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Nanoporous GaN by Chemical VVapor Deposition: crystal

growth, characterization and applications

Modern society is experiencing a constantly increasing demand for energy. A
significative amount of the energy consumed is used for lighting purposes. Gallium nitride
(GaN) is a wide band gap semiconductor with important applications in white-light LEDs,
which are an attractive alternative to conventional light sources with many benefits that
include long operating life, compact size, vibration resistance, low-voltage operation, minimal
maintenance cost and minimal environmental impact. The savings of replacing conventional
light sources by LEDs would represent a reduction of around 20% in the total electricity
consumed. High-efficiency and high power LEDs are now commercially available. However,
the overall efficiency requires further improvement. GaN, in its porous form, is expected to
enhance the light extraction and internal quantum efficiencies of these LEDs. The main
objective of this thesis is focused on fabrication of fully porous p-n junctions for future LED
applications. Nanoporous GaN particles and epitaxial layers were synthesized by chemical
vapor deposition (CVD) through the direct reaction between Ga and NHs, using different
doping elements such as Mg and Si to generate the p- and n-type required semiconductors.
The advantage of our technique is that it does not require any secondary treatment after
growth to generate the pores. In this way, porous GaN p-n junctions were obtained showing
promising properties for potential application in high brightness GaN-based light emitting

diodes and sensor devices with improved sensitivity.

Keywords: porous GaN, chemical vapor deposition, semiconductor, light-emitting diode,

graphene.
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Introduction

Chapter 1

Introduction

Gallium Nitride (GaN) is considered one of the most important semiconductors for a
number of applications in electronics. GaN-based laser diodes (LD) are used to read Blue-ray
discs; GaN high-electron-mobility transistors (HEMTs) are used in various wireless
infrastructures; GaN-based metal-oxide-semiconductor field-effect transistors (MOSFET) and
metal-semiconductor field-effect transistors (MESFET) offer many advantages in high power
electronics for automotive applications. However, one of the most important applications of
GaN is found in light emitting diodes (LEDs) as the active light emitting element of various
optical components, ranging from traffic lights to large area displays. In its porous form, GaN
has received particular interest in the last decade due to interesting optical and electronic
properties that allowed, for instance, the demonstration of gas sensors with enhanced
sensitivity and also LEDs with improved light extraction efficiency, of crucial importance for
the modern society, since a significant amount of the energy consumed is used for lighting.
Replacing conventional light sources by LEDs would save up to 85% of the electricity
consumed. Taking into account that around 20% of the electricity worldwide is consumed in
lighting, LEDs in general, but porous LEDs in particular, can make a big impact on worlds

energy savings.

This chapter will start by highlighting the properties and characteristics of GaN. Also, we
will put GaN into perspective with other wide-bandgap semiconductors and their applications.
After this, we will discuss the interest, advantages, fabrication, characterization and

applications of porous GaN. Finally, we will present the objectives of this thesis.
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1.1 GaN, an important semiconductor in electronics and optoelectronics

GaN is an important semiconductor for a wide range of applications, principally due to its
wide direct band gap (3.39 eV at room temperature) and is the most used material for solid
state lighting, both as LEDs and diode lasers, with emissions in the UV and visible (including
the production of white light) [1], replacing other semiconductors developed earlier for the
same purposes. Using a direct band gap material allows the fabrication of more efficient
LEDs, compared to materials with an indirect band gap [2]. It has also excellent prospects in
high temperature electronics because of its large band gap, high thermal stability and
excellent physical properties [3].

GaN crystallizes in the hexagonal system with the space group P6zmc (wurzite structure),
although a metastable cubic phase (zinc blende structure) has also been described in the
literature [4, 5]. Wurtzite is the most commonly utilized one in optoelectronics. In wurtzite
GaN, the Ga and N atoms are tetrahedrally bonded to their neighbors, as illustrated in Figure
1.1

Figure 1.1. Schematic representation of the wurtzite structure of GaN [6].

GaN is a very hard and mechanically stable material. Its appearance can be colourless,
white, grey, and yellow, depending on the N vacancies present in the structure [6]. GaN is
steady in boiling water, practically insoluble in acids, or bases at room temperature, but it
dissolves in hot alkali solutions at a slow rate [4]. GaN also has a high heat capacity and
thermal conductivity [7- 9] making it suitable for high power and high frequency applications.
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GaN can withstand ionizing radiations better than other semiconductor materials, what makes

GaN a good option for space, betavoltaics and photovoltaics use [10, 11].

GaN can be doped to obtain p- or n-type semiconductors. This is essential for the
fabrication of functional semiconductor devices. Magnesium is the most important dopant to
form p-type GaN [12]. Silicon is most commonly used element as the n-type dopant [13].
However, when hydrogen-containing precursors are used in the growth process, it has been
difficult to obtain the p-type semiconductor. Hydrogen plays a crucial role in passivating the
Mg acceptors, and creates electrically inactive complexes Mg-H that prevents the formation
of holes as charge carriers in GaN [14]. Therefore, it was shown that p-type conductivity
could be activated by breaking the Mg-H complexes using low-energy electron irradiation
[15] or thermal annealing at ~973 K [16]. However, Mg-doped GaN grown by Molecular
Beam Epitaxy (MBE) can be an as-grown p-type semiconductor without any thermal
activation process, since there are no hydrogen or H-N radicals produced during the growth
process [17]. Also, p-type GaN was achieved by implantation of Mg into GaN, followed by
high-temperature annealing (~1373 K) [18]. The possibility of obtaining p-type GaN allowed
the realization of GaN based p-n junctions, the base of LEDs, that were developed first in

1991 [19].

Table 1.1 shows a comparison of some of the fundamental physical properties of GaN,
SiC and ZnO, which are the most used wide band-gap semiconductors in electronics [20-22].
Semiconductors with wide band gaps can operate at high temperatures, when compared to
narrow band gap semiconductors [23]. In addition, they present high electric breakdown
fields, which results in power devices with high breakdown voltages. However, GaN, similar
to ZnO, has a significantly lower thermal conductivity compared to SiC [20]. This property is
especially important in high power and high temperature operation since the heat generated
inside the device needs to be driven out as fast as possible to improve reliability and prevent
premature failure. Also, a low thermal conductivity leads to degradation of the device
operation at elevated temperatures [24]. The values of dielectric permittivity &, for the wide
band gap semiconductors are considerably lower than those for the narrow band gap
semiconductors. This allows, for example, a GaN device to be larger in area for a given
impedance. Thus, this increased area enables the generation of larger currents. GaN has an
advantage compared with SiC in the enhanced mobility of electrons in a two-dimensional
electron gas (2DEG) that is generated at a single heterojunction (interface between two
different materials) or in doped heterostructures that form superlattices (periodic arrays of
interfaces). The room temperature mobility for the 2DEG generated in a AlGaN/GaN
heterointerface is in the range of 10001500 cm?/V-s [25, 26], and the saturation velocities,
which are significantly better than those for SiC, are very suitable for fabricating functional

devices, such as LEDs and FETS.
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Table 1.1. Physical characteristics of the main wide bandgap semiconductors.

GaN . Zn0O
Property (wurtzite) OH-SIC (wurtzite)
Bandgap,
E, (V) 3.44 3.03 3.37
Dielectric
permittivity, 9 9.66 8.66
&r
Electric
breakdown field, 3 2.5 -
E. (MV/cm)
Electron mobility,
12 2
1 (GM2V-S) 50 500 00
Hole mobility, x4
(cm2IV-s) 850 101 5-50
Thermal
conductivity, 1.3 4.9 1-1.2
(W/cm-K)

GaN belongs to the group of 111-V semiconductors, in particular to the Il1-nitrides group.
GaN and its related alloys, such as InN and AIN, have received much attention in the
realization of new devices for electronics, microwave, and optoelectronics/photonics
applications. The good emission properties of Ill-nitride semiconductors are mainly
determined by their direct band gap which makes the radiative recombination of electron-hole
pairs much more efficient as compared with bulk Si, for instance, which is an indirect
semiconductor. Figure 1.2 shows a plot of the band gap energy versus lattice constant for
various semiconductors including Il1-nitride semiconductor materials — (Al, In, Ga)N. It can
be seen that the combination of IlI-nitride semiconductor alloys cover band gap energies from
0.8 eV to 6.2 eV, which correspond to wavelengths ranging from infrared to deep UV. In
Figure 1.2 the visible optical spectrum has been included for better visualizing this property
of Ill-nitrides. This makes the nitride system attractive for the development of optoelectronic
device applications, such as LEDs [27], LDs [28] and photodetectors [29]. An additional
advantage of IlI-nitride semiconductors in comparison to other semiconductors belonging to
I11-V and 11-VI groups, like GaAs, InAs, ZnSe, etc., is that I11-nitride semiconductors are not

toxic for the environment [30-32].
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Figure 1.2. Bandgap energy versus lattice constant for various semiconductors [33].

1.2 Crystal growth techniques for the production of wurtzite GaN

GaN single crystals cannot be grown by melt standard techniques (like Czochralski or
Bridgman techniques), since it has a high melting temperature and a very high decomposition
pressure. At high temperatures and conventional pressures, nitrogen evaporates out of the
crystal as it grows and the gallium and nitrogen atoms would not bond. To keep the nitrogen
in, very high pressures are needed (more than 1000 MPa), which are difficult to achieve in a
commercial process. One of the techniques so far available has been based on solution growth
of GaN from molten gallium at temperatures in the range 1673 — 1773 K, using nitrogen over-
pressures of typically 10 kbar [34]. Another approach to bulk GaN growth is a process using
Na flux [35]. It consists on the thermal decomposition of sodium azide (NaNj3) and the
reaction between nitrogen created this way with gallium in the Na-Ga melt. The process takes
place at temperatures in the range 573 — 1073 K and pressures ranging from atmospheric to
few MPa. The ammonothermal method enables growth of truly bulk GaN [36]. The scheme of
the crystal growth process in the ammonothermal method is as follows: GaN containing
feedstock is dissolved in one zone of the high pressure autoclave, then transported by
convection as a result of the temperature gradient to the second zone, where GaN is
crystallized on native seeds due to the supersaturation of solution (see Figure 1.3a). The
typical temperatures and pressures applied are 773 — 873 K and 0.2-0.5 GPa, respectively.
Figure 1.3b shows the photograph of a 1 inch thick GaN crystal grown by this technique.



UNIVERSITAT ROVIRA I VIRGILI
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Diposit Legal: &Ha%rgze—rg %-14

Introduction

(@)

GaN feedstock

3

NH;+ mineralizer

AMMONO GaN
crystals

Figure 1.3. (a) Schematic representation of the crystal growth system used in the ammonothermal method for
the production of GaN crystals [37]. The colored bar in the left represents the temperature gradient:
Red — highest temperature, Blue — lowest temperature. (b) 1 inch thick GaN crystal produced by

the ammonothermal method [38].

Aside from the methods mentioned above, GaN is grown epitaxially on foreign substrate
materials and these constitute the main crystal growth method for obtaining crystalline GaN
[39]. The substrate is placed in a growth environment with the necessary source materials,
temperature and pressure. When the conditions are favorable, GaN begins to crystallize on the
substrate, inheriting the crystalline structure of the template material. However, the substrate
used and the overgrown GaN typically have different lattice parameters, resulting in tensions
in the growing film [40]. Suitable substrate materials for the production of GaN should have a
low thermal expansion coefficient and lattice mismatch with GaN. Also, they should be
resistive to the growth reactants (such as NH3 or Hy) at high growth temperatures (in excess of
1273 K in some cases). Taking into account these facts, sapphire (Al,O3) and SiC are the most
popular substrate materials used currently [41]. Other materials with a close lattice mismatch
with GaN, such as LiGaO,, have been also used for epitaxial growth of GaN [42]. However,
the GaN layers grown on these substrates lacked the desired electronic properties due to either

a rough growth or unintentional contamination from the substrates.

The most commonly used methods for epitaxial growth of GaN include hydride vapor

phase epitaxy, metal-organic vapor phase epitaxy and molecular beam epitaxy:

e Hydride vapor phase epitaxy (HVPE). HVPE is one of the primary means of growing
thick GaN films. The first HVPE of GaN was reported by Maruska et al. in 1969,
using a sapphire substrate [43]. The GaN epitaxial layer obtained allowed measuring
the band-edge absorption and lattice constant of the material for the first time,
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although the epitaxial layers obtained did not exhibit a high quality. Figure 1.4
illustrates the basic principle of the method. For GaN growth, source materials are
gallium chloride (GaCls) and ammonia (NHs3) gases. GaCls is formed inside the
growth system by the reaction of gaseous HCI and metallic Ga. Formed GaCls is
transported into the growth zone of the system where it reacts with NH3 forming GaN.
Substrates are located in the growth zone and, if growth conditions, including
substrate parameters, are suitable, a GaN epitaxial layer is formed on the substrate.
The method provides deposition rates of several microns per minute making it
possible to grow hundreds of microns thick layers [44, 45].

Growth zone

Source zone

Figure 1.4. Schematic illustration of the GaN HVPE growth system: 1 — main reactor tube, 2 —heating

elements, 3 — Ga source gas channel, 4 — boat with melted Ga, 5 — Ga melt, 6 — substrate, 7 —
substrate holder, and 8 — ammonia source tube [44].

Metal Organic Chemical Vapor Deposition (MOCVD). MOCVD is the most
commonly process used to grow GaN thin films. This method is based on a thermally
induced reaction of gas-phase precursor molecules on a heated substrate surface.
MOCVD growth of GaN involves the use of the metalorganic compound
trimethylgallium (Ga(CHs); or TMGa) and ammonia (NHs) as precursors for GaN
growth, with nitrogen as carrier gas. The basic MOCVD describing the GaN
deposition process can be described by the following reaction:

G&(CHg)g + NH3; — GaN + 3CH4

The more likely reaction cascade leading to GaN growth is the stepwise homogenous
decomposition of Ga(CHj3)3 as shown below:

Ga(CH3)3—> Ga(CH3)2 + CH;

Ga(CH3)2—> GaCHj; + CH3
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GaCHsz;— Ga+ CHj;

Ammonia decomposes heterogeneously to yield atomic nitrogen or nitrogen
containing radical at high temperatures:

NHs— NHa. + XH
Therefore, the possible mechanism of GaN formation that occurs can be expressed as:
GaCHs + NH — GaN + CH,

The possible processes involved in the MOCVD growth process are shown in Figure
1.5. A mixture of precursor gases flows through the system in one direction. After
entering the high temperature reaction zone, molecules of Ga(CHgz); and NH;3 are
adsorbed, thermally dissociated and chemical reactions occur at the gas—solid interface
and near the hot surfaces of the substrate followed by deposition of the epitaxial layer
of GaN. The gaseous by-products of the reactions are desorbed, and together with
unreacted precursor gases, exhausted from the reactor. Compositional variations in the
deposited GaN film can be achieved by varying the gas flow ratio. Using MOCVD
high purity and high structural quality GaN thin films can be produced [46-48].

IMGg (‘%’3 NH;  Boundary
\ / Layer

diffysion

@ N
o adduct diffusion ° H
& O CH,
p\}b%s /p Ce B Ga
adsgrption % Ge (v suac
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Figure 1.5. Possible processes involved in the MOCVD growth process [49].

