band corresponding to surface
oxygen vacancies. For the most common low index surfaces of
SnO,—cassiterite (namely (110), (100), (101), and (001)), the
calculations revealed two families of states corresponding to
two different angles between the oxygen site and the first
neighboring tin atoms. Following the usual notation for the
SnO,(110)—cassiterite surface (which is the most stable,
abundant, and deeply studied facet), the bands I and II were
related to bridging oxygen vacancies (Oppggvac) Whereas the
bands IIT and IV were attributed to in-plane oxygen vacancies
(Ommpianevac). These results are summarized in Figure 5.

This model explained the CL spectra of a full set of SnO,
nanomaterials obtained by different synthetic methods and
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Figure 2. Electrical conductance data of SnO, nanocrystals as a function of 1/T for various oxygen concentrations (left), and the same data plotted

as a function of the oxygen concentrations (right).
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Figure 3. XPS survey spectra of SnO, nanocrystals heat-treated at
500 °C, measured on (a) the as-prepared sample and (b) after sputtering
with Ar** ions. The spectra have been vertically shifted for clarity.
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Figure 4. EPR spectra measured on SnO, nanocrystals under the

following conditions: (a) after annealing in air at 400 °C; (b) after
treatment with CO(600 ppm)/Ar at 400 °C.

processing.!” We then applied the model to our samples. At the
top of Figure 6, the CL spectra of the SnO, nanocrystals dried
at 80 °C are shown, together with the fitting of the band by the
four components previously described. In the nanocrystals heat-
treated at 500 °C, the CL signal shape undergoes modifications
due to the relative intensity changes of the single components,
in particular the components I and II grow in intensity with
respect to the components III and IV (Figure 6, bottom panel).
According to the previous model, the change corresponds to
an increase in the radiative recombination involving the Oggiggvac
related state. Thus, it appears that both types of surface oxygen
vacancies are present in the as prepared (dried at 80 °C) sample
and that the thermal treatment at 500 °C mainly produced
OBridgVac~

Ab initio thermodynamics' helped us clarify why the
generation of Ogpggvac is favored, by discussing the energetic

andg
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0.00
Valence Band

Figure 5. (Top) Slab model of the SnO,—cassiterite (110) surface.
Bridging and in-plane oxygen sites are identified. (Bottom) Schematic
representation of the intragap levels of SnO, corresponding to bulk
shallow levels and oxygen vacancies at the surface. For clarity, energy
zero has been set at the top of the valence band (VBM). Recombinations
compatible with the CL spectra are shown.

requirements for the oxygen vacancy production at 500 °C in
synthetic air. We followed the methodology described by Reuter
and Scheffler® to elucidate the most favorable surface config-
uration in equilibrium with the oxygen content in air at a given
pressure and temperature (or, equivalently, a given oxygen
chemical potential zto). This methodology consists of applying
a minimum energy criterion to the surface energy versus io
plots of every relevant surface configuration. In Figure 7 we
report these plots for the stoichiometric, the Opygq reduced and
Orppane reduced surface terminations. The most stable surface
configuration after heat treatment at 500 °C, and therefore the
most likely, corresponds to a reduced surface due to Ogpggyac
generation. This prediction agrees with previous theoretical?’
and experimental work? in which Ogiiggvac generation was
observed at temperatures ranging from 225 to 525 °C.

(e) Summary: a Strongly Reduced SnQ, Surface with Well
Defined Defects Distribution. The results presented in the
previous sections concur to define the picture of a strongly
reduced nanocrystal surface, with an oxygen substoichiometry
dictated by the heat treatment step. The substoichiometry is
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Figure 6. CL spectra measured on SnO, nanocrystals heated at the
indicated temperatures, together with the fitting (green bands) with the
components described in the text.
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Figure 7. Surface free energies for three different terminations of the
SnO(110) surface as a function of the oxygen chemical potential. The
top axis shows the corresponding O, gas temperature for synthetic air
equivalent conditions (i.e., oxygen partial pressure of ~0.21 bar).
Shaded area is limited by the minimum energy configuration at different
air temperatures. At 500 °C (the experimental thermal treatment
temperature) the most energetically favorable configuration is the
surface reduction by generation of surface bridging vacancies (Opridgvac)-

directly indicated by the XPS results, while EPR data show that
the surface reduction has occurred to a remarkable extent, so
that further reduction is not allowed. The electrical conductance
data (Figure 2) show that the reaction of gaseous oxygen with
the nanocrystal surface is extremely favored. We have already
mentioned that the data imply a prevalence of oxygen ionosorp-
tion. Now, this result can be interpreted as an indication of the
adsorbing activity of the oxygen vacancies. In particular, it is
known that bridging oxygen vacancies can strongly bond oxygen
species.’® Finally, the CL data allowed a careful identification
of the involved oxygen vacancies, present as both bridging and

Epifani et al.

in plane species. The former are generated in the heat-treated
nanocrystals, for thermodynamic reasons.

Discussion

The main question to answer is whether it is possible to find
a correlation between the properties shown in sections 1 and 2,
related to NO, sensing, and the surface chemical state. The
possible link is suggested by the NO, sensing mechanism
reported in the introduction, which implies NO, adsorption and
subsequent increase of the electrical resistance. Because the
oxygen vacancies make the SnO, surfaces strongly amenable
to oxygen ionosorption, it is necessary to ask whether the oxygen
vacancies may influence also the NO, adsorption and what is
the effect of the adsorption onto the charge distribution in the
nanocrystals. This task was accomplished by DFT simulation
of the NO, adsorption onto SnQO, surfaces in the presence of
variable concentration of oxygen vacancies.

First of all, it is known from previous work on the simulation
of temperature-programmed desorption (TPD) data'*2° that NO,
tends to adsorb onto SnO5(110) Orgplage and Opriggvac sites. The
former site was found to be related to the low temperature TPD
band (from 50 to 300 °C) while the latter site was responsible
for the TPD signal from 350 to 500 °C. The very large responses
to NO, at room temperature or 100 °C, reported in the section
1 of the Results, would then indicate that the sensing-promoting
sites are the Oppune vacancies. On the other hand, we have shown
in the previous sections that the heat treatment at 500 °C
stimulates the generation of vacancies related to Opyg, sites. In
order to obtain further insight into the sensing performances, it
is necessary to solve this apparent contradiction. Hence, we
studied the influence of the reduction percentage on the
surface—adsorbate interaction from first principles. For the most
relevant adsorption configurations reported previously,'*?° and
detailed in the Supporting Information, we calculated both the
strength of the adsorption (the adsorption energy F,q) and the
resulting charge transfer (Ag(NO,)) between the NO, molecule
and the substrate. To model the changes in the surface reduction
percentage, we removed from the atomistic models an increasing
number of Ogyg,. It can be shown that only about a 10% of the
available adsorption sites are effectively occupied by NO,*! (this
is justified by the Weisz limitation,> which takes into account
the electrostatic repulsion forces among the adsorbed species).
To reach equivalent occupancies, we used a 3 x 3 supercell.
With this model, occupancies of 11% onto Ogyiagvsc Were studied.
At every reduction percentage all non-symmetry-equivalent
vacancy distributions around the adsorbate were considered.

In Figure 4 we report the computed E,4 and Ag(NO,) for
adsorption at lower temperatures (NO; onto an Oppiae Site).
Exothermic adsorption energies are assumed as negative E,qs
values, and charge transfers refer to the adsorbate (positive
Ag(NO,) means electron capture by the NO, molecule).

Thus, more negative E,4 energy means stronger adsorption,
and a higher Ag(NO,) implies a bigger charge captured by NO,.
The calculations predict that reduction slightly favors the
adsorption (maximum of a 20% in energy) and almost doubles
the charge transfer to the adsorbate. From the point of view of
the gas response, the effectiveness of the sensing sites is
determined by (1) the continuous adsorption and desorption
processes (which are determined by the analyte concentration,
the energetics of the interaction, and the working temperature),
and (2) the net charge exchange between the metal oxide and
adsorbate (which determines the electrical response). Our results
demonstrate that the surface reduction influences both the energy
exchange and the charge transfer between surface and analyte.
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Figure 8. Influence of the reduction percentage (only due to Opggyac
generation) on the energetics and charge transfers of NO, adsorption
onto an Oypae site!® at the SnO4(110) surface. The adsorption energy
(Fqgs) and the corresponding maximum desorption rate temperature
(Twpr) are represented in the left axis. Typr were calculated by solving
the Redhead® equation with the experimental conditions reported
elsewhere.?® The charge transferred to the adsorbate Ag(NO,) was
estimated by the usual Mulliken’s population analysis of the molecule
atoms before and after the adsorption.

Concretely, the effect of removing Opyg, atoms from the SnO,
(110) surface on the NO, adsorption onto Oy,pj,e Sites is a slight
modification of the desorption temperatures and a strong increase
of the charge trapped by this adsorbate. A strong influence on
the sensor performance by the Ogyigevac generation (by thermally
treating the SnO, nanoparticles) then appears. For completeness,
in the Supporting Information a plot similar to Figure 8 is
reported but related to the adsorption onto the Opgggvac Sites.
Effects similar to those observed for the Opppa,e sites are
observed, despite the Opgiggvac sites that are active at higher
operating temperatures, as mentioned above.