Molecular Beam Epitaxy (MBE). This is a method of epitaxial growth that appeared in
the late sixties and early seventies after work on epitaxial films by Davey and Pankey
[50], Shelton and Cho [51], and Arthur [52]. MBE growth is characterized by the
interaction of molecular or atomic beams at the surface of a heated crystalline
substrate. This interaction occurs in an ultra-high vacuum chamber (~10” torr). At this
pressure the mean free path of a gas particle is approximately 40 km, what allows the
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gas molecules to collide with the chamber walls many times before colliding with
each other. The ultra-high vacuum also provides the best available purity, because the
rates of contaminants are significantly lower than typical chemical vapor deposition
conditions. Figure 1.6 shows a schematic of MBE system for GaN growth. GaN MBE
growth is a non-equilibrium process where a Ga vapor beam and an nitrogen beam
from a nitrogen RF plasma source, where purified N, is converted into a more active
atomic and molecular species, are directed towards a heated substrate. Under suitable
conditions, layer-by-layer deposition of Ga and N atomic planes is possible. The
chamber is cryogenically cooled with liquid nitrogen. In addition to Ga, the MBE
chamber can be equipped with Si and Mg sources for n- and p-type doping, as well as
In for InGaN growth. The Ga metal source and dopant materials are introduced
through an effusion cell, where a solid material is placed in a crucible, (typically
pyrolytic boron nitride) and heated until the material sublimates or evaporates [53,

54].
r;ll'rtrngen Liguid M+
ASTR
Source | L] ;f/ Cryo shroud
Ml U
Ga H :|
— Load lock

FPyrometer
—  —
RHEED Screen [

Figure 1.6. Schematic illustration for GaN MBE growth [55].

Also, there are many derivatives of these methods, such as Plasma-Enhanced
CVD (PECVD) that utilizes plasma to enhance chemical reaction rates of the precursors. In
this way, GaN nanowires with high crystal quality were fabricated [56]. Another example is
hot-wire CVD (HWCVD) that uses a hot filament to chemically decompose the source gases.

By this technique cubic GaN on GaAs(100) was otained [57].

1.3 GaN and LEDs

LEDs are an attractive alternative to conventional light sources according to their high
efficiency and long lifetime. A typical Ill-nitride LED consist of a multi-quantum well
(MQW) stack of InGaN, AlGaN and GaN sandwiched between the p- and n-type GaN layers
(see Figure 1.7). The electrically injected free carriers diffuse to the junction area where they
are confined in the quantum well. Therefore, the recombination process of injected free holes

and free electrons occurs with subsequent emission of photons [58, 59].

Another benefit of the InGaN and AlGaN heterostructures arises from the negligible
reabsorption of the emitted light by the device. When the band gap of the surrounding

9
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material is equal to the band gap of the active region, the emitted photons have a significant
probability to be reabsorbed before leaving the material, limiting the efficiency of the device
[60]. In heterostructures, the potential well area of MQW emits photons with energy smaller
than that of the band gap of the surrounding areas. Thus, these photons leaving the active

region are not easily reabsorbed by the rest of the structure of the LED.

p-Electrode

p-GﬂN \\i
p-AlGaN —— /’_

nGaN — | n-AIGaN

e
} n-GaN }

f Sapphire substrate

N

Figure 1.7. Typical structure of GaN-based LED [60].

An important role in GaN-based LED technology is played by electrical contacts to n-
type and p-type GaN. A good Ohmic semiconductor-metal contact exhibits a symmetric,
linear and temperature-independent I-V characteristic. The main rule is to use a metal whose
work function is as low as possible for the n-type semiconductor and as high as possible for
the p-type semiconductor. Thus, titanium or aluminum and Ti/Al bi-layers are traditionally
used to form an electric contact on the n-type GaN, taking advantage of the good adhesive
properties of Ti and good electrical conductivity of Al. Usually titanium and aluminum are
covered by gold to avoid oxidation. Also, it is necessary to deposit a barrier to avoid the
diffusion of gold. Then, the contact layers are typically Ti/Al as adhesion and contact layers
and Ti/Au, Pt/Au or Ni/Au as protection layers. Beyond the metal deposition, thermal
annealing is also used, which leads to the Ohmic contact desired and also reduces the contact
resistance [61]. The p-type contact on GaN is a complex challenge. Ideally, the metal used for
the contact on p-type GaN should exhibit a work function about 6.5-7.5 eV. However, high
work function metals, such as Pt, Ni, Pd and Au exhibit work function values of 5.65, 5.15,
5.12 and 5.1 eV, respectively. Thus, it seems not possible to realize a real Ohmic contact
based only on the thermionic effect, and tunneling effect has to be promoted [62]. Most of the
p-type contacts used are stacks of Ni/Au, Ni/Pt/Au, Ti/Pt/Au or Pd/Au [63]. Again, the
characteristics of the contact are closely related to the thermal annealing process applied to
the contact. Only the annealing under an oxygen atmosphere leads to an Ohmic contact to p-
type GaN [64], by enabling the diffusion of Ni atoms into the upper GaN layer and promoting
its oxidation to NiO that behaves as a wide-band gap semitransparent semiconductor that
allows high transparency at visible wavelengths [65]. In order to further improve the

10
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performance, conductive oxides like indium tin oxide (ITO) are used to obtain a good optical
transmittance [66]. The deposition of an ITO with a thin Ni layer between GaN and ITO
provides an Ohmic contact with low resistivity [64]. For LEDs in advanced configuration, the
contact for p-type GaN is buried and also has a light reflection function. For this purpose
silver-based metallic layers are used, in which Ni layers allow obtaining the ohmicity while
keeping a high reflectivity [67]. Also, novel structures based on graphene, material with
outstanding electrical conductivity and high transparency over a wide range of the optical
spectrum, were fabricated, such as Au/Cr/graphene electrode structures in which Cr penetrates
into graphene and leads to a low-resistance contact with p-type GaN that can be used in high-

power GaN LEDs [68-69], for example.

Progress in the fabrication of GaN-based compound semiconductors enabled the practical
breakthrough of LEDs [70]. The improvement in the quality of InGaN with its
compositionally dependent tunable band gap, blue (430 nm), green (530 nm), and later white
LEDs become available. Now, GaN-based LEDs cover the entire visible spectrum, enabling
their entry into additional power signaling applications, such as traffic lights, since LEDs
based on these materials are considered energy-saving and environmental-friendly light
sources [71-73]. However, overall efficiency requires further improvement. More efficient
light-generating and light-extracting structures at reduced price and power consumption are
searched to develop applications for these LEDs in fields such as general lighting, automotive
lighting, backlights of liquid-crystal displays, etc [74]. The overall efficiency of LEDs is
mainly determined by the internal quantum efficiency and the light-extraction efficiency. The
internal quantum efficiency is the number of photons generated from an electron-hole pair
injected into the quantum wells. For a conventional LED, the light-extraction efficiency is
limited by the total internal reflection at the interface of the semiconductor and the outer
medium. Due to the large difference in refractive indices between the GaN film (~ 2.5) and air
(~ 1), light can only travel from GaN to air within a critical angle of total internal reflection of
23° [75]. The photons emitted outside the critical angle are reflected from the interface,
absorbed by the electrodes and semiconductors, and confined internally, reducing the

efficiency of the LED.

High-efficiency and high-power IllI-nitride LEDs have been demonstrated partly due to
improvements in the internal quantum efficiency of these compounds [76], and progress in the
light extraction and operating power density of these LEDs [77]. The light extraction
efficiency of these devices can be improved up to ~65 % in air and up to ~ 80 % in an
encapsulated device [78]. However, encapsulation comes along with severe drawbacks. First,
all encapsulators presently used are organic-polymer-based compounds, so they turn opaque
because of the thermal overstress on the polymer at high flux densities [79]. Second, the
encapsulator increases the optical size of the source by a factor of approximately two [80],
decreasing the surface brightness of the source. Hence, a high-extraction-efficiency
unencapsulated device is desirable for high-power and high-brightness applications.

One of the approaches that have been used to enhance the light extraction efficiency in
I11-nitride based LEDs is the use of graded-refractive-index oxide films with disordered
porous structures [81], achieving a luminance intensity 1.31 times higher than that obtained
on uncoated LEDs (see Figure 1.8). The improvement in the light extraction of this kind of

11
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LEDs compared to that of an uncoated LED is ascribed to the reduction in optical losses due
to Snell and Fresnel transmission. Another approach to increase the light extraction efficiency
of LEDs consisted in coating the textured surface of a IlI-nitride LED with transparent Al,O3
powders (see Figure 1.9), resulting in an improvement of the light extraction efficiency
steamming from both a decrease in the total internal reflection and angular randomization of
the photons because the transparent Al,O3; powders have an intermediate refractive index
between GaN film and air [82], as can be seen in Figure 1.9b.

p-clectrode

Ni/Au

: } a-Ti0:OH

GaN : Mg
InGaN/GaN MQW

n-electrode

GaN : Si

Substrate

Figure 1.8. Schematic cross section of a GaN-based LED with a graded-refractive-index oxide a-TiOx:OH
structure [81].
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Figure 1.9. (a) Schematic diagram of a surface-textured GaN-based LED coated with Al,O; powder and (b)
possible photon paths for a flat surface and a surface textured structure coated with Al,O3; powder
[82].
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Also, emission intensity of InGaN/GaN MQWs has been enhanced by surface plasmon
coupling [83-85], getting up to 200% increase of the emitted power in green LEDs. However,
one of the main problems of using this technology is that the metal nanoparticles have to be
located near the quantum wells in the LED to benefit from the surface plasmons (see Figure
1.10). In a conventional LED, the effect of surface plasmon coupling becomes limited, since
this process relies on the range of its evanescent field, which is in the order of a few tens of
nanometers in GaN, so the thickness of the p-type GaN layer must be reduced to a few tens of
nanometers. Such a thin p-type GaN layer, compared to the conventionally layers used, with a
thickness of 120-200 nm, leads to degradation of the current spreading and hence the LED
electrical properties.

Metal layer
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Figure 1.10. Schematic diagram of the electron—hole recombination and QW — surface plasmon coupling [86].

Other approaches have been developed using different types of diode configurations. In
the conventional chip (CC) configuration, the cathode is fabricated by locally etching the p-
type GaN layer to deposit a contact on the n-type GaN layer (see Figure 1.11a). In the flip
chip (FC) configuration a reflective metal layer ensures a good p-contact on a large area of the
diode and enhances the light extraction (see Figure 1.11b). In this case, the light is emitted
through the substrate [87, 88]. For the vertical thin film (VTF) configuration, the p-contact is
deposited on the whole diode area (see Figure 1.11c). Then the substrate is removed by the
laser lift-off (LLO) technique to reveal the n-type GaN layer for n-contact deposition. The n-
type contact is deposited in the center of the top surface of the device. The surface roughening
of the sample can be performed after the LLO step and thus the light extraction coefficient
can be increased [89].

N-electrode

7o N-electrode
Sapphire substrate ||
P-electrode
Undoped GaN n-GaN
o GaN [ :GaN/GaNMaQWs |
n-Ga
Undoped GaN p-GaN

N-electrode

Sapphire substrate Another substrate

Reflective mirror oo
P-electrode
(a) (b) (c)

Figure 1.11. Schematic structures of (a) conventional chip (CC), (b) flip chip (FC) and (c) vertical chip thin film
(VTF) LEDs [90].
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Finally, another of the approaches explored to develop unencapsulated LEDs is the use of
photonic crystals in one of the layers that constitute the LED since these structures contribute
to increase the light extraction efficiency and enhance the internal quantum efficiency of the
LEDs [91]. Photonic crystals are materials in which the refractive index is modulated
periodically on a wavelength scale, offering control of the way in which light propagates
through the medium [92]. When applied to LEDs, these photonic crystal structures might
inhibit light emission into guided modes or might increase light extraction efficiency if the
photonic band gap is tuned near the emission wavelength of the LED and the photonic crystal
penetrates through the entire device. However, realization of such structures in functional
devices is very challenging. Thus, up to now, scientific efforts have focused only on using
photonic crystals as diffraction gratings in any of the parts of the LED (top or bottom layer,
electrodes, etc.) (see Figure 1.12). In this scheme, spontaneous emission into guided modes is
allowed but these modes are subsequently outcoupled by the diffractive properties of the
photonic crystal, increasing the light extraction efficiency of the device [93-96]. For instance,
Wierer et al. demonstrated a high-performance unencapsulated IlI-nitride thin film photonic-
crystal LED with a light extraction efficiency around 73 % when the photonic crystal was
implemented at the top layer of a LED based on GaN (see Figure 1.13) [97]. If the photonic
crystal is implemented on the bottom of the I1I-nitride LED via insertion of nanometer-sized
air holes in the underlying n-type GaN layer the internal quantum efficiency and the light-
extraction efficiency are improved by 12 and 7%, respectively, resulting in an enhancement of
23 % on the performance of the fabricated LED (see Figure 1.14) [98].

p-pad |
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(UL Phe 1 prc
MO n-pad
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Figure 1.12. Schematic cross section of GaN-based LEDs with photonic crystal structures implemented in the
electrode and at the top of the n-type GaN layer [95].
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Figure 1.13. Schematic cross section of a GaN-based LED with a photonic crystal structure implemented at the
top n-type GaN layer of LED [97].
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Figure 1.14. Schematic cross section of a GaN-based LED with a photonic crystal structure implemented on the

bottom n-type layer of the LED [98].

However, such structures have been fabricated by etching techniques, e-beam lithography
and nanoimprinting that are not cost effective. Furthermore, these techniques might generate
problems when applying these structures to commercial products, since they require the
removal of the etching mask after surface texturing, which make them not applicable for low-
cost large scale production. Also, due to the extreme chemical stability of group 111 nitrides,
etching has to be carried out with corrosive etching methods like electrochemical etching o
metal-assisted electroless etching [99, 100], for example, as will be explained in the next
section. This might generate damages while smooth sidewalls required in many optoelectronic

devices are difficult to obtain, resulting in degradation of the device performance.

1.4 Porous GaN: interest, advantages, fabrication and applications

The discovery of light-emitting porous Si [101] propelled investigations of porosity
formation in I11-V and IV groups semiconductors [102-104]. Porous semiconductors have
received a considerable interest, primarily due to their unusual optical and electrical
properties, that sometimes can be radically different from those of the bulk material. Here we
should consider not only basic semiconductor parameters like conductivity, band gap energy
and absorption/emission of light, which might be quite different, but also internal
symmetries/anisotropies, high-order effects and even basic chemistry. Some of the novel

properties discovered for porous semiconductors are:

e Fast chemical reactions practically not previosly observed in bulk materials, including
violent explosions due to the large surface to volume ratio and optimal diffusion

conditions [105].

e Novel absorption characteristics (e.g., transparent for UV while blocking larger

wavelength [106].

e Optical anisotropy [107] and new types of optical anisotropy not encountered in natural

materials if two or more sets of pores are present simultaneously [108].
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e Strongly decreased thermal conductivity (and concomitantly changed phonon spectra)

[109].

e Strongly changed conductivity, sensitive to the presence of gases or humidity [110].

The recent advances in the production technologies of porous semiconductor materials
together with the unique properties that these materials exhibit have promoted the utilization
of them in the fabrication of devices for advanced nanoelectronics, sensors with enhanced
sensitivity, interfacial structures and catalysis, among others [111]. The actual applications of
these materials, however, depend on the development of processing methods able to precisely
control the optical and electrical properties of the resulting porous materials. Among these
semiconductor materials, the wide band gap semiconductors such as porous GaN, play an
important role in developing new technologies for applications in optoelectronics, magnetism,

catalysis and biotechnology.

Porous GaN, in particular, exhibits some specific properties:

e A strong photoresponse was observed in epitaxial GaN layers grown on 6H-SiC
substrates and anodized in aqueous solutions of HF. The photoconductivity (PC) spectra
of porous GaN showed a steady increase of the photoresponse as the photon energy was
increased from 2.5 to 3 eV. The formation of a potential barrier was also observed at the

GaN/SiC interface after anodization [112].

e It has been proven that porous GaN exhibited lesser stress compared to its bulk

counterpart [113].

e Porous GaN has the property to shift its band edge emission further into the ultraviolet
(UV) due to quantum confinement, that appears due to wire-like structures in porous GaN

[114].

e Photoluminescence (PL) intensity in porous GaN shows an intensity enhancement at
room temperature and a much higher intensity enhancement at low temperature [115].