Comparison with Other Work. The importance of the
surface oxygen vacancies is further highlighted by comparison

with other work. The computational approach to the understand-

ing of the adsorption and gas-sensing properties of SnO, is well-
known,* and recent results in the case of NO, sensing have
been published.” In such work, the authors have extensively
studied the adsorption of NO, onto various sites and in different
configurations. The main results were the following: on defect-
Jree surfaces, current drop by NO, adsorption is expected, due
to NO, interaction with surface Sn atoms, and in particular upon
formation of a bridging nitrate groups. When oxygen vacancies
are introduced in the model, an enhanced conductance drop is
expected upon interaction of oxygen with the oxygen vacancies
and the neighboring Sn atoms, and the same behavior is expected
for NO,. In this work, we reported, both from an experimental
and computational point of view, a significant current drop upon
interaction of the SnO, nanocrystals with NO,. Moreover, in
Figure 2 a similar, large conductance drop is reported for
interaction of the SnO, sample with oxygen. The observed trends
are in agreement with results from ref 15 (where the authors
simulate vacancies on (10-1) surfaces). This comparison shows
that a careful computational approach is fundamental in unravel-
ing the complex sensing phenomena. On the other hand, the
distance of the computational models from the real operating
conditions requires the simulation work to be constantly backed
up by well-defined experimental data, in order to have a constant
check of how much realistic the computational results can be.

Conclusions

The NO, sensing properties of SnO, nanocrystals have been
investigated by comparing the experimental surface chemistry
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with the DFT modeling of the adsorption properties. It was
found that the heat-treatment conditions (500 °C in air) favored
the formation of surface oxygen vacancies, as demonstrated by
electrical, XPS, EPR, and cathodoluminescence (CL.) measure-
ments and the CL-related DFT modeling. In particular, an
increase of the bridging oxygen vacancies was observed, and
the surface reduction effect on the NO, adsorption was studied
by DFT modeling. It appeared that the interaction of NO, with
the surface occurs through the oxygen vacancy sites, and
that the presence of bridging oxygen vacancies strongly
enhances the charge transfer from the surface to NO,. Thus the
achievement of remarkable gas-sensing properties was con-
cluded to be not only a function of the small oxide grain but
also of suitable surface-reception properties, which in the case
of NO, we have related to oxygen vacancies.
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Figure S1: Most relevant adsorption configurations for modeling the NO, adsorption onto
SnO,(110) surface. Left: NO, adsorption onto Oppiane Site. Right: NO, adsorption onto Ogyiggvac Site.
In each case, the type of atoms which were removed to model the surface reduction effect (Oprigge

only) are highlighted in yellow.
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Figure S2 Influence of the reduction percentage (only due to Ogigvac generation) on the energetics
and charge transfers of NO, adsorption onto an Orrigvac site’ at the SnO(110) surface. The
adsorption energy (E.ds) and the corresponding maximum desorption rate temperature (Typr) are
represented in the left axis. Typr were calculated by solving the Redhead™>' equation with the
experimental conditions reported elsewhere.’® The charge transferred to the adsorbate Aq(NO,) was

by the usual Mulliken’s population analysis of the molecule atoms before and after the adsorption.
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4.3.2 Summary of Results

Unit 3.a Photoactivated detection of oxidizing molecules

. The results presented in Paper 11 demonstrate that UV illumination of tin oxide
nanowires can be used to enhance their response towards oxidizing gaseous
species (like NO2) at room temperature. In addition to this, this work revealed
that the final performance of these devices is strongly influenced by the flux
and energy of impinging photons, but under the appropriate illumination
conditions, responses comparable with those obtained with resistively heated
sensors can be obtained, enabling their use in manifold early-warning
applications. This result opens the door to the development of conductometric
gas sensors operating at room temperature with a number of advantages, for
example, in applications in explosive environments. The analysis of the power
needed to operate these devices with Light Emitting Diodes indicates that it is

comparable to the power requirements of state-of-the-art microheaters.

. The fact that light induces a recovery of the baseline after exposure to NOz suggests
that photons play an important role in the desorption of NOz molecules form
the surface of SnOs, probably via band-to-band photoexcited pairs. However, to
explain the increase in the response, other effects must be taken into account
such as the competition with other reactive gaseous molecules present during
the measurements (like the oxygen in air). These assumptions are compatible
with the results about the NO2 interaction with the surface of SnO2 presented

in Unit 1.a.

. The here—proposed model is based on the competition between the oxygen molecules
in air and the oxidizing target gases (NOz in this case) for the same adsorption
sites (Paper 12). The quantitative agreement with the experiments,
demonstrates that it is possible to adjust the steady balance of this competition
by tuning the photons’ flux and energy and thus, controlling the gas response.
This explains the role of photons in this type of sensors and paves the way to
the development of low consumption conductometric gas sensors operated at
room temperature. From the fundamental point of view this finding goes
beyond the previous qualitative and vague descriptions of this phenomena

available in the literature.
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Unit 3.b Detection of surface oxygen vacancies with luminescence analysis

[a]

[b]

[e]

The results presented so far have in common the importance of the arrangement of
the oxygen atoms at the surface of MOX nanowires, and specially the surface
oxygen vacancies. The study with ab inito methods of the intragap electron
states associated to these vacancies indicates that they are compatible with the

recombination energies of the visible luminescence of MOXs.

Calculations demonstrate that the energetic position of these levels depended on the
geometry of the surface oxygen vacancies and therefore different luminescent
bands must be exclusively related to specific oxygen vacancy geometries at the
surface. This proposal stands for different MOX like SnO2 (Paper 13) and ZnO
(Paper 14). We confirmed the validity of our proposal with full series of
independently treated samples. Recently, our results are being supported by

the works of other authors that are reaching to similar conclusions [a,b,c,d].

The utility of this experimental tool to analyze the surface termination of MOXs
materials and predict their gas sensing performance was also demonstrated.
SnOz nanoparticles of few nanometers in radii were thermally annealed to
produce surface oxygen vacancies in order to enhance their response to gases
(NO2) (Paper 15). The analysis of the luminescence allowed tracking the
generation of different types of vacancies. This materials design process was
directed by the results presented in the previous units and it is an example of

how to utilize in silico design of functional materials.
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5. Conclusions

These are the main conclusions of this Ph.D Dissertation.

1. The interaction of gaseous molecules and light with metal oxides (MOXs) has been

modeled applying the ab initio DFT formalism and the laws that rule the

charge transport, generation and recombination in semiconductors,

respectively.

l.a

In the field of gas sensors, the interaction with gases of interest from the
theoretical and practical points of view, like NO, NOz and SO2, has been
studied in detail. The mechanisms that produce the conductometric
responses in MOXs towards these gases have been determined.
Strategies to improve these responses and experimental methods to asses
the influence of the surface termination on the performance of the
sensors have been proposed. Moreover, it has been demonstrated that, in
addition to the mere surface effects, other bulk effects must be taken into
account in order to achieve a complete modeling of the gas — MOX

interactions.




—

1.b In the field of UV light sensors, the key parameters that determine the

magnitude of the photoresponse in the nanowires together with the facts
that restrain its dynamics have been identified. This allowed analyzing

in detail the persistent photoconductive states in individual nanowires.

In summary, these findings have made possible to advance in the

understanding of the functioning of these devices.

2. Experimental tools and devices conceived to retrieve to the conductometric response
of individual MOX nanowires in specifically designed experiments have been
developed. The access to this valuable experimental scenario has allowed
validating most of the conclusions and predictions obtained with the previous

models.

3. As far as the influence of the features characteristic of the nanowires in their

performances as sensors is concerned, the following conclusions were reached.

3.a On the one hand, the large surface-to-volume ratio and the surface
stability of the nanowires are beneficial in gas sensing applications. The
first provides higher responses by reducing the thickness of the
nanowires. The second improves the stability and reversibility of this

response to gases.

3.b  On the other hand, in spite of the fact that the crystalline quality of the
nanowires can enhance the electrical transport and photogeneration
properties, the importance of the surface effects in these nanomaterials
hampers this possibility. Firstly, the electron mobility in nanowires
worsens by the influence of the surface states. Second, the electric fields
associated to the depleted region near the nanowires’ surface (which
explain the good response to gases) introduce additional charge
separation phenomena that interfere with the photoresponse. In any
case, strategies to reduce these surface effects and improve the
performance of the nanowires as photodetectors (such as the surface

passivation with PMMA) have been proposed and tested.

All in all, shows that taking advantage of the a priori beneficial properties of
the nanowires is not straightforward, and to do so, a deeper understanding of

the phenomena that take place in the nanowires is necessary.
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4, Based on the previous results, alternative methods to operate the nanowire based

sensors have been conceived, implemented and tested.

4.a

4.b

We have shown that it is possible to use controlled UV light fluxes to
activate, at room temperature, the conductometric response of individual
MOX nanowires towards oxidizing gases such as NOz. A theoretical
model that allows determining the optimum working conditions has been
proposed. This result opens the door to the development of gas sensors
operating at room temperature that may be suitable for explosive

environments.

We have also shown that it is possible to take advantage of the self-
heating effect in nanowires caused by their tiny cross-section. In a
controlled way, this effect allows warming the nanowires to the optimum
temperature for gas detection (up to 350°C) dissipating only few tens of
microwatt. This represents not only a breakthrough in sensors
miniaturization (since it is not necessary to include an external heater)
but also it is a huge reduction of the power needed to operate these

devices.

These results open the door and pave the way to a new generation of sensing

devices based on the novel and promising properties of the nanowires.
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Title of the Project: “Materiales Nanoestructurados Avanzados como Limitadores Activos
Soportados en Sensores Amperométricos de Tecnologia Planar para Aplicaciones
MedioAmbientales y optimizacion de Combustion”

Project number: CIT-030000-2007-36

Funded by: MEDU - Ministerio de Educacién y Ciencia

Main researcher: Dr. Albert Cirera Hernandez

Period: from 2007

Advisor: Dr. Albert Cirera Hernandez

Title of the Project: “Sensores Avanzados basados en Nanoestructuras de oxidos metdlicos”
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Project number: MAT2007-66741-C02-01

Program: NNMA - Programa Nacional de Materiales

Funded by: MEDU - Ministerio de Educacién y Ciencia

Main researcher: Prof. Albert Cornet Calveras

Period: from October 2007

Advisor: Dr. Albert Cirera Hernandez

Title of the Project: “Nanowire arrays for multifunctional chemical sensors” (NAWACS)
Project number: NAN2006-28568-E

Program: AENN - Acciéon Estratégica de Nanociencia y Nanotecnologia

Funded by: MEDU - Ministerio de Educacién y Ciencia

Main researcher: Prof. Juan Ramén Morante Lleonart

Period: from December 2006

Advisor: Dr. Albert Cirera Hernandez

Contract projects with companies

Title of the Project: “Simulacié i1 Modelitzacié de Sensors de Gas”
Company: Francisco Albero, S.A.

Project leader: Albert Cirera Hernandez

Period: from 2007

Title of the Project: “Estudi i optimitzacié d'algorismes i arquitectures de dilucié per a nous
sistemes de dilucié de gasos amb aplicacié a calibratge d'analitzadors de gasos”

Company: Gometrics, S.L.

Project leader: Albert Cirera Hernandez

Period: from 2007

A.5 Experience with Scientific Equipments and Techniques

Ab initio DFT codes: SIESTA, CRYSTAL, CASTEP, ...

Supercomputing facilities: MareNostrum Supercomputer (Barcelona Supercomputing Center -
Centro Nacional de Supercomputacion) and Supercomputing Center of Catalonia
facilities (CESCA)

Growth of nanowires with Chemical Vapor Depositon techniques (Dept. Electronics,
Universitat de Barcelona).

Intrumentation for nanoelectronics (Dept. Electronics, Universitat de Barcelona).
Raman spectroscopy (SCT, Universitat de Barcelona)
Scanning Electron Microscopy (SCT, Universitat de Barcelona)

Cathodoluminescence analysis (Universidad de Valladolid)
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A.6 Other Merits

Specialization courses

e MSSC School 2006 “Ab inition Modelling in Solid State Chemistry”
Director: Prof. Roberto Dovesi (University of Torino)
Dates: 09/03/2006 - 09/03/2006

. Summer School on Theoretical and Computational Chemistry “Introduction to electronic
structure calculations using STESTA”
Director: Pablo Ordejéon ICMAB, CSIC)
Dates: 06/16/2007 - 06/20/2007

. NanoMemPro - Marie Courie Action course “Nanostructured materials, membrane modeling and
simulation”
Director: V. Burganos ICEHT-FORTH)
Dates: 06/18/2008 - 06/27/2008
Remarks: Attendance granted via the competitive program “Marie Courie Actions Grants (EU-
FP6)”

Other activities

e Founder of “Electronic Nanosystems, S.L.” start-up company devoted to the development of
innovative products based on nanotechnology. Year: 2008

e Solvay Award to the Best Business Idea for the project Electronic Nanosystems. Year: 2008

e Guest Editor for the Special Issue “Nanowires for Sensing: Fundamental Mechanisms, Devices,
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Appendix B. Resum en catala

Modelitzacié de les interaccions de gasos i lum amb nanofils individuals
d’'oxids metal lics per a aplicacions com a sensors

B.1 Infroduccid

Els oxids metal lics (MOXs) son materials excel lents per a un gran nombre
d’aplicacions en el camp dels sensors [1,2]. Les seves propietats de volum es corresponen a
les d’'un semiconductor de banda prohibida ample, dopat per la preséncia de defectes
puntuals intrinsecs (relacionats amb els atoms d’oxigen) [3]. Les seves propietats de
superficie estan determinades per l'existéncia d’estats superficials, que actuen com a
centres tant acceptadors com donadors d’electrons [4], fortament influits per la preséncia de
molecules quimiadsorbides [5]. Aquestes propietats fisiques 1 quimiques (juntament amb el
seu baix cost) els fan especialment adequats per a la deteccié de la llum ultraviolada 1 gasos
[2]. Entre aquests materials, I'0xid de zinc (ZnO) [6] 1 el dioxid d’estany (SnOz) [7] han atret

gran atencié en tots dos camps de la tecnologia de sensors.

Avui en dia, la disponibilitat de nanofils de MOX [8,9] 1 la possibilitat d’emprar-los
en dispositius funcionals [10,11] obre la porta a una més profunda comprensié de les
interaccions que donen lloc a la seva resposta com a sensors. Aquesta tesi esta

completament dedicada a la model litzacié teorica i I'avaluacié experimental d’aquests




processos en nanofils individuals. L’eleccié d’aquests nanomaterials ha estat motivada per
les atractives caracteristiques que presenten tant des del punt de vista de la ciéncia de

materials 1 com des del punt de vista del desenvolupament de dispositius.

Motivacions des del punt de vista de la ciéncia de materials.

La ciencia de materials esta exercint un paper central en el desenvolupament de
nous 1 millors dispositius sensors. En molts casos, aquestes millores no es basen en una
estrategia d’assaig-i-error siné que els principals avencos es veuen impulsats per una
comprensié més profunda dels mecanismes 1 processos que donen als materials la seva
funcionalitat [12]. La modelitzaci6 teorica de les propietats dels materials és la forca motriu
que impulsa i guia aquest coneixement. Existeix una enorme base teorica per explicar bona
part de les propietats dels materials. Des de la fisica de l'estat solid i la fisica de
semiconductors [13] fins a la quimica quantica [14], totes les teories fan certes hipotesis
sobre la morfologia, 'estructura i I'ordre dels materials que s’han de tenir en compte quan
les seves prediccions es comparen amb els experiments. Dit d’'una altra manera, la validacié
experimental de les prediccions teoriques requereix un cert control sobre les propietats
estructurals dels espécimens estudiats. Els recents progressos en la sintesi d’'una gran
varietat de nanomaterials [15,16] 1 el desenvolupament de técniques de nanomanipulacié 1
nanocaracteritzacié [16,17] fan possible dur a terme estudis fonamentals amb nanofils
individuals que eren inimaginables fa pocs anys. A banda dels nous fenomens relacionats
amb la nanoescala [18], les propietats estructurals dels nanofils sé6n també extraordinaries
(Figura B.1). D’'una part, els nanofils sén materials monocristal lins [8,9,15,16]. Aquesta és,
precisament, una de les principals aproximacions assumides en la fisica de l'estat solid 1 la
fisica de semiconductors (solid cristal 1i infinit amb condicions periodiques de contorn o
Teorema de Block [13]). De l'altra part, els nanofils estan delimitats per superficies ben
definides ordenades a nivell atomic [8,9]. Com es descriu a la seccié B.5, aquesta és la

Paproximacié clau dels models atomistics que descriuen les interaccions gas-superficie.

Per tot aixo, la possibilitat d’estudiar un de sol d’aquests nanofils obre les portes a
situacions experimentals que estan molt a la vora de les idealitzacions assumides en els
models teorics. Treure partit d’aquesta possibilitat és una de les raons que va motivar el

present treball.
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Figura B.1. Analisi per microscopia electronica de transmissié d’alta resolucié
(HRTEM) d’'un dels nanofils de MOX emprats en aquest treball. Es pot
observar com el material que forma el nanofil (ZnO) és monocristal 1i amb una
rugositat superficial de menys de 2 monocapes. Imatge cortesia del Dr. oJ.
Arbiol.

Motivacions des del punt de vista dels dispositius sensors.

Les tendencies actuals en tecnologia de sensors porten a integrar 'electronica de
control 1 el material sensor en sistemes microelectronics [19]. Aixo implica reduir al maxim
la quantitat de material necessari per a la deteccié amb la Unica limitacié de permetre’n
laccés eléctric. En els darrers anys, la possibilitat de controlar, manipular 1 contactar
nanofils individuals de MOXs ha fet possible estudiar nanodispositius [10,16,17,20], que
estan molt a la vora dels limits d’integrabilitat. Fins a ara, I'is de particules 1 policristalls
han estat les millors opcions per a emprar MOXs en dispositius funcionals de baix cost
[2,21]. No obstant aixo, la naturalesa aleatoria de la xarxa de cristallets i la importancia
dels efectes de frontera de gra [3] fan molt complex I'estudi dels mecanismes de transduccid
amb aquests dispositius. Resultats recents han demostrat que, en les condicions apropiades
[10], 1a conduccié al llarg dels nanofils és una situacié relativament senzilla que permet
obtenir una millor comprensié sobre la relacié entre el transport i els fenomens de
transduccié (Figura B.2). A més a més, en aplicacions de sensat dominades pels fenomens
de superficie (com ara els sensors quimics de gas), I'is de nanomaterials en millora la
resposta, a causa de la seva gran relaci6 superficie-volum [22]. El fet de disposar de nanofils
amb superficies estables i ben definides, també en millora la estabilitat i reversibilitat de la
resposta [11,22]. En aplicacions on la deteccié és un procés eminentment de volum, (tals
com la deteccié de la llum), I'iis de nanofils monocristal lins en millorar I'eficiéncia de les

interaccions fotd-electrd [23].
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Malgrat que encara resten per resoldre molts reptes tecnologics que dificulten

Taplicaci6 dels nanofils en sensors per a la vida real [20], I'estudi d’aquests dispositius esta

contribuint a desvetllar noves propietats que podran ser explotades en el futur. L’exploracié

d’aquestes perspectives també ha encoratjat aquest treball.
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resumir millor 'esperit d’aquest treball. E1 29 de desembre de 1959, Richard P. Feynman,
més tard guardonat amb el Premi Nobel de Fisica, va donar la seva famosa conferéncia
"There’s plenty of room at the bottom” en una trobada de ’American Physical Society a
Caltech. Segons les seves propies paraules, "Aconseguiriem un gran avang en els camps de
la quimica i la biologia si desenvolupéssim la capacitat técnica de veure i actuar a un nivell
atomic — en qualsevol cas aquesta es una capacitat que desenvoluparem tard o d’hora”. Séc

conscient que encara estem molt lluny d’aquesta magnifica visié 1 només m’atreveixo a dir

Figura B.2. Representacié esquematica de sensors quimics basats en
nanoparticules i nanofils de MOX. (a) En el cas d’'una capa de nanoparticules,
el flux d’electrons ha de travessar una xarxa aleatoria de cristallets de mida i
forma arbitraris. Des del punt de vista de 'energia dels electrons, aquests han
de superar una serie de barreres de potencial. La influéncia del gas sobre
lalcada d’aquestes barreres determina la resposta dels sensors. Des del punt
de vista electric, la situaci6 és equivalent a una xarxa arbitraria de
resisténcies que corresponen als contactes metall-semiconductor (Rc), les
fronteres de gra (Ro) 1 els cristalls de MOX (Rag). (b) En el cas de grapats de
nanofils, la situacié és essencialment la mateixa. (¢) En canvi, en el cas de
nanofils individuals en configuracié de 4 puntes, la resposta conductomeétrica
només és deguda als canvis en el canal de conduccid al llarg del nanofil (Rnw).
En aquestes condicions de mesura, els efectes parasits de les interficies
metall-semiconductor s’han eliminat. Imaige SEM cortesia de R. Jiménez-
Diaz.