Porous GaN has been typically fabricated by (photo)electrochemical and chemical
etching methods. The (electro)chemical reaction is sensitive to many parameters, such as the
electrolyte chemistry, applied potential or current density, temperature, flow conditions of the
electrolyte, doping type and doping concentration of the semiconductor, illumination state of
the semiconductor, and surface conditions (polished, rough, masked). These limitations,
together with the complex equipment required to control each parameter, and the fact that
many electrolytes are highly toxic and/or corrosive, makes challenging the production process

from a technical point of view.

However, here it is important to summarize the techniques used up to now to produce

porous GaN:

e Anodic etching of GaN: In anodic etching, the semiconductor and an inert electrode
are attached to the positive and negative terminals of a direct voltage source,
respectively. Both electrodes are put inside an electrolyte (aqueous sodium hydroxide
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(NaOH) solution, for example). The semiconductor is oxidized by removal of bonding
electrons from the surface bonds via an external voltage source, that injects holes in
the semiconductor. The resulting oxides subsequently dissolve into the electrolyte. A
drawback of anodic etching is the extra infrastructure and complexity of applying an
electrical bias to a thin wafer submerged in an etchant [116]. GaN was etched using
0.1 M NaOH solution with 0.2 M NaCl. A GaN electrode was used as anode. A Pt
electrode was used as cathode. Using a DC voltage supply, a constant current was
supplied between these electrodes through the NaOH electrolyte. The whole area of
the GaN film was covered by pores after the etching process (see Figure 1.15) [117].

16, Bun

Figure 1.15. SEM image of the surface of the GaN samples after anodic etching, showing the pores formed
[117].

Metal-assisted electroless etching technique: This technology introduces a thin, noble
metal catalyst film (a few nanometers in thickness) onto the semiconductor wafer
surface, prior to immersion in an aqueous, oxidizing solution of hydrofluoric acid and
hydrogen peroxide. For electroless etching, neither an external voltage nor electrical
contact to the samples are required. The oxidation of the semiconductor is driven by
the potential of an oxidizing agent in the electrolyte, which depletes valence band
electrons in the semiconductor, and thus, supplies holes. The noble metal acts as a
microscopic cathode on which the reduction of the oxidant occurs. The semiconductor
atoms under the noble metal are oxidized due to the hole injection and dissolved by
aqueous solution of hydrofluoric acid. Electroless etching is thermodynamically
possible only if the redox potential is higher than the potential of the solid
semiconductor in equilibrium with its ions in the solution. Besides etching in the dark,
electroless etching of semiconductors can be enhanced by UV ilumination. Electron-
hole pairs are generated by photons from an illumination source. The photogenerated
holes assist in the oxidation of the semiconductor surface and the excess electrons are
consumed by the reduction of the oxidizing agent in the electrolyte. This process
results in the simple and effective production of a porous semiconductor. The
simplicity and patterning capability of this method enables large-scale production of a
variety of semiconductors. Selective deposition or patterning of the noble metal
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catalyst allows controlled creation of etch variations in substrates below and adjacent
to the metal. This method can also create selected areas with unique emission
properties. However, the electrochemical reaction in the metal-assisted electroless
etching technique is sensitive to many parameters, what complicates to obtain
reproducible structures of porous materials [116]. This method has been tested for the
generation of porous GaN obtained from various sources and growth conditions.
Porous GaN was prepared via Pt-assisted electroless etching by placing the GaN
substrate in a solution of CH3;OH, HF and H,0; in a 1:2:1 CH30OH:HF:H,0, volume
ratio. The Pt-coated GaN surface was immersed in the etchant and illuminated with a
mercury lamp. The morphology of resulting GaN is dominated by the formation of
ridge structures that evolve over time, and of a deep porous network between and
under the ridges. The ridges appear to originate through the coalescence of the pores,
forming craters and exposing larger areas of the surface to the etchant, improving the
wetting inside the porous network, and causing the ridges to grow deeper. Figure 1.16
shows the evolution of the morphology of porous GaN produced by the metal-assisted
electroless etching technique at different etching times [118].

Figure 1.16. SEM images of unintentionally doped HVPE GaN on sapphire etched in 1:2:1 CH;OH:HF:H,0,

volume ratio solution for (a) 15, (b) 25, (c) 30, (d) 35, (e) 40, and (f) 60 min, using the metal-
assisted electroless etching technique [118].

Photoelectrochemical (PEC) wet etching method: If the excess of electrons in anodic
etching are consumed by the reduction reaction on the counter electrode instead of
reducing the oxidizing agents, the etching process uses an illumination source and is
called PEC. In PEC experiments the semiconductor sample is immersed in an
electrolyte in a cell which contains an optical window for UV illumination, which is
used to generate electron—hole pairs that are indispensable for etching to occur. An
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electrical contact and counter electrode(s) are required in PEC, unlike electroless
etching. A potential is applied between the semiconductor electrode (anode) and a
counter electrode (cathode, e.g., platinum) immersed in the same electrolyte. The
potential of the semiconductor is measured versus a reference cathode (saturated
calomel electrode). In this way, the current flowing between the semiconductor and
the counter electrode can be recorded as a function of the potential versus the
reference electrode. Also, this method is quite complex, which influences
reproducibility [119]. Figure 1.17 shows a scheme of a typical PEC etching system.
Porous GaN was produced by UV assisted PEC using buffered HF aqueous solution
(HF:H,O = 2:1, volume ratio) as an electrolyte. A Pt electrode was used as cathode
during the etching process. The anodization current was varied from 20 mA/cm? —
50mA/cm? for different samples with a constant etch time of 60 min. Figure 1.18
shows the top view SEM image of the porous GaN surface prepared using a buffered
HF aqueous solution (HF:H,O = 2:1, volume ratio) with an anodization current
density of 50 mA/cm? [120].

UV illumination

GaN sample
Ni washer

R

1 x Tf” b
Pt cathode o aflon base
Magnetic stirrer

KOH solution

Figure 1.17. Schematic representation of a typical PEC etching apparatus SEM images [121].

Figure 1.18. SEM image of a porous GaN layer obtained by PEC etching using a buffered HF aqueous solution

(HF:H,0 = 2:1, volume ratio) with an anodization current density of 50 mA/cm?[120].

Alternating current photo-assisted electrochemical etching (ACPEC): The idea of this
technique is to apply, instead of the common direct current used in an electrochemical
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process, an alternating current with a given frequency and peak voltage. The formation of
the porous semiconductor is performed in the same electrolyte used in the common direct
current constant electrochemical etching process. UV illumination is used to assist in the
generation of electron-hole pairs, where etching proceeds through the oxidation and
consequently, dissolution of the semiconductor surface. The supply of holes available at
the surface to participate in the oxidation reaction is greatly enhanced by the absorption
of incident radiation, resulting in significantly enhanced etch rate. During the ACPEC
process, the holes that are required for the process are supplied during the positive half
cycle of the alternating current. A typical electrochemical cell for the generation of
porous GaN is schematically shown in Figure 1.19. The etching process is produced
using a sine-wave AC (50 Hz) with a current density of 25 mA/cm? in a 4 wt %
concentration of KOH electrolyte under illumination with a 500 W UV lamp. Pt and GaN
acted as cathode and anode, respectively. This technique allowed obtaining well-defined
layers of hexagonal like pores of GaN (see Figure 1.20). The average pore size for 45 min
and 90 min etched samples was about 35-40 nm and 55-60 nm, respectively. The average
pore size varied significantly based on the quality of the starting GaN epilayers [122].

—Iﬁi % UV illumination

< I N\ S » Screw
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Figure 1.20. SEM images of the as grown and porous GaN formed at different etching times by the ACPEC

technique. (a) As grown, (b) 45 minutes, (c) 45 minutes at high magnification, and (d) 90 minutes
etching times [122].
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Porous GaN found a wide range of applications. Porous GaN thin films have been used as
buffer layers in growing epitaxial GaN layers with a low level of defects. The reduction in the
threading dislocations density in the overgrown thick GaN layers was demonstrated, as
dislocations annihilate at the interface between the buffer layer and the overgrown GaN layer.
Some of these dislocations undergo bending back to the underlying porous GaN layer while
others branched together to give a single propagating dislocation (see Figure 1.21) [123].

Owvergrown GalN

O.SE

Figure 1.21. Dark field cross-section TEM image showing that threading dislocations in overgrown GaN were
significantly reduced with annihilation at the interface of the buffer layer with the porous GaN
template [123].

Nanoporous GaN was also used in a lift-off process of GaN layers and devices through
nanoporous transformation. In this way, GaN layers for vertical LEDs were sliced and
separated through a electrochemical anodization process to create nanoporous GaN of
designed porosity profiles. It is shown that this voided region decreased the lateral fracture
resistance and enabled large-area separation of the LED structures after appropriate wafer
bonding. Figure 1.22 shows an schematic conceptual representation of the process for
epitaxial lift-off [124].
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device layers
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Figure 1.22. Conceptual lift-off process: (a) preparation of a porous GaN with a designed porosity profile; (b)
MOCVD overgrowth of GaN and transformation of nanoporous GaN into a voided region; (c)
wafer bonding after GaN growth and separation; and layer transfer for thin-film vertical LED
devices fabrication [124].
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Porous GaN has also been used to fabricate gas sensors with high sensitivity [125, 126].
As an example, Pd/GaN, and Pd/porous GaN Schottky diode gas sensors for hydrogen gas
detection were fabricated [125]. The Pd/porous GaN Schottky diode exhibited a more
pronounced change of current upon exposure to H, as compared to the Pd/as-grown GaN
Schottky diode (see Figure 1.23), attributed to the microstructure at the porous Pd/porous
GaN interface which allowed higher accumulation of hydrogen, subsequently producing a
larger electrical polarization that drives to the lowering in the effective Schottky barrier
height.

""" As-grown: 2% H2
0.1 -|— — - As-grown: air ambient
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Figure 1.23. |-V characteristics of Pd/GaN and Pd/porous GaN gas sensors operating in air ambient and 2% H,
gas [125].

Porosification of GaN has also been used to enhance the light extraction and internal
qguantum efficiencies of GaN-based LEDs. Pores increase the internal quantum efficiency due
to the geometrical quantum wire effect associated with the thin walls remaining between the
pores. This quantum confinement effect results in an increased band gap energy [127]. Also,
the light emitted from the active layer of the LED is deflected by the porous layer, and thus,
the porous surface might minimize the total internal reflection and increase the transmission at
the interface to air, increasing the light extraction efficiency. Another way of explaining the
same effect would be by considering the effective refractive index for the porous layer, that
will be smaller than that of a non-porous layer. Thus, the light extraction cone will be larger,
due to the lower contrast between the effective refractive index of porous GaN and the
refractive index of air.

The light extraction of LEDs, for instance, can be enhanced by producing porous
structures in one of the semiconductors that form the LED structure [128]. So far, most of the
studies based on enhancing the light extraction properties of GaN-based LEDs deal only with
the formation of partially porous diodes, where only a p-type or an n-type porous
semiconductor is formed. In this way, porous p-type GaN was fabricated by metal-assisted
electroless etching in a mixture of HF and H,S,0g under UV illumination to improve the light
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extraction efficiency of GaN-based LEDs. The PL ratio enhancement was 2.8 and 4 and the
light-output power improved to 32.7 % and 18.6% for the LEDs etched for 10 min and 20
min, respectively (see Figure 1.24) [129].

— a: Flat surface
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440 460 480 500 520
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Figure 1.24. Room temperature PL spectra of the conventional LED wafer and nanoporous LED wafers after
etching for 10 min and 20 min by metal-assisted electroless etching. The inset shows the light
traces for the planar (1) and roughened (1) surfaces [129].

Also, nanopores were formed on p-type GaN surfaces of InGaN/GaN MQW LEDs by
nanopatterning with an anodic-aluminum-oxide (AAO) template in an inductively coupled
plasma dry etching process. The LED formed shows enhanced light extraction at a
wavelength of 450 nm (see Figure 1.25). The significant enhancement of light extraction has
been correlated with the nanoscaled roughness of a randomly distributed and nanoporous p-
type GaN surface [130].
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Figure 1.25. Room temperature PL spectra of LED with nanopores formed on p-type GaN [130].
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Another example is the fabrication of photonic crystals structures on the GaN-based LED
chip. An important fabrication of a high-performance GaN-based LED with photonic-crystal
structure produced by dry etching and implemented at the top layer of n-type GaN was shown
by Wierer [97]. This photonic-crystal LED has a very high light extraction efficiency of 73%
without using any encapsulants, as can be seen in Figure 1.26.
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Figure 1.26. External quantum efficiency (red line), total light output power (blue line), estimated bounds for the

internal quantum efficiency (green area), and average internal quantum efficiency (black line)
versus current of a tuned high-performance photonic-crystal LED emitting into air [97].

A bottom photonic crystal GaN-based LED composed of nanometer-sized air holes, that
were formed by AAO nanopatterns, was also fabricated. From temperature-dependent
photoluminescence measurements, the enhancement of internal quantum efficiency was
estimated to be 12%. Moreover, the fabricated bottom photonic crystal LED showed a 23 %
higher optical power than a reference LED (see Figure 1.27) [131].
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Figure 1.27. Light—current characteristics of the bottom photonic crystal GaN-based LED compared with the

reference LED [131].

24



UNIVERSITAT ROVIRA I VIRGILI
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.

Oleksandr Bilousov

Dipdsit Legal: T,,1557-2Q14 i
iposit Lega E;hapzer?[ Introduction

An increase of the light output power of LED with photonic crystal structure selectively
grown on p-GaN was shown to be by 70% [132] and using self-organized nanoscale
patterning of p-type GaN was 46% higher than refernce LED [133].

Also, a highly-ordered porous AAO mask, with a pitch on the wavelength scale, was
adopted as the selective dry etching mask. Photonic crystals structures with different pore
depths were simultaneously formed on the entire surfaces of the GaN-based LED chip,
including ITO, GaN, surrounding contacts and the sidewalls of the mesa structure by one-step
reactive ion etching (RIE) (see Figure 1.28) [134]. An improvement on light output power up
to 94% was achieved (see Figure 1.29).
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Figure 1.28. Photonic crystal structures fabricated on the surfaces of a GaN-based LED. (a) Schematic diagram
of light traces emitted from the photonic crystal-based LED. (b) Side view SEM image of the
photonic crystal structure generated on the ITO surface of the GaN-based LED. (c) Side view
SEM image of the photonic crystal structure generated on the surfaces of the p-type GaN and n-
type GaN layers [134].
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Figure 1.29. Typical light output power-current-voltage curves of the conventional GaN-based LED and the
surface-patterned GaN-based LED with photonic crystal structures fabricated by using an AAO
template as a selective dry etching mask [134].
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1.5 Aims of the thesis

The research described in this thesis is focused on the synthesis and characterization of
porous GaN particles and layers with the final goal to fabricate fully porous p-n junctions for

future LED applications.

In this thesis, porous GaN is synthesized by the chemical vapour deposition (CVD)
technique through the direct reaction between Ga and NHj [135], using different doping
elements such as Mg and Si to generate the p- and n-type required semiconductors, as
conventional techniques to produce porous GaN do. The advantage of the technique we
developed is that it does not require any secondary treatment after growth to generate the

pores.

We also used luminescent nanoparticles in order to explore the possibilities of converting
the UV emission from GaN into visible light. We tried to synthesize them directly inside the

pores of the GaN particles by using sol-gel techniques.

Finally, we worked on graphene deposition by electrospray with the final aim to use
graphene layers as transparent electrodes for the future LEDs based on porous GaN.

Chapter 3 is focused on the optimization of the growth conditions of porous GaN
particles by CVD, in order to get an homogenous porous GaN layer with a high degree of
porosity. For this, different reaction parameters, such as the temperature, the I11/V precursors
ratio, the pressure at which the system is kept while the growth process develops, the
deposition time, the shape of the crucible or Ga holder used, and the catalyst with which the
Si substrates are coated, are studied. Therefore, the porous GaN particles obtained are
characterized by X-ray diffraction, their shapes are observed by electron microscopy and their
luminescence and electrical properties are measured, in order to know the quality and type of
conductivity of porous GaN. Here, the mechanism of growth of porous GaN is also discussed.