Per concloure aquesta introduccié, crec que les paraules d'un home savi poden

que aquest treball pot contribuir humilment al seu assoliment.
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B.2 Guio del resum

Els articles cientifics objecte d’avaluacié en aquesta tesi doctoral es llisten en la

seglient seccié (B.3 Llistat d’articles)

Els objectius que han guiat aquest treball de tesi es resumeixen en la
B.4 Objectius.

Els aspectes més rellevants de les metodologies utilitzades per 'autor durant el
doctorat es presenten en la tercera seccié6 d’aquest capitol (B.5 Metodologia). Aixo inclou
informaci6 detallada sobre els calculs atomistics realitzats, sobre la utilitzacié de
nanoparticules 1 nanofils de MOX en dispositius sensors 1 sobre la plataforma electronica
desenvolupada per fer d’interficie amb aquests dispositius. Tots els detalls es presenten tal

1 com han estat publicats en 2 capitols de llibre 1 en 1 article cientific.

Els resultats d’aquest treball 1 llur discussié (B.6 Resultats i discussid) estan
organitzats en 3 unitats, que corresponen a les diferents arees desenvolupades per l'autor
durant el doctorat. Les unitats s’organitzen de manera que s’inclou una breu introduccié al
tema, seguidament es citen els articles publicats en revistes cientifiques que contenen els
resultats i, finalment, es presenta un resum de les conclusions més significatives de cada

unitat. Les unitats sén les seglients:

Unitat 1: Interaccié gas - MOX. Aquesta unitat esta dedicada a lestudi dels
processos quimics que tenen lloc a la superficie de nanofils de MOX. Per fer-
ho es van emprar calculs ab initio per determinar les configuracions
superficials més realistes a les temperatures tipiques de treball.
Posteriorment, el mateix marc teoric es va utilitzar per analitzar la seva
interaccié amb alguns gasos (principalment NO 1 NOg2) encara no explorats
del punt de vista atomistic a la literatura. Aquestes conclusions teoriques es
varen validar experimentalment amb nanofils individuals. Com a resultat
d’aquestes troballes es van proposar i explorar altres maneres doperar
aquests sensors basats en nanofils de MOX que suposen un gran aveng¢ quan
a eficiéncia energética. Els resultats d’aquesta unitat van ser publicats a 6

articles cientifics.
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Unitat 2: Interaccio llum - MOX. En aquesta unitat s’estudia la fotoresposta de

nanofils de MOX en base als principis que regeixen les propietats de
transport en semiconductors. La informacié obtinguda en la unitat anterior
sobre les interaccions superficials amb gasos, s’utilitzen per explicar els estats
de fotoconductivitat persistent que limiten el rendiment dels nanofils de MOX
com a detectors de llum. Tots aquests resultats han estat confirmats

experimentalment 1 s’han publicat en 2 articles cientifics.

Unitat 3: Interaccié simultania gas - llum - MOX. Els resultats obtinguts en les
dues unitats anteriors s’utilitzen per proposar, modelitzar, implementar 1
validar un enfocament alternatiu per operar aquests sensors quimics. Es basa
en la fotoactivacié de les interaccions de superficie. A més d’aixo, es demostra
que la influéncia de la disposicié atomica en la superficie dels MOXs en la
seva luminescéncia pot ser emprada per analitzar el acabat atomic superficial
d’aquest materials. Els resultats d’aquesta unitat van ser publicats en 5

articles cientifics.

En la dudltima seccié (B.7 Conclusions) es presenten les conclusions més

significatives d’aquesta tesi doctoral.

L’autor espera sincerament que aquesta estructura, que és relativament nova en el
Departament d’Electronica de la Universitat de Barcelona, facilitara la comprensié dels

resultats que aqui es presenten.
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B.3 Llistat d’articles

Només les publicacions que figuren en aquesta llista seran considerades per
Pavaluacié d’aquesta tesi doctoral. Podeu trobar una copia a la Pagina que s’indica. Una
llista completa de les publicacions de I'autor actualitzada a desembre de 2008 es pot trobar

en el seu CV (Appendix A. Curriculum cientific).

1. J.D. Prades, A. Cirera, J.R. Morante, “Applications of DFT Calculations to Chemical Gas Sensors:
Desing and Understanding” in “Quantum Chemical Calculations of Surfaces and Interfaces of
Materials” (Ed. V. A. Basiuk and P. Ugliengo), chap. 13, pp. 243-288, American
Scientific Publishers: Valencia CA (2008). ISBN: 1-58883-138-8. Pagina 27

2. T. Andreu, J. Arbiol, A. Cabot, A. Cirera, J.D. Prades, F. Hernandez-Ramirez, A.
Romano-Rodriguez, J.R. Morante, “‘Nanosensors: Controlling Transduction Mechanisms an
the Nanoscale Using Metal Oxides and Semiconductors” in “Sensors Based on Nanostructured
Materials” (Ed. F. Arregui), chap. 5, pp. 79-129, Springer Science + Business
Media (2009). ISBN: 978-0-387-77752-8. Pagina 73

3. J.D. Prades, A. Cirera, J.R. Morante, J. M. Pruneda, P. Ordején, “Ab initio study of NOx
compounds adsorption on SnQOe surface” Sens. Actuators B-Chem. 126, 99-110 (2007).
Pagina 141

4. J.D. Prades, A. Cirera, J.R. Morante, “First-Principles Stucly of NOx and SOz Adsorption onto
SnO«110)”J. Electrochem. Soc. 154, H675-H680 (2007). Pagina 147

5. J.D. Prades, A. Cirera, J.R. Morante, “Ab initio calculations of NO2 and SOz chemisorption onto
non-polar ZnO surfaces” Thin Sol. Films, submitted (2008). Pagina 153

6. J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, S. Barth, A. Cirera, A.
Romano-Rodriguez, S. Mathur, J.R. Morante, “Ultralow power consumption gas sensors
based on self-heated individual nanowires” Appl. Phys. Lett. 93, 123110 (2008).
Pagina 157

7. J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, A. Cirera, A. Romano-
Rodriguez, J.R. Morante, S. Barth, P. Jun, S. Mathur, “An experimental method to
estimate of the temperature of individual nanowires” Int. J. Nanotechnol., accepted for
publication (2008). Pagina 161
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8. F. Hernandez-Ramirez, J.D. Prades, A. Tarancon, S. Barth, O. Casals, R. Jimenez-
Diaz, E. Pellicer, J. Rodriguez, J.R. Morante, M.A. Juli, S. Mathur, A. Romano-
Rodriguez, “Insight into the role of oxygen diffusion into the sensing mechanisms of SnO:
nanowires” Adv. Funct. Mater. 18, 2990-2994 (2008). Pagina 171

9. J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, L. Fernandez-Romero, T.
Andreu, A. Cirera, A. Romano-Rodriguez, A. Cornet, J.R. Morante, S. Barth, S.
Mathur, “Toward a systematic understanding of photodetectors based on individual metal oxide
nanowires”J. Phys. Chem. C 112, 14639-14644 (2008). Pagina 181

10. J.D. Prades, F. Hernandez-Ramirez, R. Jimenez-Diaz, M. Manzanares, T. Andreu, A.
Cirera, A. Romano-Rodriguez, J.R. Morante, “The effects of electron-hole separation on the
photoconductivity of individual metal oxide nanowires” Nanotechnol. 19, 465501
(2008). Pagina 193

11.  J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, S. Barth, J. Pan, A. Cirera, A.
Romano-Rodriguez, S. Mathur, J.R. Morante, “High performance UV light-operated gas
sensors based on individual SnOz nanowires for room temperature applications” Appl. Phys.
Lett., submitted (2008). Pagina 207

12. J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, M. Manzanares, T. Fischer,
J. Pan, T. Andreu, A. Cirera, A. Romano-Rodriguez, S. Mathur, J.R. Morante,
‘On the Role of the Lllumination Conditions in the Performance of Room Temperature Gas Sensors
Based on Individual SnOz Nanowires”Chem. Mater., submitted (2008). Pagina 211

13. J.D. Prades, J. Arbiol, A. Cirera, J.R. Morante, M. Avella, L. Zanotti, E. Comini, G.
Faglia, G. Sberveglieri, ‘Defect study of SnO:z nanostructures by cathodoluminescence
analysis: Application to nanowires” Sens. Actuators B-Chem. 126, 6-12 (2007).
Pagina 233

14. J.D. Prades, A. Cirera, J.R. Morante, A. Cornet, “Ab initio insights into the visible luminescent
properties of ZnO”Thin Sol. Films 515, 8670-8673 (2007). Pagina 241

15. M. Epifani, J.D. Prades, E. Comini, E. Pellicer, M. Avella, P. Siciliano, G. Faglia, A.
Cirera, R. Scotti, F. Morazzoni, J.R. Morante, “The role of surface oxygen vacancies in the
NO:e sensing properties of SnOz nanocrystals” J. Phys. Chem. C 112, 19540-19546
(2008). Pagina 245
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B.4 Objectius

Els principals objectius d’aquesta tesi doctoral es poden resumir de la seglient manera:

1. Comprendre i modelitzar el funcionament dels sensors conductometrics basats en
nanofils individuals d’6xids metal lics. Aqui s'inclouen aplicacions tant en el

camp dels sensors de gas com en el dels detectors de llum.