Chapter 4 describes the doping procedures of porous GaN with Mg, in order to obtain p-
type GaN and with Si, in order to have n-type GaN with a higher charge carrier concentration.
Also, a metal-oxide semiconductor (MOS) porous GaN/MgO diode is presented, formed in a

single step when high concentrations of Mg-precursor are used.

In Chapter 5, different substrates were tested to ascertain if they might play a role in the
crystallographic orientation of the GaN particles. For this purpose we used as substrates
amorphous quartz, pyrolitic boron nitride (p-BN), tungsten wire (W), sapphire (Al,O3), SiC,
as well as, AIN and GaN thin films grown on sapphire (0001). The results show that the
lattice mismatch between the substrate and the porous GaN layer plays an important role in
achieving a continuous and oriented layer formed by discrete porous microparticles. Also, the
structural, electrical and luminiscence properties of partially and fully porous GaN p-n

junctions formed only by CVVD means are shown.

The possibilities of tuning the emission of the potential LEDs based on porous GaN by
fabricating luminescent nanoparticles/porous GaN composites is described in Chapter 6.

Chapter 7 presents the synthesis of graphene flakes, together with their deposition on
silicon and quartz substrates by the electrospray method, since graphene is considered a

promising transparent conductive electrode for GaN-based LEDs.
Finally, the main conclusions of this thesis are presented.
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Chapter 2

Experimental techniques

This chapter describes the experimental techniques used in this thesis. At the beginning
of the chapter, the crystal growth of porous GaN structures by Chemical Vapor Deposition
(CVD) is presented. The second part is focused on microscopy techniques, which are essential
for the observation and characterization of porous GaN structures. They include Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), High-resolution
Transmission Electron Microscopy (HRTEM), Atomic Forced Microscopy (AFM) and
Focused lon Beam (FIB) tomography. The techniques for structural characterization, such as
X-ray diffraction and Raman scattering, are discussed in the third part of this chapter. The
fourth part presents some clean room facilities, which were used for the preparation of
ordered porous GaN microstructures. Electrical characterization techniques of porous GaN
structures consisting in two-probe, four-probe, Van de Pauw geometry and capacitance-
voltage measurements are discussed in fifth part of this chapter. The chapter ends by
presenting photoluminescence and cathodoluminescence techniques used for the
characterization of the optical quality of the porous GaN structures obtained.
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2.1 Synthesis techniques
2.1.1 Crystal growth by chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) is a chemical process for the deposition of a solid film
on a substrate from vapor phase reactions of chemical reagents. CVD is used in many
applications, especially in the microelectronics industry in order to prepare thin films serving
as semiconductors, dielectrics, conductors, oxidation barriers, etc. By controlling the
experimental conditions, such as the composition of the reaction gases, the gas flow rate, the
substrate material, the substrate temperature and the total pressure gas flow, materials with
different properties can be grown.

Typically, a conventional CVD process consists on the following steps, as shown in
Figure 2.1:

1. A defined and stable mix of gases, together with inert carrier gases if needed, are
introduced at a specified flow rate into the reaction chamber with one or more heated
substrates to be coated.

2. The gases are transported by the carrier gases towards the substrate.

3. Gaseous reactants are adsorbed onto the heated surface of the substrate and
heterogeneous chemical reactions occur at the gas—solid interface and near the hot surfaces of
the substrate, which produces the deposit of the material desired and by-product species.

4. The deposits will diffuse along the heated surface of the substrate, forming the
crystallization centres from which the growth of a thin film will evolve.

5. The gaseous by-products of the reactions, together with unreacted precursor gases are
exhausted from the reaction chamber.
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Figure 2.1. Scheme of processes that typically occur during CVD.
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In general, the CVD equipment consists of three main components including the
precursor gases supply system, a CVD reactor, and a gas handling system. At the same time,
the CVD equipment is individually tailored for specific conditions of reaction, materials, etc.
Since there is a large variety of deposited materials, there are many variants of CVD. It can be
performed at sub-atmospheric total pressures, as well as at above-atmospheric pressures.
There is also a variety of CVD-assisted/activated techniques by the use of plasmas, ions,
photons, lasers, hot filaments, etc. CVD can be done in hot-wall reactors and cold-wall
reactors, depending if the chemical reaction is activated by a thermal process or not [136].

In comparison to other deposition techniques CVD, has the distinctive advantages:

e A wide range of materials, including metals, carbides, nitrides, oxides, sulphides,
I11-V and II-VI materials, can be deposited by CVD with very high purity; CVD
produces uniform films with good reproducibility and adhesion at high deposition
rates.

e CVD can be applied for covering pieces with elaborated shapes, including the
insides and undersides of them, since CVD films are generally quite conformal.

e Controlling the CVD process parameters it is possible to control the crystal
structure, the surface morphology, the thickness and the crystallographic
orientation of the products deposited.

However, there are some disadvantages of CVD:

e The process often requires the use of toxic, corrosive, flammable and/or explosive
precursor gases, some of the reagents have a high cost.

e Sometimes it is difficult to deposit multicomponent materials with well controlled
stoichiometry because different precursors have different vaporization rates.

e Use of high temperatures for deposition of CVD films, that can result in stresses
in the deposited films, if substrate and film have different thermal expansion
coefficients, and can lead to mechanical damages of the deposited materials [49].

In this thesis the synthesis of porous GaN was performed by a conventional CVD method
using the direct reaction of metallic Ga (Alfa Aesar 99.999%) and NH; (Carburos Metalicos
>99.98%) as gallium and nitrogen sources, respectively. The formation of GaN is based on
the following reaction:

2Ga + 2NH3; — 2GaN + 3H,

At the temperature of reaction, metallic Ga evaporates and reacts with NH3 on the surface
of the substrate. Heterogeneous decomposition of NH3 at the growing surface is probably the
dominant reaction path to create N atoms for GaN growth. A molecule of NH3 is polar and is
preferentially adsorbed by an electron acceptor. The surface Ga atom plays the role of
acceptor of electrons during the crystal growth process, therefore, it chemically adsorbs NH3
which decomposes and allows the formation of GaN [137].

The CVD reaction was performed in a horizontal single zone tubular furnace Thermolyne
79300, Thermo Fisher Scientific Inc., USA with a built-in temperature controller. The
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chemical reaction undergoes inside an amorphous tube. The inlet of the tube is connected to
an automatic Sierra INC. Smart-Trak flowmeter, through which NH3 gas is introduced. The
outlet of the tube is connected to a digital pressure controller CMOVE 1250 from Oerlikon
Leybold Vacuum, with the possibility to control pressure manually or automatically, together
with a vacuum pump from Oerlikon Leybold Vacuum that allows to get the desired pressure
inside the furnace and exhausts the gaseous by-products of the reactions and unreacted NH3
from the reaction zone as it can be seen in Figure 2.2.

Valve for
Quartz tube pressure
control
Flowmeter
Pressure
\ controller
Furnace
Temperature . Exhaust tube
controller Digital pressure connected to
reader

vacuum pump

Figure 2.2. CVD set up used in the synthesis of GaN nanostructures.

In order to know the distribution of temperature along the tube, the thermal
characterization of the furnace was performed. A representation of the thermal
characterization made at 1073 K and 1173 K temperatures, as read in the temperature
controller of the furnace, is shown in Figure 2.3. The temperature in different places of the
quartz tube was monitored by a Pt-Rh thermocouple. The difference between the measured
temperature in the center of the tube and the temperature read in the controller is less than 3
K. In the range from 0 mm (center of the tube) to 50 mm far from this center the variation of
the temperature is less than 5 K. This region was considered for positioning the substrate
during the synthesis of porous GaN structures, since the thermal stability is very good. Since
we suppose that the thermal behavior of the furnace is symmetrical, we would have 10 cm in
which the variation of the temperature is less than 5 K.
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Figure 2.3. Distribution of the temperature along the amorphous quartz tube at two different temperatures.

A liner made of amorphous quartz was used to easily introduce and position the substrate
and source of Ga and protect the quartz tube from contamination. Pure metallic Ga was placed
into the liner in the form of a droplet onto an amorphous quartz crucible. Since metallic Ga
tends to oxidize on air and form a thin layer of gallium oxide, all manipulations with Ga were
made inside a Precise Controlled Atmosphere Glove Box 5220120 CA from Labconco filled
with nitrogen. The substrate was placed above the Ga source standing at a vertical distance of
~ 2 cm onto a BN plate. BN was used as support for the substrate, since it has a very high
thermal conductivity, allowing an homogeneous distribution of the temperature on the
substrate and at the same time it allows keeping the substrate at the desired distance from the
Ga source for the deposition of GaN. Moreover, it is quite easy to machine BN, giving to it
the required shape and size, and also BN is a chemically stable material at high temperatures
and in corrosive atmospheres. A scheme of the experimental system used for the synthesis of
porous GaN is shown in Figure 2.4.

In a typical experiment, prior to the start of the chemical reaction, the quartz tube was
degassed to a vacuum pressure of 1 x 10 Torr. After that, pure ammonia gas was introduced
into the quartz tube through the mass-flow controller. No additional carrier gas was used. The
furnace was heated up to the reaction temperature with a rate of 60 K/min from room
temperature. Then, the furnace was kept at the reaction temperature during the reaction time,
under a constant flow of NHs, keeping the pressure of the system constant during the time of
the chemical reaction, that we changed depending on the experiment, as it will be described in
Chapter 3. When the reaction was finished, we cooled down the furnace to room temperature
while we stopped the ammonia flow. The resulting porous GaN structures were deposited on
the surface of the substrate facing to the Ga source.
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Figure 2.4. Schematic representation of the CVD system used for the synthesis of porous GaN (reproduction of
Figure 1 from Paper I).

2.1.2 Synthesis of the luminescent nanoparticles by the sol-gel modified Pechini method

Sol-gel technology plays a principal role in the development of modern nanotechnology
for the preparation of new materials [138]. Stoichiometric amounts of the oxides of the
elements contained in the nanoparticles were first converted to their nitrate forms by
dissolution in concentrated HNO3. Later the excess of HNO3; was evaporated to obtain nitrate
precipitates by slow heating. In the next step, an aqueous solution of
ethylenediaminetetraacetic acid (EDTA), used as the chelating agent in a specific molar ratio
(Cw) to prepare metal-EDTA complexes, were mixed and added to to the nitrate precipitates.
The molar ratio Cy was defined as:

Cm=[EDTA]/[METAL] (Eq. 2.1)
which describes the degree of the chelation process of the metal in the organic product.
Afterwards, ethylene glycol (EG), the sterification agent was added in molar ratio (CE),
which describes the degree of sterification between the chelating agent and the ethyleneglycol

Ce= [EDTAJ/[EG] (Eq. 2.2)

In this process, the molar ratios of Cy and Cg used are in the ratio of 2:1, respectively. The
resulting solution was heated slowly to obtain the precursor resin, which is a rigid polyster net
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that reduces any segregation of metals. The following stage is the two step calcinations
procedure. The first step is the calcination at 573 K for 3 hours, during which the precursor
resin decomposes to provide the precursor powder and in the second step, the calcinations
procedure depends on the nanocrystals to be obtained, since each material was calcined at a
certain temperature and for a particular time to obtain the desired crystalline phase.

2.1.3 Deposition of graphene by the electrospray method

Electrospray is a quite simple and controllable method that allows spraying substances in
the form of an aerosol by creating a thin layer of material on a substrate [139]. It consists on a
cylinder connected to a rotating motor that holds the substrates and a capillary that provides
the prepared dispersion of graphene (see Figure 2.5). The dispersion flows through the
capillary at a fixed velocity. A positive high voltage is applied to the capillary forming a
Taylor cone on the tip of the capillary, where forms the aerosol from the dispersion of
graphene. The aerosol particles are positively charged. The back electrode, that has the same
potential than the capillary, creates a uniform electric field between the back electrode and the
ion field. When the spray reaches the substrates, the deposition of the graphene layers occurs.
The substrate gets positively charged from the positively charged graphene sheets, what
would generate repulsion for the next graphene layer deposition. In order to overcome this
problem, a negative ionic field is introduced in the back part of the cylinder to neutralize the
positive charge on the sample. The negative ionic field is generated by a needle connected to a
negative power supply.

Experiments on deposition of graphene by the electrospray method were performed in
Droplets, intErfaces and floWs (DEW) group, Universitat Rovira i Virgili, Tarragona.

Negative high voltage source
Positive high voltage source

Rotating cylinder

Taylor cone

Liquid flow /
Capillary \

Back electrode
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Figure 2.5. Set-up for deposition of graphene flakes by electrospray.
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2.2 Microscopy techniques
2.2.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a method for high-resolution imaging that
provides detailed morphological and compositional information of surfaces. In SEM a
focused beam of high-energy electrons generates a variety of signals, produced by electron-
sample interactions. These signals include secondary electrons, backscattered electrons,
characteristic X-rays, visible light photons (cathodoluminescence), Auger electrons and
diffracted electrons (see Figure 2.6). Using SEM, the images with magnification up to
300,000x can be obtained and, at the same time, it allows excellent depth of the field [140].

The incident electrons in SEM are generated by an electron gun using an emission from
tungsten filaments. A positive electrical potential is applied to the anode and the filament
(cathode) is heated by the beam of electrons produced. The positive potential accelerates
electrons down the SEM column. Depending on the studied objects the energy of the incident
electrons can vary from 100 eV to 35 keV. Inside the SEM column the electrons are focused
by a series of lenses and coils and directed onto the desired point of the surface of the sample
to visualize. To get the final image, the electron beam scans the region of interest on the
surface of the sample and the electrons of different kind emitted from the sample are detected
for each position by an electron detector. The SEM column and sample chamber require high
vacuum conditions in order to allow the electrons to travel freely without scattering with gas
molecules. A schematic diagram of a scanning electron microscope is shown in Figure 2.7.

Incident beam

Visible photons Secondary electrons

(cathodoluminescence)

Backscattered electrons
Auger electrons
X-rays

Diffracted electrons

Transmitted electrons

Figure 2.6. The interactions of an electron beam with the sample.

The interaction of the electron beam with the atoms in a sample results in elastic and
inelastic scattering. High-energy or backscattered electrons are originated by elastic scattering
of incident electrons with atoms of the sample. The intensity of backscattered electrons
depends on the atomic number of the material, what results in changes of the image contrast
in relation to the composition of the sample. Thus, brighter areas in the image are associated
with elements with a higher atomic number. Lower-energy or secondary electrons are
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produced from inelastic scattering when an incident electron excites an electron in the sample.
Secondary electrons have typically energies lower than 50 eV and they are most suitable for
visualization of morphology and topography on samples. In addition to those signals, other
signals, such as characteristic X-rays, Auger electrons and cathodoluminescence, provide
important information about the sample. Characteristic X-rays are used for elemental analysis.
The energy of an Auger electron is characteristic of the type of element from which it was
released, thus, Auger Electron Spectroscopy can provide information about elements present
on the sample surface. Cathodoluminescence provides an emission spectrum or an image of
the distribution of UV, visible and IR photons emitted by the specimen, depending on the
detector used for this purpose [140].

SEM analysis needs electrically conductive samples to allow incident electrons to be
conducted away from the sample surface and to avoid charging effects that can degrade the
quality of the image. Nonconductive samples can be coated with a thin layer of a conductive
metal such as gold. Gold has a high atomic number, and sputter coating of the samples with
gold allows obtaining high topographic contrast and resolution images.
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Figure 2.7. Schematic diagram of a scanning electron microscope taken from the user’s manual of Jeol JSM
6400.
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Environmental scanning electron microscopy (ESEM) works under the same principle as
SEM. However, an advantage of using ESEM is the possibility to work without coating non-
conductive samples with a conductor media such as gold, thus, their original characteristics
can be observed. The ESEM uses multiple Pressure Limiting Apertures (PLAS) that separate
the sample chamber from the column. The sample chamber contains gas at low pressure,
while the column is at high vacuum. The incident electrons travel across the gas environment
and interact with the gas molecules producing positive ions and additional electrons, which
amplify the original secondary electron signal. In a non-conductive sample, the positive ions
created are attracted to the sample surface, and effectively suppress charging effects.