2. Aprofitar les caracteristiques propies dels nanofils com ara la gran relacié superficie-
volum, I'alta qualitat cristal lografica, o I'estabilitat superficial per tenir accés a

situacions experimentals ben definides i properes als models.

3. Avaluar, en quina mesura les anteriors caracteristiques dels nanofils sén
avantatjoses en aplicacions de sensat de gas 1 de llum. Tanmateix, determinar
quines altres propietats dels nanofils poden ser avantatjoses en el camps aqui

tractats.

4, Explorar, en base als resultants anteriors, aproximacions alternatives quan a la
manera d’operar els sensors basats en nanofils individuals i avaluar-ne les

prestacions de cara a futures aplicacions.
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B.5 Metodologia

En les tesis basades en un compendi d’articles, no es necessari incloure un capitol
dedicat a les tecniques i metodologies emprades durant el doctorat. Per les raons que es
detallen a continuacid, 'abutor ha considerat convenient incloure la informacié relativa a
determinats meétodes teorics 1 experimentals. Com es habitual, els detalls de la resta de les

técniques es donen en la secci6 experimental de cada article.

En primer lloc, el fet que durant aquest treball de doctorat s’hagin iniciat les
activitats en calculs ab initio al Departament d’Electronica ha motivat I’'autor a descriure
en detall els fonaments teorics 1 els aspectes de procedimentals del formalisme escollit: la
Teoria del Funcional Densitat (DFT). Aquestes informacié es presenta en forma d’un capitol
de llibre. L’autor agraeix al Prof. P. Ugliengo la seva invitacié a escriure aquest capitol, 1
espera que el seu contingut sigui especialment ttil per a les activitats futures del grup en

aquest ambit.

En segon lloc, les activitats experimentals desenvolupades en aquest treball de
doctorat van aprofitar l'amplia experiéncia del grup en la sintesi, caracteritzacio,
manipulacié 1 fabricaci6 de nanomaterials 1 nanodispositius. Els detalls d’aquesta
experiéncia es resumeixen en un capitol de llibre que recull les activitats del grup. L’autor
d’aquesta tesi agraeix al Prof. J.R. Morante, al Prof. A. Romano-Rodriguez, i la resta de co-
autors la voluntat de compartir la seva experiéncia 1 encoratjar-lo a contribuir en aquest

capitol.

En tercer lloc, a més de la resta de resultats cientifics presentats en aquesta tesi
(Capitol 4), 'autor vol presentar la seva modesta contribucié als avancos tecnologics i
metodologics del grup. Per aquest motiu es presenta una plataforma electronica que serveix
d’'interficie amb els dispositius basats en nanofils. Aquesta eina ha estat ampliament
utilitzada en el desenvolupament de les activitats experimentals que es presenten en
aquesta tesi. Els detalls sobre la plataforma es presenten en un article cientific que no es
considerara per l'avaluacié del treball de autor (ja que va ser avaluat en la tesi doctoral
d’un altre coautor). L’autor agraeix al Dr. F. Hernandez-Ramirez, la seva amable invitaci6 a

participar en aquest treball.

Les publicacions associades que contenen la informacié metodologica sén les

seguents.

m J. D. Prades _




1. J.D. Prades, A. Cirera, J.R. Morante, “Applications of DFT Calculations to Chemical

Gas Sensors: Desing and Understanding” in “Quantum Chemical Calculations
of Surfaces and Interfaces of Materials” (Ed. V. A. Basiuk and P. Ugliengo),
chap. 13, pp. 243-288, American Scientific Publishers: Valencia CA (2008).

2. T. Andreu, J. Arbiol, A. Cabot, A. Cirera, J.D. Prades, F. Hernandez-Ramirez, A.
Romano-Rodriguez, J.R. Morante, “Nanosensors: Controlling Transduction
Mechanisms an the Nanoscale Using Metal Oxides and Semiconductors”
in “Sensors Based on Nanostructured Materials” (Ed. F. Arregui), chap. 5, pp.
79-129, Springer Science + Business Media (2009).

L3 F. Hernandez-Ramirez, J.D. Prades, A. Tarancon, S. Barth, O. Casals, R. Jimenez-
Diaz, E. Pellicer, J. Rodriguez, M.A. Juli, A. Romano-Rodriguez, J.R. Morante,
S. Mathur, A. Helwig, J. Spannhake, G. Mueller, “Portable microsensors based
on individual SnO:z nanowires” Nanotechnol. 18, 495501 (2007).

Resum dels resultats més importants

. El desenvolupament de tecnologies avancades amb dispositius detectors de gas
basats en oxids metal lics (MOXs) requereix la comprensié dels fenomens fisics
1 quimics que ocorren en la interaccié entre les molecules de gas i les superficies
dels MOXs. En primer lloc, aix0 requereix la descripcié detallada i la
identificacié de les superficies més actives. En segon lloc, la morfologia dels
materials detectors també és crucial per obtenir millors respostes. En tercer
lloc, I'estudi de les interaccions especifiques entre les molécules 1 les superficies
(identificades en les etapes anteriors) fa possible no només reproduir 1
comprendre els mecanismes de la transduccid que es donen en aquests
dispositius, sindé també proposar nous metodes de treball per augmentar-ne el
rendiment. Els calculs ab initio poden proporcionar informaci6 valuosa ens tots

tres ambits.

. Avui en dia, el desenvolupament de nous formalismes sobre la base de teories ben
establertes com la teoria del funcional densitat (DFT), juntament amb les noves
instal lacions de computacié intensiva estan obrint noves 1 emocionants

possibilitats d’aplicar calculs teorics ab inito a camp eminentment aplicats com
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el dels sensors de gas. Els punts anteriors justifiquen I'eleccié d’eines DFT per
realitzar lestudi teoric de les interaccié gas-MOX tal 1 com es descriu a la

Unitat 1.

. En els darrers anys, els nanofils han sorgit com els blocs de construccié d’'una nova
generacié de dispositius sensors. Aquests dispositius han demostrat tenir bones
propietats, en especial en els camps del sensat quimic i1 de llum. En el primer,
les millores es deuen a l'alta superficie-volum 1 l'estabilitat superficial dels
nanofils. En el segon camp, l'alta cristal linitat dels nanofils dona lloc a
excel lents propietats de separacid, collecci6 1 confinament de carrega. En
conseqiiencia, l'estudi de les interaccions de la llum i el gas amb nanofils
individuals resulta ser una eina optima per comprendre els mecanismes de
deteccid. Els principals avengos aconseguits en els darrers anys en la sintesi, el
control, la manipulacié 1 'accés electric a nanofils possibiliten els estudis aqui

proposats.

. Al inici d’aquest treball de doctorat, encara existien importants dificultats en la
caracteritzaci6 eléctrica de nanofils individuals. La mintscula secci6 dels
nanofils fa que siguin extremadament sensibles a la potencia Joule dissipada
pel corrent que se’ls hi aplica. Aquesta poténcia dissipada és causa de
degradacié en aquests dispositius. En aquells moments, la potencia dissipada
en els nanofils només podia ser controlada amb costosos equips de laboratori.
Aquest fet dificultava la utilitzaci6 dels nanofils en futures aplicacions reals.
La plataforma electronica que aqui s’ha presentat ha permeés demostrar que es
possible operar aquests dispositius amb molt baix consum energéetic 1 emprant
components de baix cost. Aquesta plataforma s’ha utilitzat intensivament
durant el desenvolupament d’aquest doctorat 1 ha permeés realitzar bona part

de les mesures.
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B.6 Resultats i discussio

Aquest capitol conté els resultats 1 discussions més rellevants d’aquest treball. S’ha
organitzat en 3 unitats, que corresponen a les diferents arees desenvolupades per l'autor.

En concret, aquestes tres unitats son les segiients:

e Unitat 1: Interaccié gas - MOX
o Unitat 2: Interaccié llum - MOX interaccié

e Unitat 3: Interaccié simultania gas - llum - MOX

Les dues primeres corresponen a la modelitzacié teorica de dues interaccions,
aparentment independents, en nanofils de MOX. De fet, la interaccié gas-MOX sembla tenir
lloc només al a superficie mentre que la llum-MOX sembla ser un fenomen exclusivament
de volum. Els resultats que aqui es presenten varen demostrar que totes dues estan
relacionades pels processos que tenen lloc vora la superficie dels nanofils. L’objectiu de la
tercera unitat és il lustrar la importancia de la superficie en tot allo que té a veure amb els

nanofils tot modelitzant la interaccié simultania de gasos i llum amb nanofils de MOX.

B.6.1 Unitat 1: Interaccié gas - MOX

La Unitat 1 esta plenament dedicat a 'estudi dels processos quimics que tenen lloc
a la superficies dels nanofils de MOX basant-se en calculs ab initio (tal i com es descriu en
el la seccié B.5). Aquesta unitat esta dividida en seccions relatives als calculs atomistics, la
seva validacié experimental 1 la proposta d’alternatives quan a modes de funcionament 1

enfocaments teorics.