In this thesis a Jeol JSM 6400 SEM was used. Before observation samples were coated
with gold with a Bal-Tec SCDO004 sputterer. Also a FEI Quanta 600 ESEM coupled to an
Oxford Inca 3.0 microanalysis was used. The microscopes and the sputterer are available at
the Servei de Recursors Cientifics i Técnics of the Universitat Rovira i Virgili. In addition,
SEM analysis was performed on a FEI Quanta 650 FEG high-resolution SEM equipped with
an Oxford Instruments X-MAX 20 large area Si diffused EDX detector, available at Tyndall
National Institute, Cork (Ireland).

2.2.2 Transmission Electron Microscopy (TEM) and High-resolution Transmission
Electron Microscopy (HRTEM)

The transmission electron microscope (TEM) uses a high energy beam of electrons that is
transmitted through a very thin sample. The resulting interactions between the electrons and
the atoms are used to observe and analyze the structure of materials with atomic scale
resolution (in the case of HRTEM). TEM is also useful for the analysis of crystal structure,
chemical composition and defects such as dislocations and grain boundaries [141].

The electron gun in TEM consists of an electron source that uses emission from tungsten
filaments to generate electrons. The acceleration energies are typically of 40-100 keV. The
beam of electrons from the electron gun is focused by a series of condenser lenses. In order to
remove electrons that are scattered to high angles, the beam is restricted by the condenser
aperture. Later the beam passes the sample and a magnified image is formed by a set of
lenses. This image is projected onto a fluorescent screen or a CCD camera (see Figure 2.8).

The darker areas in the resulting TEM image mean that fewer electrons are transmitted
through the sample. Thus, these darker areas are related to denser areas and areas containing
heavier elements, while low-density areas and areas containing light elements appear bright.
This imaging mode is called bright field mode. In case of crystalline materials, diffraction of
electrons will occur on the sample. This diffraction can be easily seen by projecting the
resulting diffraction pattern of the sample onto the screen, when the objective aperture is
displaced from the optic axis to intercept the transmitted beam. This allows an analysis of the
crystal structure and crystallographic orientation of the sample. This mode is known as dark
field mode.
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Figure 2.8. Schematic diagram of a transmission electron microscope taken from the user’s manual of JEOL
JEM-1011.

The selected area diaphragm is used to select only one part of the sample. This mode is
called selected area electron diffraction (SAED). It allows obtaining important quantitative
structural and crystallographic information about crystalline materials such as symmetry of
the crystal lattice and calculating interplanar distances. In SAED a parallel beam of incident
electrons is used. When the incident beam of electrons is converted into a cone, it is possible
to perform a diffraction experiment on several angles at the same time. This technique is
called Convergent Beam Electron Diffraction (CBED) and can provide the full three
dimensional symmetry of the crystal.

Another mode of TEM is related to the differences in the phases of the electrons scattered
through the sample. Unlike conventional bright-field and dark-field TEM that normally use
only the central electron beam or a single diffracted beam, the phase contrast method is based
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on the interference among at least two beams and commonly many electron beams. The
electrons going from the bottom surface of a thin sample have small phase differences, arising
from scattering in the sample. Phase contrast imaging is called high-resolution TEM
(HRTEM). In HRTEM the voltage at which electrons are accelerated is higher than in TEM.
HRTEM in general refers to imaging in which atomic resolution is achieved. HRTEM
provides significant information about the sample, such as analyzing crystalline defects and
interfaces at the atomic scale, and observing and verifying devices, nanoscrystals and
nanostructures [141].

In this thesis, the TEM analysis was performed with a JEOL JEM-1011 microscope,
which is available at the Servei de Recursors Cientifics i Técnics of the Universitat Rovira i
Vigili. HRTEM and CBED measurements were conducted on a JEOL 2100F FEGTEM
operating at 200 kV and on a JEOL FEM3000F TEM available at Tyndall National Institute,
Cork (Ireland). Also, TEM observations were made with a JEOL-2010FEG TEM instrument
operating at 200 keV, coupled to an energy dispersive X-ray spectroscopy (EDS) system has
been used to determine the local composition in Mg-doped GaN, available at CIMAP, Caen
(France).

2.2.3 Focused lon Beam (FIB) tomography

Focused ion beam (FIB) tomography is a technique used in material science that
combines high resolution imaging with localized milling and etching by an ion-beam at the
microscopic/submicroscopic level. The FIB instrument is similar to a SEM. The main
difference is that ions are used, instead of electrons. Also, FIB is usually combined with SEM,
what allows manipulation using either one of the beams.

The FIB generally uses a liquid Ga metal ion source that is focused onto the sample by
electrostatic lenses. Typical accelerating voltages in FIB are in the range from 1 to 30 keV.
Interactions of the ions with the sample produces the ejection of secondary electrons, neutral
atoms and ions [142].

FIB has several applications, including imaging, local removal (milling/etching) and local
deposition of materials. The high-resolution imaging of the material is possible using
secondary electrons and secondary ions, what allows obtaining different contrast properties.
When the high-energy Ga ions strike the sample, they can cut trenches in the sample surface
with submicrometer precision. Varying the current of the ion beam allows removing material
at a desired location with the desired dimensions. The etching rate can be increased by
injecting certain gases to the sample. Also, by means of FIB, metals and insulating materials
can be deposited on the sample surface, when the ion beam interacts with the molecules of
gases carrying the desired precursor material for deposition [142].

Here, shapes, lengths, and propagation directions of the pores in the GaN particles were
analyzed by FIB tomography, i.e., time-resolved serial slicing and imaging with a Zeiss 1540
Cross Beam microscope. This dual beam system is equipped with a FIB column with a Ga
source and a high-resolution field emission electron column. The FIB column stands at 52° to
the electron column, and the sample surface is perpendicular to the ion column. The ion
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milling was performed using a 5 pA beam current to minimize surface damage and material
redeposition. The FIB tomography system we used is available at Université de Sherbrooke,
Sherbrooke (Canada).

2.2.4 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a form of scanning probe microscopy (SPM) with
high resolution, which is used for surface characterization of a wide range of materials. The
AFM technique provides a 3D profile of the surface with a nanometric scale resolution and
can map mechanical, adhesive, magnetic and electrical properties of the surface, if the
suitable additional detectors are present in the equipment.

The AFM principle is based on the interaction between the sample surface and a small tip
of nanometer scale sharpness (<10 nm) that scannes across a selected area of the sample
surface. The tip is fixed at the end of a small cantilever and this probe is connected to a
piezoelectric scanner. The tip and the cantilever are typically made of Silicon or Silicon
Nitride. As the tip scans the sample, interatomic forces between the probe tip and the sample
surface cause a displacement of the tip and the corresponding bending of the cantilever. A
laser light is pointed on the back of the cantilever and reflected to the photodetector. The
position of the reflected laser light changes depending on the cantilever movements. The
photodetector converts this change in an electrical signal and sends it to a computer, where a
map of topography and/or other properties of interest are generated (see Figure 2.9) [143].
AFM imaging areas are in the range of 100 x 100 pum in the x- and y-directions as maximum.
Also, areas less than 100 x 100 nm can be imaged. From the above description, it can be seen
that no optical processes take place in scanning the sample, except the reflection of the laser
from the cantilever. Thus, limitations that exist in optical microscopes are eliminated.
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Figure 2.9. Principle of operation of an Atomic Force Microscope (image taken from the user’s manual of
Agilent 5500 microscope).
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The dominant interactions in AFM are van der Waals interactions. During contact with
the sample, the probe is predominately influenced by repulsive van der Waals forces. It results
in the deflection of the tip. As the tip moves away from the sample surface, attractive van der
Waals forces become dominant. Thus, three primary modes in AFM imaging exist depending
on the tip-surface separation: contact, tapping and non-contact mode (see Figure 2.10).

Tapping repulsive force

Mode f
Force

.
< I
C

Probe-Sample separation

7 {/
// :

Mode Mode attractive force
Figure 2.10. Plot of force as a function of probe-sample separation [144].

In the simplest measurement method, the contact mode, the probe cantilever is deflected
by topographical changes and the scanner adjusts the probe position to restore the original
cantilever deflection. The scanner position information is used to obtain a topographical map.
This mode provides a fast scanning, but can damage or deform soft samples. In the tapping
mode the probe cantilever is oscillated at its resonant frequency. While maintaining constant
oscillation amplitude, the oscillating probe tip is scanned at a height where it barely touches
the sample surface. The system monitors the probe position to get topographical information.
This mode is less destructive than the contact mode and it allows visualizing the sample
surface with high resolution. However, slower scan speeds are required. In non-contact mode
the probe tip does not contact the sample surface, but oscillates above the surface during
scanning. This mode extends probe lifetime applying very low forces on the sample surface,
but generally has a lower resolution [145].

In our studies, the surface of porous GaN films were visualized by an Agilent 5500
microscope in the tapping mode with Si tips with a diameter of 10 nm and oscillating at a
resonance frequency of 75 kHz. This equipment is available at the Servei de Recursors
Cientifics i Técnics of the Universitat Rovira i Vigili.
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2.3 Structural characterization techniques
2.3.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique that provides detailed information
about the atomic structure of crystalline substances. X-ray diffractometers typically consist of
an X-ray source, a goniometer, containing the sample holder, and an X-ray detector. X-rays
are generated when high energy electrons collide with a metal target (Cu in our case) and
knock out core electrons. An electron from a higher energy orbit will replace the lost electron,
thus emitting X-rays. These X-rays are filtered to produce monochromatic radiation,
collimated and directed towards the sample.

The structure of crystalline materials is defined by ordered planes of atoms that form a
crystal lattice. When a focused X-ray beam interacts with these planes of atoms, part of the
beam is transmitted, absorbed by the sample and scattered, and part is diffracted. When the X-
ray beam after interaction with the sample produces constructive interference (diffraction), the
conditions of Bragg's law will be satisfied (see Figure 2.11), that takes the form of the
following expression:

ni = 2d sin6 (Eq. 2.3)

In this equation n is the order of the diffracted beam, A is the wavelength of the incident
X-ray beam, d is the distance between crystalline planes of atoms (the d-spacings), and 0 is
the angle of incidence of the X-ray beam. From Bragg’s law we can easily calculate the d-
spacings, since we know A (1.54056 A in our case, corresponding to the K, of Cu) and 6 can
be measured. When the intensity of the X-rays detected is plotted as a function of 6, an X-ray
diffraction pattern is obtained, which is unique and characteristic for each structure. The peak
intensities correspond to the diffraction of various d spacings in the crystal lattice, depending
on the structure and the crystal system. Comparing the positions and intensities of the peaks
with reference XRD patterns, we can identify the structure or crystalline phase of the material.
Also, it may be possible to quantify each phase, the crystallinity of a sample, the crystal
structures and their lattice parameters, the crystallite size and the structural strain [146].

Incident beam Reflected beam

Figure 2.11. Schematic representation of Bragg's law, the fundamental law for diffraction of X-rays in a
crystalline material.
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In this thesis, XRD patterns of the as-grown porous GaN samples were recorded using Cu
Ka radiation in a Bruker-AXS D8-Discover diffractometer equipped with a parallel incident
beam (Gobel mirror), a vertical 6—0 goniometer, an XYZ motorized stage, and a General Area
Diffraction Detection System (GADDS) HI-STAR detector with a multiwire proportional
counter of 30 x 30 cm? area and 1024 x 1024 pixel density. Samples were placed directly on
the sample holder, and the area of interest was selected with the aid of a video-laser focusing
system. An X-ray collimator system allows the analysis of an area of 500 pum?. The X-ray
diffractometer was operated at 40 kV and 40 mA. We collected 2D XRD patterns covering a
range of 20 between 20 and 85° corresponding to 3 frames of the GADDS detector, located at
a distance of 15 cm from the sample. The exposure time was 120 s per frame. Identification of
the crystalline phases was achieved by comparing the XRD diffractogram with the JCPDC
database using the Diffracplus Evaluation software from Bruker.

Additionally, rocking curves (m-scan) of the (0004) reflection of the porous GaN films
were recorded using the same system. The rocking curves covered an omega angle of 6°
corresponding to 120 frames from GADDS detector with a step size of 0.05° and 15 s of
exposition time per frame.

XRD powder diffraction of luminescent nanoparticles was performed on a Siemens
D5000 X-ray diffractometer. This system works with the Bragg-Brentano parafocusing
geometry and a 6—6 configuration, where the source, the detector and the sample are oriented
in the same direction and occupy three consecutive positions on a focusing circle. The source
and the detector maintain a symmetrical position and move on a circle that is centred on the
sample. This allows obtaining a discrete pattern of the reflections for the families of planes
parallel to the sample surface. All these equipments are available at the Servei de Recursors
Cientifics i Técnics of the Universitat Rovira i Vigili.

2.3.2 Raman scattering

Raman scattering is a technique based on the inelastic scattering of monochromatic light,
usually from a laser source, when it interacts with a sample. Photons of the laser light are
absorbed and then reemitted. There is a shift in frequency of the reemitted photons in
comparison with the original monochromatic frequency, which is basically in which consists
the Raman effect. The scattered light produced by the Raman effect provides information
about the energies of molecular vibrations and rotations. Using Raman scattering, solid, liquid
and gaseous samples can be analyzed. A Raman system typically consists on the excitation
source (a laser), the sample illumination system, the light collection optics, the wavelength
selector and the detector. The scattered light is collected with a lens and is sent through an
interference filter or an spectrophotometer to the detector to obtain the Raman spectrum
[147].

When monochromatic laser light strikes the sample, it excites molecules and transforms
them into oscillating dipoles. These dipoles emit light of three different frequencies:
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1. Elastic Rayleigh scattering occurs when a molecule without Raman-active modes
absorbs a photon and emits light with the same frequency of the incident photon. The excited
molecule returns back to the basic vibrational state.

2. When a Raman-active molecule absorbs the photon, it is promoted from the ground to
a virtual state and then it relaxes to a higher energy vibrational state. Thus, the scattered
photon has less energy than the incident photon, and therefore a longer wavelength. This is
called Stokes scattering.

3. Another possibility is that, when a photon is absorbed by a Raman-active molecule,
which, at the time of interaction, is already in an excited vibrational state, then, the excessive
energy of the excited Raman active mode is transferred to the scattered photon and the
molecule relaxes to the ground vibrational state. Therefore the emitted photon has a shorter
wavelength than the incident photon. This is called Anti-Stokes scattering.

For a better understanding of the mentioned above processes, they are represented in an
energy level diagram in Figure 2.12.

Elastic scattering Inelastic scattering
Raman

Rayleigh Stokes  anti-Stokes

Absorption 4

F Y F F N F

0

Figure 2.12. Schematic representation of an energy diagram of Rayleigh and Raman (Stokes and anti-Stokes)
scattering.

The vast majority of all incident photons suffer from elastic Rayleigh scattering. This
type of signal has no use for practical molecular characterization. Only about 0.001% of the
photons produce inelastic Raman signal with Stockes and anti-Stockes frequencies. Since
spontaneous Raman scattering is very weak, special measures should be taken to eliminate the
predominant Rayleigh scattering. Also, at room temperature most of the molecules are in the
ground vibrational state (v = 0) with very low population in the first vibrational excited state
(v = 1). Thus, the Stokes lines in the Raman spectrum are much more intense than the anti-
Stokes lines, because there is a much higher probability to excite a molecule from its ground
vibrational state, than from the first vibrational excited state.

Here, Raman scattering measurements were carried out using a micro-Raman system
Renishaw-InVia spectrometer equipped with a confocal microscope Leica 2500 and a CCD
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camera as detector. Radiation of an Ar laser (A = 514 nm) was focused by microscope
objectives on the surface of the sample. This micro-Raman equipment is available at the
Servei de Recursos Cientifics i Técnics, Universitat Rovira i Virgili, Tarragona.

2.4 Clean room facilities
2.4.1 Sputtering

Sputtering is a technique used to deposit thin films of materials on the surface of a
substrate. In sputtering, the substrate is placed in a vacuum chamber together with the source
material (named target). A voltage is applied between them so that the target is the cathode
and the substrate is attached to the anode. An inert gas (typically Ar) in the form of plasma is
used to bombard the target and erode the material to be deposited. The ions of gas are
accelerated by the electric field created between the target and the anode to which the
substrate is attached. The material to be deposited is in the form of neutral particles with a
small fraction of ions. These particles ballistically travel from the target in straight lines and
impact on the substrate. In this way the substrate is coated by a thin film of the source
material (see Figure 2.13).

When an Ar ion strikes the target, an electron is ejected from the surface and combines
with the Ar ion to neutralise it, bringing it to the vacuum as an Ar atom. An energy source
(Radio frequency (RF) or direct current (DC)) is required to maintain the plasma state while
the plasma is losing energy. If the target material is dielectric, this process rapidly results in
charging at its surface, since Ar ions are no longer attracted and electrons are no longer
released. It makes the plasma quench. Thus, to sputter non-conducting materials, it is needed
to apply a pulsed power (RF, for example) to the target. In this way the ion charge, that was
collected on the surface, is driven out during the positive phase. However, the deposition rates
for RF sputtering are lower than those for DC sputtering. Also, sputtering sources often
include magnetrons that confine charged plasma particles next to the surface of the sputter
target using strong electric and magnetic fields [148].

In this thesis, RF sputtering was utilized to cover Si wafers with thin films of metals, such
as Au, Ti, Pt and Ni that were used as catalysts in the crystal growth process of porous GaN.
Magnetron sputtering was performed by an ATC Orion 8-HV AJA International system,
which is available in the clean room of the Servei de Recursos Cientifics i Técnics,
Universitat Rovira i Virgili, Tarragona. In order to deposit 20 nm thick films of Au, Pt and Ni
on Si substrate the RF sputtering was used at a power of 150 W, a flow rate of Ar of 20 sccm
and a pressure of 3 mTorr. In order to deposit a Ti layer 20 nm thick on Si DC sputtering was
used at a power of 200 W, a flow rate of Ar of 20 sccm and a pressure of 3 mTorr.
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Figure 2.13. Scheme of the sputtering set-up taken from the user’s manual for ATC Orion 8-HV on AJA

International webpage.

2.4.2 Spin-coating

Spin-coating is a fast and simple method to generate thin and homogeneous films on
flat substrates. The process of spin-coating involves the deposition of the coating fluid
(solution) onto the center of a wafer or a flat substrate. Afterwards, the substrate is accelerated
up to the desired rotation speed until it is spinned at a high speed constant rate for the required
time. Centrifugal forces cause the fluid to spread to and off the edges of the substrate, leaving
a thin film of the fluid material on the surface of the substrate. Together with the spreading
and thinning of the fluid, the solvent evaporates, while the substrate is still spinning at a
constant rate. When the solvent evaporation dominates, the solid film starts to generate. An
additional drying step can be added after the high speed rotation step to further dry the film
without substantially thinning it. This is typically used for thick films, since long drying times
may be necessary to increase the physical stability of the film [149].

The combination of selected rotation speed and time defines the final thickness of the
film. In general, higher rotation speeds and longer rotation times create thinner films. Also,
the final film thickness and its properties depend on the nature of the fluid (viscosity, drying
rate, concentration of solvent, surface tension, etc.). Spin-coating is widely used
in microfabrication to create thin films with the desired thicknesses and in photolithography
to deposit layers of photoresist [149].

In one of the steps of the fabrication of ordered microstructures of porous GaN a APT
SPIN150 spin-coater was used. The Si wafer was covered with ~700 nm thick layer of AZ
1505 photoresist (Microchemicals) by spin coating at 500 rpm for 30 s. Additionally, after the
spin-coating, softbake was performed at 373 K for 30 s. The spin-coater is available in the
clean room facility of the Servei de Recursos Cientifics i Técnics, Universitat Rovira i Virgili,
Tarragona.

45



UNIVERSITAT ROVIRA I VIRGILI
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Dipdsit L 1: 1557-2Q14 . .
tPostt Le9ttt Bhdpter 2 Experimental techniques

2.4.3 Laser lithography

Lithography is the transfer of geometric shapes on a mask to a smooth surface. In modern
semiconductor manufacturing, optical lithography or photolithography is widely used for
device microfabrication. Photolithography uses optical radiation to transfer a geometric
pattern from  a photomask to  a light-sensitive photoresist on the substrate. The
photolithography system generally consists of an illumination system, a photomask, an optical
system, and the photoresist applied by spin-coating on top of the substrate. The operation
principle of a standard photolithography process is based on the ability of the photoresist to
store an image of the desired pattern. The mask, that already has this pattern, is exposed to the
light and the optical system images the pattern of the mask onto the photoresist. The
photoresist is a photosensitive material that changes its chemical composition during light
exposure. A special solution, called developer, is then applied to the photoresist, which
remains or dissolves depending on if it has been exposed or not to the light, depending on its
polarity. Afterwards, chemical etching is used, when a chemical agent removes the layer of
the substrate in the areas that are not protected by the photoresist. Finally, the photoresist is
removed from the substrate. After the completion of the photolithography process, a replica
of the mask pattern is left on the substrate surface [150].

Laser lithography or direct laser writing is a form of maskless lithography. It is similar to
the standard photolithography technique with the fundamental difference of the avoidance of
a photomask. Instead, the radiation of a narrow laser beam is used to directly write the image
onto the photoresist. The laser light induces a dramatic change in the solubility of the
photoresist for appropriate developers. In this case the chemical properties of the photoresist
change due to a multi-photon absorption process, in most of the cases a two-photon
absorption process.

In order to produce a patterned SiO; layer on a Si substrate for ordered growth of porous
GaN, in this thesis a DWL66FS laser lithography system from HEIDELBERG
INSTRUMENTS was used, that is available in the clean room facility of the Servei de
Recursos Cientifics i Técnics, Universitat Rovira i Virgili, Tarragona. The diode laser of this
system operates at 405 nm with a maximum power of 50 mW. A wafer of SiO,-coated Si
(100) was covered with ~700 nm thick layer of AZ 1505 photoresist (Microchemicals) by
spin coating (500 rpm, 30 s). The pattern of holes with 1.5 um in diameter and an area of 1
cm? was fabricated using this system. The photoresist was removed by the AZ 726 MIF
developer with 2.38 % tetramethylammonium hydroxide (TMAH) with surfactants added for
fast and homogeneous substrate wetting.

2.5 Electrical characterization

Electrical characterization includes the use of electrical measurement techniques that are
used to define various electrical parameters of a system. Electrical measurements often are
related to either measuring current or voltage. The relationship between the
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direct current through the semiconductor or an electronic device and the voltage across its
terminals is called the current—voltage characteristics or 1-V curves. I-V curves are generally
used as a tool to determine and understand the basic parameters of the semiconductor or
device, the charge transport behavior, and can also be used to model their behavior in an
electrical circuit. The simplest I-V curve belongs to a resistor, which according to Ohm's
law, has a linear relationship between the applied voltage and the resulting current. However,
a non-linear I-V curve of the resistor can be obtained depending on the material
characteristics. When we have semiconductor devices such as diodes and transistors, they are
built using semiconductor p-n junctions. Here, the shape of the I-V curve is determined by the
transport of charge carriers through the so-called depletion region that appears at the p-n
junction.

In order to analyze the porous GaN layers and devices we developed, in this thesis we
used two- and four-probe electrical measurements, capacitance-voltage measurements and the
van der Pauw technique for resistivity determination.

2.5.1 Two-probe measurements

I-V curves are often recorded using the two-probe electrical measurement technique. This
technique uses two probes aligned linearly or in a square pattern that contact the surface of the
sample under test. Two probes are connected at a fixed spacing distance on the sample
surface. Current is sent through one probe and exits through the second one. The voltage
between the two probes is measured by either a potentiometer or a voltmeter. Each contact
serves as a current and as a voltage probe. Using the voltage and current measurements in the
two-probe technique, it is possible to calculate the material resistance between the two probes.
Using the Ohm’s law the total resistance is given by

where R,y is the wire or probe resistance, R, is the contact resistance, and R; is the resistance
of the sample under test (see Figure 2.14).

A known current flows through the unknown resistance. The voltage across the resistance
is measured and then the resistance is determined by dividing the measured voltage by the
source current. A problem that occurs when using a two-probe technique is that the voltage
measured across the resistance also includes the resistance of the probes and contacts. When
the resistances of the probes and contacts are negligibly small, it is possible to obtain the
value of resistance of the material with a good accuracy. However, when measuring low
resistances on nanoscale materials, for instance, obtaining accurate results with a two-probe
measurement may be a problem [151].
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Rw

Rw
Figure 2.14. Scheme of the principle of work of the two-probe mesuraments.

In this thesis two-probe electrical measurements of porous GaN films were conducted
using a dc voltage and an Agilent 34401A Digital Multimeter in a Peltier cell, thermostated to
295 K in a Faraday cage. Liquid metal contacts were made using In—Ga eutectic blown into a
sphere from a gold metalized short borosilicate capillary tube, ensuring good wetting (several
um?) to the rough top-surface morphology of the porous GaN and avoiding electrical shorting
to the underlying metallized silicon. Also, two-probe electrical measurements of the various
Mg-doped GaN samples were conducted using In/Ga liquid eutectic contacts and a Biologic
SP-50 potentiostat. An In/Ga eutectic droplet was placed on top of the GaN material with the
other contact placed either directly on the Si or epitaxial GaN substrate (depending on the
substrate under investigation). The In/Ga eutectic droplets were used as Ohmic contacts.
Linear voltage sweeps were obtained in the range of -3V and 3 V with a 50 mV/s sweep rate.
The measurements were repeated with contacts on various points of each sample to ensure
repeatability. These measurements were performed in the Applied Nanoscience Group,
University College Cork, Cork (Ireland).

2.5.2 Four-probe measurements

The four-probe electrical measurement is a commonly used technique to measure the
semiconductor resistivity. It is also known as Kelvin measurements, named after William
Thomson, Lord Kelvin. This technique uses two separate sets of probes. One set of probes
serves for carrying current. The second set of probes is used for voltage sensing. Each of
those probes has a probe resistance Ry, a probe contact resistance R. and a spreading
resistance associated with it (see Figure 2.15). However, these unwanted resistances don’t
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have to be taken in consideration for the voltage probes, since the voltage is measured with a
high impedance voltmeter and there is negligible current. Thus, the voltage drops across these
unwanted resistances are extremely small. Therefore, only the voltage drop across the sample
IS measured.

Rw

— Nkge

Rw

Figure 2.15. Scheme of the principle of work of the four-probe mesuraments.

The four-point probe method provides more accurate measurements of the resistance or
the 1-V curve than the traditional two-probe method, since the effects introduced by the probe
resistance, probe contact resistance and spreading resistance are eliminated. While the four-
probe technique is quite simple in principle, there are experimental issues that must be taken
in consideration. In particular, the application of a metal to a semiconductor often forms a
Schottky diode rather than an Ohmic contact. The samples with very high or very low
resistivity need adjustment of the drive current to get reliable results [151].

In this study, the four-probe measurements were conducted on the porous GaN films
using a DC voltage and an Agilent 34401A Digital Multimeter in a Peltier cell, thermostated
to 295 K in a Faraday cage. As in the two-probe measurements, liquid metal contacts were
made using In—Ga eutectic blown into a sphere from a gold metalized short borosilicate
capillary tube. Resistivity values were extracted from the 1-V curves obtained. These
measurements were performed in the Applied Nanoscience Group, University College Cork,
Cork (Ireland).

2.5.3 van der Pauw resistivity measurements

The van der Pauw resistivity measurements technique is very popular in the
semiconductor industry. Frequently it is difficult to determine accurately the geometry of the
sample, what results in unknown current distribution and limits the accuracy of the measured

49



UNIVERSITAT ROVIRA I VIRGILI
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Dipdsit L 1: 1557-2Q14 . .
tPostt Le9ttt Bhdpter 2 Experimental techniques

resistivity. The advantage of the van der Pauw technique is that it allows avoiding problems
when the sample geometry is irregular. A typical geometry for Van der Pauw resistivity
measurements consist of 4 electrical contacts at the four corners of a roughly square sample
(see Figure 2.16). For the samples with arbitrary shape this technique is also applicable. The
theoretical foundation of measurements of samples with irregular shapes was developed by
L.J. van der Pauw [152]. He demonstrated that the resistivity of a flat sample material of
arbitrary shape can be determined without knowing the current pattern. However, the
following conditions have to be satisfied:

e the contacts should be located at the edges of the sample.

e the contacts should be sufficiently small.

e the sample is uniformly thick.

e the surface of the sample is simply connected, i.e., the sample does not have isolated

holes.
1 2
(a) (b)
1 2
3
4
4 3

Figure 2.16. Geometry for van der Pauw measurements of 4 electrical contacts at (a) the four corners of a
roughly square sample and (b) an arbitrarily shaped sample.

When the aforementioned conditions are fulfilled, the resistivity is calculated through the van
der Pauw equation:

exp(— MRz j + exp(— P RZ?”“J =1 (Eq. 2.5)
p p

where d is the thickness of the sample, p is the resistivity, Rz 34 IS the resistance defined by
dividing the potential difference V4 —V3 by the current going from contact 1 to 2, and Ry34; iS
the resistance defined by dividing the potential difference V, —V; by the current going from
contact 2 to 3.

In general, an explicit expression for the resistivity cannot be obtained from equation 2.5,
unless the sample has a symmetrical shape, such as a circle or a square (see Figure 2.16). In
this case from equation 2.5 we get:
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7

= E R12,34 (Eq- 2-6)

P

In other cases, the resistivity is given in the form:

ﬂd (R12,34 + R23,41) f£R12,34]

F):
In2 2 Rys 4 (Eq. 2.7)
Where f is the “correction function” that satisfies the relation:
-R
Rz 4 2341 _ f arccosh(exp(InZ/ f)j (Eq. 2.8)
R +Rygs IN2 2

The “correction function” f is a function only of the resistance ratio Riz34/R2341 and is
tabulated for each value.

In this thesis, the resistivity measurements on porous GaN were also made with the van
der Pauw technique using liquid metal contacts made of In—Ga eutectic, as explained before.
These measurements were performed in the Applied Nanoscience Group, University College
Cork, Cork (Ireland).

2.5.4 Capacitance-voltage measurements (C-V)

Capacitance-voltage (C-V) measurements are widely used to determine semiconductor
parameters. Using C-V measurements, semiconductor devices, such as field-effect transistors
(FETs), 11-V compound devices, thin-film-transistor (TFT) displays, photovoltaic cells,
photodiodes and other devices can be characterized [153-155]. The C-V technique is based on
the fact that the width of the reverse-biased space-charge region depends on the applied
voltage. Most often in C-V measurements a metal-semiconductor junction or p-n junction is
used to create a depletion region, which behaves like a capacitor. The relation between the
depletion width and the applied voltage provides quantitative information about the
semiconductor parameters, such as its doping profile, the mobile concentrations of majority
carriers and the diffusion potential. The C-V measurements can be made at very low
frequencies (few mHz) and at high frequencies (either 100 kHz or 1 MHz).

While performing a typical C-V measurement, three regions in the C-V curve can be
pointed out (see Figure 2.17): the accumulation region, when the majority of carriers
accumulate near the semiconductor surface; the depletion region, when the device starts to
deplete and the majority of charge carriers are pushed away from the semiconductor surface;
and the inversion region, when minority carriers are generated and dominate near the
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semiconductor surface. The minority carriers do not respond to high frequency stimulus and
their generation is relatively slow.