Unitat 1.a Simulacié atomistica amb métodes ab initio

En primer lloc, s’han determinat les terminacions superficials i els llocs d’adsorcié
més rellevants a les temperatures de treball tipiques dels MOXs. Aixo és important perquée
la disposicié dels atoms d’oxigen en la superficie dels MOXs (aixo implica conceptes com els
de vacant d’oxigen) varia a diferents temperatures i depén de I’equilibri termodinamic amb
el contingut d’oxigen en laire. Posteriorment, la seva interacci6é amb alguns gasos
rellevants va ser analitzada. Aqui, s’ha seleccionat el NO 1 el NOz. Aquests gasos toxics, que
es produeixen en molts processos de combustid, sén perillosos per a la salut humana. Per

tant, des del punt de vista practic, aquests gasos sén interessants en sensors de gas de
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combustié 1 aplicacions de control 1 seguretat. A més a més, el fet que aquests gasos
reaccionen a las superficies de MOXs seguint processos de primer ordre fan d’aquest un
problema especialment atractiu per comencar amb els calculs ab initio. Sorprenentment, al
inici d’aquesta tesi, encara no s’havia publicat cap treball teoric relatiu a la interaccié de
NO 1 NOz amb les superficies de SnOz2 1 ZnO més rellevants [la (110) del primer i les no-
polars (10-10) 1 (11-20) del segon]. Aquest fet augmenta el interés de la recerca que aqui es
presenta. Per completitud, els efectes de la interferéncia d’altres gasos com el SOz en la
deteccié de NO 1 NOz amb MOX també van ser estudiats. Des del punt de vista practic, el
SOz és ben conegut perque els enverina els sensors 1 fa que la seva resposta només es pugui
recuperar amb tractaments térmics a elevades temperatures. Els resultats relatius al SnO2
es presenten en dos articles cientifics (Articles 3 1 4) essent el segon la continuacié i
finalitzaci6 del primer. El cas del ZnO s’analitza en 'Article 5. Les referencies complertes a

aquests documents sén les seglients:

3. J.D. Prades, A. Cirera, J.R. Morante, J. M. Pruneda, P. Ordején, “Abd initio study of
NOx compounds adsorption on SnQO2 surface” Sens. Actuators B-

Chemical 126, 99-110 (2007).

4. J.D. Prades, A. Cirera, J.R. Morante, “First-Principles Study of NOx and SO:
Adsorption onto SnO2(110)” J. Electrochem. Soc. 154, H675-H680 (2007).

5. J.D. Prades, A. Cirera, J.R. Morante, “Ab initio calculations of NO:z and SO:

chemisorption onto non-polar ZnO surfaces” Thin Sol. Films, submitted (2008).
Resum dels resultats més importants

. L’estudi ab initio de l'estabilitat superficial del SnO2-cassiterita va revelar que la
orientacié superficial més rellevant i més abundant és la (110), en
correspondeéncia amb les evidéncies experimentals (Articles 3 1 4). Per tant, els

estudis posteriors es varen centrar en aquesta faceta.

. Per tal de modelitzar ordenacions atomiques realistes, s’ha explorat la rellevancia de
diferents arranjaments atomics superficials mitjancant tecniques de
termodinamica ab initio. A temperatura ambient, la superficie estequiomeétrica
és la configuracié més estable. Quan la temperatura s’eleva per sobre de 270°C,
es poden formar vacants Ogrigg 1 a temperatures encara més altes (per sobre de

480°C) la formacié de vacants Omplane és la dominant. A temperatures superiors
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a 640°C configuracions multivacants sén les més probables (Articles 3 1 4).

Aquestes prediccions teoriques (que estan d’acord amb anteriors resultats
experimentals), indiquen que les superficies parcialment reduides s’han de

tenir en compte de cara a la modelitzaci6 de les interaccions amb gas.

. Com a consequéncia dels resultats anteriors, les superficies amb vacants d’oxigen
varen ser incloses en el model de la interaccié de NO, NOz2 1 SO2 amb la

Sn02(110). Aquests calculs indiquen que:

e EI NO s’adsorbeix als oxigens de superficies estequiomeétriques.

e El NO: fonamentalment interactua amb les vacants d’oxigen (superficies
reduides).

e El SO2 competeix amb el NOz pels mateixos llocs d’adsorcid 1 és més dificil
de desorbir térmicament.

Aquests resultats son compatibles amb el caracter oxidant/reductor dels gasos
anteriors 1 pot explicar els efectes d’enverinament. D’altra banda, la
comparacié6 de les energies de desorcié obtingudes per tots els processos
estudiats estan en consonancia amb els resultats d’experiments de TPD

(Articles 31 4).

. Quan al ZnO, s’han obtingut resultats similars: les superficies més estables sén les no
polars (10-10) 1 (11-20) en la fase wurtzita, cal considerar el paper de les
vacants d’oxigen superficials i el NOz interactua preferentment amb els llocs

metal lics (llocs vacants d’oxigen) competint amb el SOz (Article 5).

Unitat 1.b Validaci6é experimental - Nous métodes de detecci6é en la nanoescala

Per a validar part dels resultats presentats a la Unitat 1.a, es va mesurar la
resposta conductometrica al NOz2 en nanofils individuals de SnO2z (Article 6) . En primer
lloc, aquest resultat va servir per identificar els llocs d’adsorcié que participen en la
resposta a aquests gasos. En segon lloc, els reptes técnics que va caldre superar per
realitzar aquestes mesures varen inspirar un nou meétode per escalfar el material sensor.
L’Article 6 demostra que el corrent aplicat al nanofil amb l'objectiu de mesurar-ne la
conductivitat pot ser emprat per escalfar el nanofil fins a les temperatures de treball
optimes per detectar gasos. Com s’explica en larticle, aquest resultat representa no només

un extraordinari pas endavant en la miniaturitzacié de sensors, siné també una drastica
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reduccié de la poténcia necessaria per fer-los funcionar. A més d’aixo, la disponibilitat de
microcalefactors integrats en els substrats utilitzats va fer possible mesurar la temperatura
assolida pel nanofil mitjan¢ant 'autoescalfament (Articles 61 7). Les referéncies complertes

a aquests dos documents son les seglients:

6. J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, S. Barth, A. Cirera, A.
Romano-Rodriguez, S. Mathur, J.R. Morante, “Ultralow power consumption gas
sensors based on self-heated individual nanowires” Appl. Phys. Lett. 93, 123110
(2008).

7. J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, A. Cirera, A. Romano-
Rodriguez, J.R. Morante, S. Barth, P. Jun, S. Mathur, “An experimental method
to estimate of the temperature of individual nanowires” Int. J. Nanotechnol.,

accepted for publication (2008).
Resum dels resultats més importants

. L’estudi amb microcalefactors i nanofils individuals ha revelat que la resposta a NO2
optima s’obté a temperatures entorn a T~175°C 1 que aix0 correspon a
interaccions a llocs d’interaccié Ompiane de la superficie (110) de 'SnO2 (d’acord
amb les simulacions dels espectres de TPD) (Article 6). Calculs DFT especifics
han permés confirmar aixo: la carrega capturada per el NO2 adsorbit en els
llocs Omplane és més gran que en qualsevol altre lloc dels estudiats (vegeu

T'Article 15 per a més detalls).

. S’ha aconseguit també reproduir les respostes a NOz obtingudes amb microcalefactors
simplement emprant lefecte d’autoescalfament. Com ja s’ha presentat
(Article #), el dispositiu experimental emprat permet controlar el corrent
aplicat als nanofil 1, per tant, modular la magnitud de I'autoescalfament fins a
temperatures proximes a 350°C (Article 6). A més dels enormes progressos en
termes de miniaturitzacid, aquest nou enfocament redueix drasticament la
poténcia necessaria per fer funcionar aquests sensors a unes quantes desenes
de microwatts. Aquest resultat obre la porta a una nova generacié de

dispositius sensors de gas de ultrabaix consum.

. Una altra conseqliencia de lanterior resultat va ser la proposta d'un meétode

experimental innovador per estimar la temperatura a escala de nanofils.
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Aquest es basa en la comparacié de la resposta dinamica dels nanofils a gasos

tot fent-los funcionar amb microcalefactors o amb autoescalfament (Article 7).

Unitat 1.c Sobre la relacio entre les vacants d’oxigen superficial i de volum

D’una banda, els calculs presentats a la Unitat 1.a, demostren I'important paper
que exerceix la preséncia de vacants d’oxigen en la superficie dels MOXs en la seva resposta
a gasos. D’altra banda, els MOXs sén materials semiconductors que presenten dopatge
intrinsec degut a 'abundancia de defectes puntuals relacionats amb els atoms d’oxigen. Per
tant, una simple qliestié era si hi ha alguna relaci6 entre els defectes d’oxigen del interior
del material 1 els defectes a la superficie (vacants)? Mesures experimentals de les derives a
llarg termini de la conductancia tant en nanofils de SnOz com de ZnO en canviar
abruptament el contingut d’oxigen ambiental suggereixen que la difusié d’atoms d’oxigen a
traves del interior dels nanofils de MOX és factible. En aquesta seccid, es mostra com la
descripcid dels fenomens de sensat, que sovint es centra només en la superficie del material,
pot ser complementada tenint en compte altres efectes que ocorren en el seu interior. Tots

aquests resultats es presenten en I'Article 8.