Depletion
Capacitance

Low-frequency

Accumulation

|
|
|
|
|
|
) |
Inversion ||
|
|
|

High-frequency

Voltage

Figure 2.17. A typical curve in C-V measurements.

In this thesis, C-V analysis was performed by scanning the applied potential at a rate of
10 mV s with a superimposed AC signal with amplitude of 15 mV at a frequency of 1 MHz
using a Agilent 34401A Digital Multimeter to determine the capacitance of porous GaN under
depletion conditions and define its donor concentration. Gold contacts were deposited onto
porous GaN, that formed a Schottky contact for the measurement. The 1/C? vs. V analysis
was made to confirm the type of conductivity and donor concentration of porous GaN. The
donor concentration was defined by the slope:

N, =2C*V /qes, (Eq. 2.9)

where € = 8.9 is the dielectric constant for GaN and q is the charge of the electron [156].
The Schottky barrier height was determined from the following equation:

Pan =€V, +eV, +KT (Eg. 2.10)

where eVy,; is the built-in voltage and eV, is the difference between the Fermi level and the
conduction band minimum for a neutral semiconductor.

The C-V measurements were performed in the Applied Nanoscience Group, University
College Cork, Cork (Ireland).

2.6 Luminescence characterization

Luminescence is the spontaneous emission of light from exited electronic states of the
material. Prior to the emission of light the process of excitation occurs, which may be
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produced by a variety of stimulations. When the excitation is achieved by the absorption of
light it is called photoluminescence (PL), and when it is achieved by stimulation with an
electron beam it is called cathodoluminescence (CL). Both techniques have been used in this
thesis.

2.6.1 Photoluminescence (PL)

Photoluminescence (PL) spectroscopy is a non-contact and nondestructive method of
analysis of the electronic structure and properties of materials. In PL, light is directed onto the
sample where it is absorbed and where a process of excitation can occur. After relaxation, the
emitted luminescence is collected by a lens and passed through an optical monochromator or
spectrometer onto a photodetector. Absorption of photons by a molecule excites it from the
electronic ground state to a higher energy electronic state. Photoluminescence occurs when
the molecule returns from the excited state to the electronic ground state by emission of a
photon. In a semiconductor, the electron after excitation passes from the valence band to the
conduction band, leaving a hole in the valence band. The excited electron and hole will relax
very rapidly to the lowest energy states within their bands by emitting phonons. When the
electron finally arrives at the bottom of the conduction band, the electron-hole pair can
recombine radiatively [157].

In this study, the PL measurements of luminescent nanoparticles introduced into porous
GaN were carried out by using a fluorescence spectrophotometer from Photon Technology
International Inc. with a 150 W Xenon lamp used as the excitation light source at room
temperature. Both excitation and emission spectra were recorded in a 90° geometry and taking
measurements every 1 nm at a scanning rate of 1 nm-s™. Figure 2.18 shows an scheme of the
fluorescence spectrophotometer which is available in the laboratories of the Nephos group of
the University Rovira i Virgili.

Excitation monochromator

\L. — I iy | Lamp
A S A
Excitation /| — slits ~ Emission monochromator
grating b A -
4 l Emission
: /,’ sl \ \\ grating
- = \
/ Ll \
A _ff '« —— Detector

Sample i f

Figure 2.18. Schematic view of the fluorescence spectrophotometer from Photon Technology International Inc
used to record the PL from luminescent nanoparticles embedded in porous GaN.
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The PL of porous GaN was obtained after excitation at 244 nm using a doubled cw Ar-
ion laser with a power density of 2 W/cm? The PL spectra were acquired using a Horiba
IHR320 spectrometer equipped with a Synapse CCD matrix. Samples were placed in the
evacuated chamber of a Janis closed-cycle helium cryostat for PL measurements at different
temperatures (see Figure 2.19). This PL setup is available at Tyndall National Institute, Cork

(Ireland).
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Figure 2.19. Schematic view of the experimental PL set-up used in this study to record the PL of porous GaN.

2.6.2 Cathodoluminescence (CL)

Cathodoluminescence (CL) is the light emission phenomena based on electron beam
excitation of a luminescent material. CL is one of the various processes that are created during
irradiation of the material with an electron beam. This technique is similar to
photoluminescence, but instead of photons, electrons are used to excite the sample. Thus, CL
occurs when a high energy electron beam strikes the sample and it results in the promotion
of electrons from the electronic ground state to a higher electronic state. When the sample is a
semiconductor, the electron can be promoted from the valence band into the conduction band,
leaving a hole in the valence band. When the electron returns to the valence band, it is
possible the emission of a photon. The energy of those emitted photons is typically in the
range from 0.3 to 6 eV, covering wavelengths from the UV to the near-infrared, depending on
the detection system. The energy (color) and the probability of emission of the photon depend
on the material and its purity.

CL is a powerful method for investigations in geology, mineralogy and material science.
CL is used to study internal structures of semiconductors, rocks, ceramics, glass, etc., in order

54



UNIVERSITAT ROVIRA I VIRGILI
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Dipdsit L 1: 1557-2Q14 . .
tPostt Le9ttt Bhdpter 2 Experimental techniques

to get information on the composition, growth and quality of the material. A great advantage
of the CL technique is that it can be used coupled to a scanning electron microscope (SEM),
what enables the correlation of the optical properties (via CL) with the surface morphology
(via secondary electrons) from a localized area of the sample at the nanometer scale [158].

Here, room temperature cathodoluminescence (CL) imaging and spectroscopy of porous
GaN microparticles were performed in a field emission scanning electron microscope (Zeiss
Supra 55) operating at 4 keV and 200 pA using a Gatan (Pleasanton, CA, USA) MonoCL 2
system and a Hamamatsu (Hamamatsu City, Japan) photomultiplier tube (R2228) over a
scanned area of 4,000 pm?. All spectra were corrected for the monochromator and detector
response and normalized to maximum intensity. These CL measurements were performed in
Université de Sherbrooke, Sherbrooke, Québec (Canada). We also used a field emission
scanning electron microscope (Carl Zeiss-LEO 1500) operating at 10 kV coupled to a
XiCLOne mono-CL2 system from Gatan with detection being done with a charge-coupled
device camera, available in the Departamento de Fisica de la Materia Condensada,
Universidad de Valladolid, Valladolid (Spain).
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Chapter 3

Deposition of porous GaN on Si

Silicon is prevailing as the semiconductor of reference in electronics, because it has
superior physical and technological properties compared to many other semiconductor
materials. Also Si can be obtained at low costs, thus, current microelectronic technology
fabrication techniques are totally dependent and adapted to Si. Deposition of high quality
porous GaN on Si with controlled parameters, such as degree of porosity, crystallographic
orientation, type of conductivity, etc., is highly desired and the possibility of using the
existing silicon-device integration base for light-emitting diodes (LED) and also other
optoelectronic development is very attractive.

This chapter presents the results obtained on the study of the deposition of porous GaN
on Si by CVD through the direct chemical reaction of metallic Ga and NH3 gas and the
properties of the obtained porous GaN structures. The first part of the chapter presents the
study of the growth conditions of porous GaN particles on Si substrates by CVD. The second
part of the chapter discusses the mechanism of growth and the structure of porous GaN. The
third part describes the electrical characterization of porous GaN. The fourth part of this
chapter shows the CL characterization of porous GaN. And finally, the last part presents
experiments of growth of porous GaN guided by electric fields and the growth of porous GaN
on an orderly patterned SiO, layer thermally grown on Si(100) substrate with the aim of
crystallographically orienting the GaN porous particles.
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3.1 Crystal growth by chemical vapor deposition: influence of the chemical
reaction parameters on the morphology and porosity of GaN

The chemical reaction between Ga and NHg; described in Chapter 2 depends on several
parameters, including the temperature at which the reaction is performed, the 111/V precursors
ratio, the pressure at which the system is kept while the growth process develops, the time at
which the chemical reaction is maintained to produce porous GaN, the shape of the crucible
or Ga holder used and the catalyst with which the Si substrates are coated. In this section we
analyzed in detail the effect of all these parameters on the morphology and porosity degree of
the GaN particles obtained.

The effect of each parameter of the chemical reaction on the size and morphology of
porous GaN particles is studied by maintaining the rest of the parameters affecting this
reaction constant. Firstly, we analyzed the effect of the temperature in the range from 1183 K
to 1213 K. The effect of the I11/V precursors ratio was analyzed by changing the NH3 gas
flow rate and the quantity of the Ga metal precursor. A series of experiments were performed
at 10, 15 and 20 Torr total pressures and at the reaction times of 30, 45, 60 and 120 min.
Quartz crucibles or Ga holders with three different shapes were investigated: a flat plate, half
of a cylindrical tube and a concave crucible. As substrates we used silicon wafers with (100)
and (111) crystallographic orientations. As catalysts, Ni(NO3), was used, where the catalyst
was deposited on the surface of the Si substrates by spreading several drops of a solution of
Ni(NO3), 0.01 M in ethanol, as well as films, 20 nm thick, of Au, Pt, Ti, Ni and W deposited
on the substrates by RF sputtering. Thus, we found the optimum conditions for porous GaN
fabrication on Si substrates with a high degree of porosity and a uniform coverage of the
substrate.

3.1.1 Effect of temperature

Porous GaN was synthesized on Si(100) at temperatures ranging from 1183 K to 1213 K,
keeping constant the flow rate of NH3 at 75 sccm, the time of reaction at 60 min and the
pressure of the system at 15 Torr. In all experiments the solution of Ni(NO3), in ethanol was
used as catalyst. SEM pictures, shown in Figure 3.1, show that the obtained particles at 1203
K and 1213 K are quite homogeneous in morphology, consisting on a pyramidal shape similar
to a hexagonal pyramid with smooth lateral faces. The pores are only observed on the basal
plane of the micron-size particles. This agrees with porous GaN particles obtained on BN
[135]. The dimensions of these particles along the c-crystallographic direction ranged
between 1 and 2 um. The micron-Size particles obtained at 1183 K and 1193 K (see Figure
3.1a and 3.1b) do not present the same homogeneity in morphology and have a lower quantity
of pores. The particles with the highest porosity were obtained at 1203 K, as can be seen in
Figure 3.1c. The pores have diameters smaller than 50 nm. Thus, the temperature that we
choose for the experiments of growth of porous GaN is 1203 K.

58



UNIVERSITAT ROVIRA I VIRGILT
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Pipostt tedsli Ghapter 3 Deposition of porous GaN on Si

Figure 3.1. SEM micrographs of porous GaN grown on Si(100) using Ni(NOs), as catalyst at: (a) 1183 K, (b)
1193 K, (c) 1203 K and (d) 1213 K.

3.1.2 Effect of 111/V precursors ratio

We studied the effect of the I11/V precursors ratio on morphology and porosity of the
samples by varying the NH3 flow rate, while keeping constant the quantity of Ga. After
choosing the optimum NH; flow rate for the CVD reaction, we performed a series of
experiments with different quantities of Ga, while keeping the NH3 flow rate constant.

Experiments at ammonia flow rates of 65, 75, and 85 sccm with 0.5 g of Ga were
performed, corresponding to 0.0412, 0.0357 and 0.0315 I1I/V precursor mol ratios,
respectively. The temperature of the reaction was kept at 1203 K and the total pressure of the
system was kept at 15 Torr during the time of the reaction. As catalyst, Ni(NO3), was used. At
a NH; flow rate of 65 sccm, we obtained porous GaN particles with diameters ranging
between 2 and 3 um and a low number of nanopores with sizes ~100 nm, as it can be seen in
Figure 3.2a. At the flow rate of 75 sccm the particles have smaller diameters, ranging between
1 and 2 pm, but the density of the nanopores is much higher, with diameters smaller than 50
nm (Figure 3.2b). Figure 3.2c shows the particles synthesized at a flow rate of 85 sccm. These
particles have a similar size to the particles synthesized at 65 sccm, but the density of
nanopores is lower. In all cases we obtained a high and homogeneous coverage of the
substrate. Therefore, the optimum NHj3 flow rate for the future experiments is 75 sccm with
0.5 g of Ga, that corresponds to a I11/V precursors mol ratio of 0.0357.
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Figure 3.2. SEM micrographs of porous GaN grown on Si (100) at NH3 flow rates of: (a) 65 sccm, (b) 75 sccm
and (c) 85 sccm.

Experiments with different amounts of Ga were carried out to analyze its effect on the
morphology and the coverage of the substrate with porous GaN particles, as described in
Paper I. Three sets of experiments were carried out using 0.2 g, 0.4 g and 0.6 g of Ga while
keeping constant the other reaction parameters, which represented 0.0143, 0.0286 and 0.0428
11/ mol ratios, respectively. Figure 3.3 shows SEM pictures of the GaN particles grown
using different amounts of Ga. When 0.2 g of Ga were used (see Figure 3.3a) a low degree of
coverage of the substrate was observed. This was attributed to the low concentration of Ga
evaporated and deposited on the substrate forming a small number of nucleus along the
substrate. This is confirmed by the fact that particles are bigger in diameter, around 5-6 um. A
higher coverage of nanoporous GaN particles could be seen when 0.4 g of Ga were used (see
Figure 3.3b), and the particle diameter is lower, of around 2 pm. This was attributed to the
evaporation of a higher quantity of Ga and the formation of a higher number of Ga-metallic
catalyst nucleus which lead to a higher coverage of the substrate with smaller nanoporous
GaN particles. Finally, in Figure 3.3c we can see a SEM image of GaN particles grown using
0.6 g of Ga. A similar particles density and size was observed when compared to the
experiment using 0.4 g of Ga. This would indicate that it exists a quantity of Ga above which
no more GaN particles are formed, probably related to the 111/V ratio used. Interferometric
microscope measurements of the thickness of the porous GaN layer of the sample grown
using 0.2 g of Ga confirmed the presence of isolated nucleuses of porous GaN particles with
heights around 4 um, similar to the size of the particles observed by the SEM images. A quite
uniform layer is seen when 0.4 g of Ga were used with a mean thickness of the porous film of
1.10 = 0.15 pm. Finally, in the sample grown using 0.6 g of Ga, we observed a tendency to
have higher heights of the porous film towards the center of the sample. The mean thickness
value is similar to that obtained with 0.4 g of Ga, 1.19 £+ 0.35 um. This would confirm that,
above 0.4 g of Ga the deposition of GaN is limited. Table 3.1 summarizes the results obtained
in those experiments. Thus, for the future growth of porous GaN layers on Si optimum
conditions are 75 sccm of NH; flow rate and 0.4-0.5 g of Ga metal precursor, which
corresponds to 111/V precursor mol ratios in the range 0.0286-0.0357.
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Figure 3.3. SEM pictures of the nanoporous particles obtained using different Ga quantities (a) 0.2 g,
(b) 0.4 g and (c) 0.6 g (reproduction of Figure 4 in Paper I).

Table 3.1. Effect of 111/V precursor ratio on porosity and morphology of porous GaN particles.

(11AY/ Particles Particles size Pores size Number of

ratio morphology (um) (nm) pores
0.0143 hexagonal 5-6 ~ 50 high
0.0286 hexagonal 2 ~50 high
0.0315 irregular 2-3 ~ 100 low
0.0357 hexagonal 1-2 ~ 50 high
0.0412 hexagonal 2-3 ~ 100 low
0.0428 mostly hexagonal 1-2 ~50-100 average

3.1.3 Effect of the pressure of the CVD reactor

Three experiments were performed at total pressures of the system of 10, 15 and 20 Torr,
while the temperature of the reaction and the flow rate of ammonia were kept at 1203 K and
75 sccm, respectively, to analyze the effect of the pressure on the morphology, sizes and
porosity of the GaN particles. The size of the obtained particles is similar in all experiments
and ranging between 1.5 and 2 um (see Figure 3.4). The highest degree of porosity was
observed for the particles synthesized at 15 Torr. The particles synthesized at 10 and 20 Torr
show a markedly reduced number of pores. Thus, the rest of the experiments will be
performed at a total pressure of the CVD reactor of 15 Torr.