8. F. Hernandez-Ramirez, J.D. Prades, A. Tarancon, S. Barth, O. Casals, R. Jimenez-
Diaz, E. Pellicer, J. Rodriguez, J.R. Morante, M.A. Juli, S. Mathur, A. Romano-
Rodriguez, “Insight into the role of oxygen difussion into the sensing

mechanisms of SnOz2 nanowires” Adv. Funct. Mater. 18, 2990-2994 (2008).
Resum dels resultats més importants

. Les derives a llarg termini en la conductivitat de nanofils de MOX a causa de canvis
sobtats en la concertacié d’oxigen depenen del seu radi. Aquest fet, i1 la resta
d’evidéncies experimentals, sén compatibles amb processos de difusié d’oxigen
a d'interior dels nanofils. Sha demostrat que aquests efectes de difusié sén
importants fins 1 tot a temperatura ambient, 1 per tant, cal tenir-los en compte

quan es discuteixen els mecanismes que fan possible la deteccié de gasos amb

MOXs (Article 8).
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B.6.2 Unitat 2: Interaccid llum - MOX

La Unitat 2 esta plenament dedicada a l'estudi de les interaccions foté - MOX en
base a les propietats de transport en semiconductors. La unitat esta dividida en seccions
sobre I'analisi critica de les possibilitats dels nanofils individuals en aplicacions de deteccid

de llum i 'estudi 1 modelitzaci6 dels fenomens que en limiten la resposta dinamica.

Unitat 2.a Comprenent els fotodetectors basats en nanofils

L’oportunitat d’utilitzar un Unic nanofil semiconductor de gap ample per a la
deteccié de llum ultraviolada és atractiva tant des del punt de vista tecnic com fonamental.
La qualitat cristal lina dels nanofils resulta una situaci6 ideal per investigar fenomens de
fotoresposta eléctrica. En aquesta seccid, s’estudia la resposta de fotoconductors basats en
nanofils de ZnO 1 SnOz. En particular, es presenta un analisi exhaustiu dels factors que
influeixen en aquesta resposta aixi com dels principals problemes que presenta. Tots

aquests resultats es presenten en 'Article 9.

9. J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, L. Fernandez-Romero, T.
Andreu, A. Cirera, A. Romano-Rodriguez, A. Cornet, J.R. Morante, S. Barth, S.
Mathur, “Toward a systematic understanding of photodetectors based on

individual metal oxide nanowires”J. Phys. Chem. C 112, 14639-14644 (2008).
Resum dels resultats més importants

. Els factors que determinen la resposta dels dispositius fotoconductors basats en
nanofils individuals han estat identificats usant els principis generals que
regeixen la generacié de parells de carrega i el transport en semiconductors
(Article 9). Les estratégies per controlar-los que aqui es proposen s’han validat

amb dispositius fets a mida

e En primer lloc, s’ha demostrat que la geometria del dispositiu és important:
el disseny optim correspon a nanofils gruixuts i distancies entre
eléctrodes molt curtes. Aixo és un reflex del fet que la interaccid

fotons-MOX és un fenomen principalment de volum.

* En segon lloc, s’ha demostrat que el rendiment d’aquests dispositius depén

en gran mesura de les condicions de treball (en esséncia, la tensi6
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aplicada 1 la densitat de fotons). Amb l'objectiu de superar la
manca de sistematica en els estudis fets fins ara en aquest camp,
s’ha presentat una rigorosa metodologia per comparar els diferents

dispositius.

e En tercer lloc, les propietats semiconductores dels nanofils sén ben diferents

dels les propietats dels materials més extensos. En concret, la
mobilitat és menor i la vida mitja dels portadors és major. La
primera empitjora el transport d’electrons en els nanofils mentre
que el segon en millora la fotoresposta (fins a 3 ordres de magnitud
respecte a altres tecnologies). Tanmateix, aquesta millora en la
magnitud de la resposta n’empitjora la dinamica. Ambdds efectes
estan relacionats amb els fenomens de superficie: la mobilitat es
veu reduida per les multiples col lisions 1 dispersions que pateixen
els electrons amb els estats de superficie dels nanofils (ja que sén
més accessibles a causa de la gran superficie-volum) 1 la vida mitja
dels portadors augmenta a causa del potencial de deplexié vora la
superficie dels nanofils que separa els parell electré-forat i

n’obstaculitza la recombinacid.

Unitat 2.b Comprenent els estats de fotoconductivitat persistent

L’analisi presentat a la seccié anterior va posar de relleu la pobre resposta dinamica

a la llum dels nanofils de MOX 1 en va determinar preliminarment la causa: els processos

de separacié l'electré-forat que tenen lloc prop de la superficie dels nanofils. En aquesta

seccid, els problemes relatius a la persisténcia a llarg termini de la fotoconductivitat en

nanofils de MOX es presenten en detall i s’elabora un model basat en part en els resultats

de la Unitat 1. Diverses estratégies per minimitzar aquest efecte no desitjat es proposen i

demostren en 'Article 10.

10. J.D. Prades, F. Hernandez-Ramirez, R. Jimenez-Diaz, M. Manzanares, T. Andreu, A.

Cirera, A. Romano-Rodriguez, J.R. Morante, “The effects of electron-hole

separation

on the photoconductivity of individual metal oxide

nanowires”, Nanotechnol. 19, 465501 (2008).
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Resum dels resultats més importants

. L’augment del temps de vida mitja dels portadors en els nanofils de MOXs pot
arribar a donar lloc a situacions de fotoconductivitat persistent (PPC). Sota
certes condicions experimentals, aquests efectes sén especialment dramatics,
podent arribar a durar hores, i poden arruinar la utilitat d’aquests materials
com fotodetectors. No obstant aixd, aquesta situacid és extremadament util per
obtenir una informacié més profunda sobre el paper que juga la superficie en el

transport eléctric en nanofils (Article 10).

. La dependéncia de la PPC amb la temperatura a la que es troba el nanofil i la
composicié de 'atmosfera que 'envolta queda plenament explicada pel segiient
model (Article 10). Sota il luminacié UV, el potencial proper a la superficie dels
nanofils de MOX indueix la separaci6 dels parell electré-forat, acumulant els
segons a la superficie del material. Una vegada que la llum s’apaga, els forats
acumulats necessiten trobar-se amb els electrons per recombinar-se i ser
drenats. Si aquests camins no estan disponibles apareix la PPC. Es va observar
experimentalment que la recuperacié de la PPC esta associada a un augment
de la temperatura del nanofil o a 'exposicié a una atmosfera rica en oxigen. El
primer permet 'aproximacié de les poblacions d’electrons i1 forats deguda a
Paugment de l'energia dels portadors lliures i el segon proporciona vies de

recombinaci6 addicionals mediades pels oxygens quimiadsorbits.

. Aixi doncs, els efectes de la PPC es poden bloquejar completament simplement
escalfant els nanofils o bé passivant-ne els estats de superficie (Article 10). Per
exemple, els recobriments amb PMMA bloquejen la PPC i milloren la mobilitat
en els nanofils. D’aquesta manera s’ha superat una de les principals limitacions

per emprar nanofils de ZnO (i d’altres oxids metal lics) com a fotodetectors.

. Els resultats obtingut fins al moment (Unitats 1 1 2) van posar de manifest una
estreta relacié entre les interaccions del gas i de la llum amb els nanofils. Aixo
es degut a la importancia de la superficie en aquests materials. Aquest fet va
estimular 'autor a treballar en la modelitzacié de la seva interaccié combinada.

Aquests resultats es presenten en la unitat segiient.
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B.6.3 Unitat 3: Interaccié simultania gas - llum - MOX

La Unitat 3 es dedica a I'estudi de les interaccions combinades de molécules, fotons i
oxids metal lics (MOX) en base als conceptes desenvolupats en les dues unitats anteriors.
La unitat esta dividida en dues seccions. La primera es refereix a la atractiva possibilitat
de detectar gasos tot fotoactivant els 6xids metal lics. La segona esta dedicada a 'analisi de
la luminescencia provinent dels MOXs 1 la seva relacié amb els llocs d’adsorcié de gasos

oxidants.

Unitat 3.a Detecci6é de molécules oxidants mitjan¢cant fotoactivacio

La irradiacié amb llum ultraviolada fa possible la deteccié de molecules gasoses tot
mesurant la conductivitat d’0xids metal lics a temperatura ambient. Malgrat les atractives
possibilitats que ofereix aquest metode de deteccid, es sap ben poc sobre el mecanismes que
activa la preséncia dels fotons. En aquesta seccid, els efectes de les condicions d’il luminacié
(és a dir: el flux i la energia dels fotons) sobre la resposta als gasos de nanofils de SnO2 sén
estudiats en detall (Article 11). Combinant aquests resultats experimentals amb les
conclusions teoriques anteriors sobre la interaccié de NOz2 amb SnO:z (Unitat 1), es postula

un model que explica quantitativament aquest fenomen (Article 12).

11.  J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, S. Barth, J. Pan, A. Cirera, A.
Romano-Rodriguez, S. Mathur, J.R. Morante, “High performance UV light-
operated gas sensors based on individual SnOz nanowires for room temperature

applications” Appl. Phys. Lett., submitted (2008).

12. J.D. Prades, R. Jimenez-Diaz, F. Hernandez-Ramirez, M. Manzanares, T. Fischer,
J. Pan, T. Andreu, A. Cirera, A. Romano-Rodriguez, S. Mathur, J.R. Morante,
“On the Role of the Illumination Conditions in the Performance of Room
Temperature Gas Sensors Based on Individual SnO2 Nanowires” Chem. Mater.,

submitted (2008).
Resum dels resultats més importants

. Els resultats presentats en 'Article 11 demostren que la il luminacié UV de nanofils
d’oxid d’estany es pot utilitzar per a millorar-ne la resposta cap a especies
gasoses oxidants, com el NOg2, a temperatura ambient. A més d’aixo, aquest

treball va revelar que el rendiment final d’aquests dispositius esta fortament
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influit pel flux i la energia dels fotons que hi incideixen. En les condicions
adequades d’il luminacid, es poden obtenir respostes comparables a les de
dispositius calefactats convencionals. Aquest resultat obre la porta al
desenvolupament de sensors de gas conductometrics que operin a temperatura
ambient amb una série d’avantatges, per exemple, en aplicacions en entorns
explosius. L’analisi de la poténcia necessaria per fer funcionar aquests
dispositius amb diodes emissors de llum (LED) indiquen que és comparable als

requisits de poténcia del microcalefactors.

. El fet que la llum indueix una recuperacié de la linia de base després de 1’exposicid al
NOs, suggereixen que els fotons juguen un paper important en la desorci6 de
molecules de NOg, probablement a través de parells fotogenerats banda-banda.
Tanmateix, per explicar 'augment en la resposta, altres efectes s’han de tenir
en compte, com la competéncia amb altres molécules presents durant les
mesures (com ara l'oxigen en l'aire). Aquestes hipotesis son compatibles amb
els resultats sobre la interaccié de 'NO2z amb la superficie del SnOz presentats

en la Unitat 1.a.

. El model que aqui es presenta es basa en la competéncia entre les molécules d’oxigen
en laire 1 els gasos oxidants (com NO:) pels mateixos llocs d’adsorcié
(Article 12). L’acord quantitatiu amb els experiments, ha demostrat que és
possible ajustar el balan¢ d’adsorcié 1 desorcié controlant el flux de fotons 1 aixi
ajustar la resposta al gas. Tot plegat, explica el paper dels fotons en aquest
tipus de sensors 1 facilita la tasca de desenvolupar sensors conductomeétrics de
baix consum operats a temperatura ambient. Des del punt de vista fonamental,
aquesta troballa va més enlla de la descripci6 d’aquest fenomen, vaga 1

qualitativa, que es pot trobar a la literatura.

Unitat 3.b Detecci6 de les vacants d’oxigen superficials mitjan¢gant luminescéncia.

Després de confirmar el paper clau de les vacants d’oxigen superficials en la
deteccié de gasos amb MOXs (Unitat 1 1 Unitat 3.a), es va treballar en un procediment
experimental per determinar-ne la preséncia. En aquesta seccid, els nivell energétics dins la
banda prohibida que introdueixen les vacants d’oxigen superficials es correlacionen amb la

luminescencia del SnO:2 1 el ZnO (Article 13 i Article 14). Aquest métode experimental
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permet conéixer I'acabat superficial dels MOX (Article 131 Article 14) 1 pot ser utilitzat per

predir-ne el funcionament com a sensors (Article 15).

13.

14.

15.

J.D. Prades, J. Arbiol, A. Cirera, J.R. Morante, M. Avella, L. Zanotti, E. Comini, G.
Faglia, G. Sberveglieri, “Defect study of SnOz nanostructures by
cathodoluminescence analysis: Application to nanowires” Sens. Actuators B-

Chemical 126, 6-12 (2007).

J.D. Prades, A. Cirera, J.R. Morante, A. Cornet, “Ab initio insights into the visible
luminescent properties of ZnO” Thin Sol. Films 515, 8670-8673 (2007).

M. Epifani, J.D. Prades, E. Comini, E. Pellicer, M. Avella, P. Siciliano, G. Faglia, A.
Cirera, R. Scotti, F. Morazzoni, J.R. Morante, “The role of surface oxygen
vacancies in the NO: sensing properties of SnOz nanocrystals”dJ. Phys. Chem. C

112, 19540-19546 (2008).

Resum dels resultats més importants

Els resultats presentats fins ara tenen en comu el important paper que juga la
disposicié dels atoms d’oxigen en la superficie dels nanofils de MOXs, i
especialment, les vacants d’oxigen superficials. L’estudi mitjangat métodes ab
initio dels estats electronics associats a aquestes vacants indica que s6n
compatibles a les recombinacions radiatives que donen lloc a la luminescéncia

visible dels MOXs.

Els calculs demostren que la posici6 enérgica d’aquests nivells depén de la geometria
de les vacants d’oxigen 1, per tant, les diferents bandes de la luminescéncia es
deuen, necessariament, a diferents geometries de les vacants. Aix0 sha
confirmat amb diferents MOXs com el SnO:z (Article 13) 1 el ZnO (Article 14) 1
amb series de mostres independents 1 tractades de forma diferent. Recentment,
els nostres resultats estan essent recolzats per altres autors que estan arribant

a conclusions similars [a,b,c].

La utilitat d’aquesta eina experimental per analitzar 'acabament superficial dels
MOXs i predir-ne el rendiment com a detectors de gas també ha estat
demostrada. La resposta de nanoparticules de SnOz s’ha millorat mitjancant
tractaments térmics que han introduit vacants d’oxigen (Article 15). L’analisi

de la luminescéncia ha permeés realitzar el seguiment de la generacié de
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diferents tipus de vacants. Tots els passos d’aquest procés varen ser guiats pels

resultats teorics presentats en els apartats anteriors 1 son un bon exemple de

com escometre el disseny in silico de materials funcionals.

[a] N. L. Marana, V. M. Longo, E. Longo, J. B. L. Martins, J. R.Sambrano, “Electronic and
structural properties of the (10-10) and (11-20) ZnO surfaces” J. Phys. Chem. A 112,
8958-8963 (2008).

[b] C. Ton-That, M. R. Phillips, M. Foley, S. J. Moody, A. P. J. Stampfl, “Surface electronic
properties of ZnO nanoparticles” Appl. Phys. Lett. 92, 261916 (2008).

[c] Z. Q. Fang, B. Claflin, D. C. Look, “Effects of annealing in N2 ambient on traps and
persistent conduction in hydrothermally grown ZnO” J. Appl. Phys. 103, 073714 (2008).

B.7 Conclusions

Aquestes sén les principals conclusions d’aquesta tesi doctoral:

1. S’han modelitzat les interacci6 de molécules gasoses 1 llum amb oxids metal lics
emprant, respectivament, els formalismes ab initio DFT 1 les lleis de transport,

generacié 1 recombinacié de carregues en semiconductors.

1.a En el camp dels sensors de gas, s’ha aprofundit en les interaccions amb
gasos d’interés teoric i practic com el NO, el NO2 i el SOs2. Shan
determinat els mecanismes que donen origen a la resposta
conductomeétrica envers a aquests gasos, shan proposat maneres de
millorar-la 1 meétodes experimentals basats en lanalisi de la
luminescencia per avaluar la influencia de la superficie del nanofil en la
seva resposta a gasos. Tanmateix, s’ha demostrat que per assolir una
modelitzacié complerta de les interaccions entre gasos i 0xids metal lis
cal tenir en compte altres efectes que van més enlla de la mera interacci6

superficial.

1.b  En el camp dels sensors de llum ultraviolada, s’han identificat els
parametres que determinen la magnitud de la fotoresposta en nanofils
aixi com els que en limiten la seva dinamica. Aixo ha permés analitzar en

detall els estats de fotoconductivitat persistent en nanofils individuals.
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Tot plegat a permes aprofundir en la comprensié del funcionament d’aquests

dispositius.

2. S’han desenvolupat eines experimentals 1 dispositius per poder accedir a la resposta
conductometrica de nanofils individuals d’oxids metal lics en experiments
dissenyats especificament. La disponibilitat d’aquest escenari avantajés ha

permes validar bona part de les conclusions i prediccions dels anteriors models.

3. Quan a la influéncia de les caracteristiques propies dels nanofils en aplicacions de

sensat, s’ha observat el segiient.

3.a D’una banda, que la gran relaci6 superficie volum 1 [lestabilitat
superficial propies dels nanofils sén profitoses per a la deteccié de gasos.
La primera proporciona majors respostes en reduir el gruix dels nanofils

mentre que la segona en millora I'estabilitat i la reversibilitat.

3.b D’altra banda, que si bé la qualitat cristal lografica dels nanofils pot
millorar-ne les propietats de transport electric i de fotogeneracié de
parells electré-forat, la importancia dels efectes de superficie limiten
aquesta possibilitat. En primer lloc, la mobilitat dels nanofils empitjora
per la influencia de la superficie. En segon lloc, els camps eléectrics
associats a la deplexié propera a la superficie (I que expliquen la bona
resposta a gasos d’aquests materials) introdueixen fenomens addicionals
de separaci6 de carrega que interfereixen en la fotoresposta. No obstant
aixo0, s’han proposat i validat estrategies (com el passivat superficial amb
PMMA) que redueixen els efectes de superficie 1 milloren les propietats

dels nanofils com a fotodetectors.

Tot plegat mostra que 'aprofitament de les propietats a priori avantatjoses que
presenten els nanofils no és immediat 1 que, per fer-ho, cal avancar en la

comprensié dels fenomens que s’hi donen.

4, A partir dels resultats anteriors, s’han ideat, implementat 1 testat meétodes d’operacid

alternatius que treuen partit de les particulars caracteristiques dels nanofils.

4.a S’ha provat que es possible emprar fluxos controlats de llum ultravioleta

per activar, a temperatura ambient, la resposta conductomeétrica a gasos
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oxidants com I'NOz en nanofils individuals. Tanmateix, s’ha proposat un

model pel seu funcionament que permeés determinar-ne les condicions
optimes de treball. Aquest resultat obre les portes al desenvolupament de
sensors de gas que operin a temperatura ambient 1 puguin ser adequats

per atmosferes explosives.

4b Sha demostrat que és possible treure partit de I'efecte d’autoescalfament
Joule degut a la minuscula seccidé transversal dels nanofils. De forma
controlada, aquest efecte permet escalfar els nanofils a temperatures de
treball optimes per a la deteccié de gasos (fins a uns 350°C) dissipant
poténcies de tan sols desenes de microwatts. Aix0 suposa no només un
gran aven¢ quan a miniaturitzaci6 de sensors (jJa que no es necessari
incloure un calefactor extern) sind que suposa una reduccié enorme de la

potencia necessaria per fer funcionar aquests sensors.

Tots aquests resultants obren les portes 1 aplanen el cami cap a una nova
generacié de dispositius sensors basats en les novedoses i1 prometedores

propietats dels nanofils.
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