Figure 3.4. SEM micrographs of porous GaN grown on Si(100) substrates at total pressures of the CVD reactor
of: (@) 10 Torr, (b) 15 Torr and (c) 20 Torr.
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3.1.4 Effect of the reaction time

Experiments to analyze the influence of the reaction time on the shape and porosity of the
GaN particles were performed, as described in Paper I. The reaction times selected were 30,
45, 60 and 120 min. The first time duration for the chemical reaction chosen is related to a
particular moment in the reaction, when the leaning of the crucible using a half cylindrical
tube crucible occurred, as can be seen in Figure 2 in Paper I, due to the wetting of both, the
crucible and the liner because of the spreading of Ga at 30 min after the reactor reached
1203K. The second one is the time when we observed the scalation of the material covering
the crucible, identified later as GaN by X-ray diffraction, 45 min after the reactor reached
1203K, as can also be seen in Figure 2 in Paper I. We also have explored one additional
reaction time above 60 min, which is the time used up to now to produce these nanoporous
GaN particles [135], to analyze if the chemical reaction continued after we observed the
scalation of GaN on the crucible.

We observed that the reaction time has an important effect on the coverage of the
substrate with porous GaN particles, as can be seen in Figure 3.5. We observed that the
density of particles increases with time until 60 min, above which no additional particles
nucleated and the particles density remained constant. Hexagonal pyramidal porous particles
were obtained in all cases; however, as we increased the total reaction time the morphology of
the particles seems to fade away. Also, at long times, smaller particles can be seen covering
the substrate, which might form by decomposition and further nucleation at expenses of the
big particles, which would explain the deformation observed. It seems that the particles
obtained after 30 min reaction time (Figure 3.5a and 3.5b) have a bigger amount of pores, and
those seem to be more superficial. These particles seem also to show a smaller number of
ridges, formed by the coalescence of the neighbouring pores. These ridges are more apparent
at the central part of the particles as the reaction time is extended. Also, the bigger contrast
observed in the pores, seem to indicate that those pores are deeper. When the reaction time of
the GaN synthesis is 120 min the porosity is less evident (see Figure 3.6g and 3.6h), which
would corroborate the evaporation of the material to form the smaller particles observed in the
background.

The deposition time has an important effect on the coverage of the substrate with
nanoporous GaN particles, as can be seen in Figure 3.5k, while the particle size is more or
less constant. Figure 3.5k shows the evolution of the thickness of the nanoporous GaN film
with deposition time. Even though the sample grown during 30 min shows an average
thickness value of 1.61 + 0.11 pum it is mainly due to isolated nucleuses that are encountered
along the substrate. A similar fact occurs with the sample grown at 45 min, which shows a
mean thickness of 2.08 + 0.28 um but the layer is not covering totally the substrate. When the
deposition time is set for 60 min we have a uniform layer 1.1 + 0.14 pum thick. Finally, the
interferometric measurements of the sample grown at 120 min show a decrease of the layer
thickness. In order to get a uniform and dense coverage by a layer of porous GaN
microparticles on Si, we will use 60 min of the reaction time for the future experiments.
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Figure 3.5. SEM pictures of the particles obtained at (a,b) 30 min, (c,d) 45,(e,f) 60, and (g,h) 120 min reaction
times (k). Evolution of the thickness of the porous GaN layers with deposition time (reproduction
from Figure 5 in Paper I).

3.1.5 Effect of the shape of the gallium holder

A set of experiments with several holders for Ga with different shapes were performed to
analyze how the shape of the crucible affected the spreading of the Ga droplet introduced at
the beginning of the experiment, and how this affected to the final shape and porosity of the
particles obtained, as it is described in Paper I. Three different Ga holders were used: (a) a
quartz flat plate, which does not limit the spreading of the Ga dropet, (b) half of a quartz
cylindrical tube, which limits the spreading of the Ga droplet along two directions and (c) a
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quartz concave crucible, which limits the spreading of the Ga droplet along all directions in
the plate.

SEM pictures of the GaN samples synthesized, using a flat plate, half of a cylindrical tube
and a concave crucibles on Si(100) substrates covered with Ni catalyst are shown in Figure
3.6. In all cases, the reaction temperature allowed to ensure the total spreading of the Ga
droplet, generating the maximum extension of the surface of metallic Ga to favour the
evaporation of this precursor. Similar particles were obtained when using a flat plate or a half
cylindrical tube as Ga holders, with sizes between 1-3 um, and a similar degree of porosity
(see Figures 3.6a and 3.6b). The particles obtained using the concave crucible (see Figure
3.6¢) are bigger in size (around 4 pum), and the pores seem to be smaller in diameter and do
not form ridges, giving a more rough aspect to the surface of the particles.

Figure 3.6. SEM npictures of the porous particles obtained using different Ga holders: (a) flat plate, (b) half
cylindrical tube, and (c) concave crucible (reproduction from Figure 3 in Paper I).

Depending on the shape of the Ga holder used, the thickness of the layer seems not to be
uniform along the substrate. The sample grown using a flat plate had the maximum
ununiformity in thickness with an average value of 2.53 £1.73 um. The sample grown using a
half cylindrical tube has the smallest thickness, 1.1 £0.14 um, but with a higher uniformity.
Finally, the highest thickness value was obtained in the sample grown using the concave
crucible, with a mean value of 3.61 + 0.87 um. According to these measurements, despite the
thickness of the layer obtained using a half cylindrical tube was the smallest, it was very
uniform, what is a necessary condition for the fabrication of functional devices based on these
nanoporous GaN particles. Thus, in the rest of the experiments, we used this kind of Ga
holder.

3.1.6 Effect of catalyst

Different catalysts with which we coated Si(100) and Si(111) substrates were tested to
evaluate their effect on the final morphology and degree of porosity of the GaN particles
produced on them: Ni, introduced as Ni(NOs3), dissolved in ethanol, and 20 nm thick films of
Ni, Au, Pt, and Ti deposited by RF sputtering, as discussed in Paper I. We tested also Si(111)
substrates since it has been reported that (0001) oriented GaN films can be deposited on these
substrates [159]. Since this is also the direction along which the pores are aligned, if we can
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obtain a way to orient the porous GaN particles, the pores will be oriented at the same time,
being perpendicular to the surface.

SEM pictures of as-grown GaN on Si(100) substrates demonstrate that by using all
catalysts (except Ti) GaN appears in the form of microsized nanoporous particles (see Figure
3.7). The biggest particles were obtained using Ni(NOgz),, while using Pt and Au we obtain
smaller particles very homogenous in size. The highest level of porosity was obtained,
however, in the GaN particles synthesized using Ni(NOs)s.

Figure 3.7. SEM pictures of nanoporous GaN grown on Si(100) with the use of different catalysts: (a)
Ni(NOz3),, (b) Ni, (c) Au, (d) Pt, (e) and (f) Ti (partial reproduction from Figure 6 in Paper I).

It is curious to notice that Ni, introduced as Ni(NO3), or directly as metallic Ni has a
different effect on the morphology and porosity degree of the particles, despite Ni(NO3); is
reduced to Ni under the reaction conditions. The different effect observed might be attributed
to the distribution of the catalyst on the surface of the substrate. Agglomeration of big
particles with high porosity were obtained using Ni(NO3), as can be seen in Figure 3.7a. As
can be seen in Figure 3.7b particles grown on a continuous Ni film have an irregular shape
and a low degree of porosity. Porous GaN grown using Pt and Au as catalysts shows a
uniform coverage of the substrate with GaN particles (Figure 3.7c and 3.7d). These
polycrystalline films show an interesting dual porosity since they present interparticle and
intraparticle pororosity, as can be seen in the scheme shown in Figure 1 in Paper 1. However,
the level of intraparticle porosity is higher when Pt is used. Porous GaN grown on Ti thin
films have the shape of a sea star with a high level of porosity. In this case it seems that GaN
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starts growing as an epitaxial layer on the substrate with a later growth of nanoporous GaN
particles on the top of it (see Figure 3.7e and 3.7f).

GaN grown on Si(111) substrates coated with different catalyst appears in the form of
micronsized nanoporous particles with a mean particle size of 2-5 um (see Figure 3.8) The
lowest degree of porosity was obtained when tungsten was used as catalyst (see Figure 3.8d).
Also, some nanowires were observed together with the porous GaN particles. They are more
evident, when Au and Pt were used as catalyst (see insets of Figures 3.8a and 3.8b). When Ti
and W were used as catalyst, nanowires are observed at the edges of the area of the sample
where porous GaN is deposited, but they disappear as we shift to the centre of the sample (see
insets of Figures 3.8 (c-d). If we compare the particles obtained on Si(100) and Si(111)
substrates coated with the same catalyst, we observe that the GaN particles obtained on
Si(111) substrates tend to be more irregular in shape. According to these images, it seems
that the combination of the substrate and the catalyst play a big role in the morphology of the
particles.

Figure 3.8. SEM images of the porous GaN particles grown on Si(111) coated with different catalysts: (a) Au,
(b) Pt, (c) Ti, and (d) W (partial reproduction from Figure 8 in Paper I).

Optimized CVD conditions

After studying the conditions of the chemical reaction, it can be concluded that the
optimum conditions for the synthesis of porous GaN on Si substrates are shown in Table 3.2.

66



UNIVERSITAT ROVIRA I VIRGILT
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Pipostt tedsli Ghapter 3 Deposition of porous GaN on Si

Table 3.2. Optimized CVD conditions

Temperature of the reaction 1203 K

NH; flow rate 75 sccm

Quantity of Ga 0.4-0.5g

I11/V precursor mol ratio 0.0286-0.0357

Total pressure of the CVD chamber 15 Torr

Time of the reaction 60 min

Shape of Ga holder Half of a cylindrical tube

Catalyst It can be selected depending on
future application

3.1.7 Effect of thermal annealing

The porous GaN we grew on Si(100) substrates using the optimized conditions was later
annealed at a temperature higher than the temperature of synthesis (1273 K) in vacuum in
order to analyze its thermal stability and possible morphological evolution. Figure 3.9 shows
SEM images of the resulting porous GaN particles after annealing. The porous structure on
the basal plane of GaN microparticles is degraded due to the thermal decomposition of GaN.
A similar degradation was also observed on the smooth lateral faces of the microparticles,
although not as intense as in the case of the basal planes, indicating that the porous basal face
is more reactive than the rest of the particle.

Figure 3.9. SEM images of porous GaN microparticles annealed at 1273 K in vacuum.
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3.2 Structural characterization: mechanism of growth

To know the crystal structure of porous GaN, XRD analysis of the samples deposited on
Si(100) substrates coated with different catalysts was performed. XRD patterns for the
nanoporous GaN synthesized using Ni(NOs), dissolved in ethanol and a Ni continuous film
are shown in Figure 3.10. For the nanoporous particles prepared with Ni(NOgs), all peaks on
the XRD pattern matched the hexagonal wurtzite GaN structure (JCPDS database, pattern
(00-0052-0792)). The sharp diffraction peaks also reveal that the nanoporous GaN have a
good-crystalline quality. When a Ni continuous film was used, the hexagonal wurtzite GaN
structure was also formed, but also another crystalline structure was detected, which
corresponds to a-silicon nitride (JCPDS database, pattern (01-0071-0570)). The formation of
the silicon nitride on the surface of the substrate was possible due to the reaction between
ammonia and the silicon substrate, accelerated by the metallic catalyst. Also, we observed that
the (0002), (101 2) and (101 3) peaks show much less intensity than expected. However, the
Debye rings show a quite homogenous distribution of intensity (see Figure 3.10d). Thus, no
apparent texturation seems to be present. In both cases the peaks from the substrate were not
observed, since we worked under conditions to avoid their appearance, to avoid damages in
the X-ray detector.

Porous GaN grown on Si substrates coated with Ti thin films seems to be textured. This
texturation of the film, induced by the catalyst, is confirmed by the XRD pattern recorded for
this sample and shown in Figure 3.11. The anisotropic distribution of intensity in the Debye
rings observed with the GADDS detector (Figure 3.11b) and the different ratio of the intensity
of the diffraction peaks when compared to the reference XRD pattern for GaN (00-050-0792)
(see Figure 3.11a), reveal a texturation of the sample, although it is not easy to establish
which is the preferential orientation of the particles, from the data obtained. This is more
evident when we compare this XRD pattern with that recorded for the porous particles
obtained on Ni(NOg), (see Figure 3.10a).
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Figure 3.10. XRD patterns for nanoporous GaN on Si(100) substrates synthesized using (a) Ni(NQOs), dissolved
in ethanol and (b) Ni as catalysts and corresponding Debye rings (c) and (d). Reference patterns
for hexagonal GaN (00-050-0792), Si (01-089-5012) and a-SizN4 (01-0071-0570) are included for
a better interpretation of XRD patterns presented.
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Figure 3.11. X-ray diffraction pattern of porous GaN obtained on Si(100) substrates coated with Ti. (a)
Diffraction pattern and (b) Debye rings recorded for the sample. The reference pattern for
hexagonal GaN (00-050-0792) is included for comparison.

The XRD patterns of the crystalline structure of the porous GaN particles deposited on Si
substrates coated with Au and Pt are shown in Figure 3.12a and 3.12c. As described in Paper
Il and Ill, for GaN grown on Au-coated Si substrates, the XRD pattern confirms the
crystalline wurtzite GaN structure with a predominant diffraction intensity from low-index
crystal facets. Also, lower intensity reflections, attributed to SisN4 and an Au-Ga intermetallic
alloy (GayAu) are observed. The uniform intensity of the Debye rings collected for porous
GaN on Au-coated substrates confirms that there is no texturing in the porous layer (see
Figure 3.12b). For porous GaN grown on Pt-coated substrates, similar results were obtained,
although we could not identify the formation of any specific crystalline Pt-Ga alloy, as can be
seen in Figures 3.12c and 3.12d.
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Figure 3.12. (a) XRD pattern for porous GaN deposited on Au-coated Si(100) showing the formation of
crystalline GaN (00-0052-0792), SisN, (01-0071-0570) and Ga,Au alloy (03-065-8613). (b)
Debye rings recorded with the GADDS detector indicating no texturation of the porous GaN
layer. (c) XRD pattern for porous GaN deposited on Pt-coated Si(100) showing the formation of
crystalline GaN (00-0052-0792) and SisN, (01-0071-0570). (d) Debye rings recorded with the
GADDS detector indicating no texturation of the porous GaN layer (reproduction of Figure 3
from Paper I11).

Raman spectra of porous GaN obtained by using Ni(NOgz),;, Au and Ni catalysts on Si
(100) substrates were recorded at room temperature after excitation at 514.5 nm. The
frequencies and assignments of the common phonon modes observed in the GaN Raman
spectrum are listed in Table 3.2. Figure 3.13a shows the Raman spectrum of nanoporous GaN
obtained with the use of Ni(NOs3), catalyst. It exhibits only the A;(LO), E1(TO) and E; modes
[160]. The peaks are broad, asymmetric, and with a small red shift in their position when
compared to the tabulated values for GaN, which can be explained by size confinement
effects due to the porosity. Also we observe a strong peak at 520 cm™, which belongs to the Si
substrate. There is also one peak located at 421 cm™, which does not belong to the spectrum
of the hexagonal GaN. Different possibilities can be regarded to analyze the origin of this
peak, such as metallic alloys formed between Ga and the metallic catalyst, although no
contribution was found in the literature, due to the scarce information about these alloys.
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Table 3.2. Phonon modes observed in the Raman spectrum of GaN at room temperature, with their

corresponding symmetry assignments [160].

Symmetry Raman shift,

assignment (cm™)
Ex(low) 145
Ay(TO) 533
E1(TO) 561
E,(high) 571
A;(LO) 737
E1(LO) 743

L 520 i
(a) o

Intensity (a.u.)
Intensity (a.u.)

E, (TO)+E, A, (LO)
L 421 567 727 ]
N\ / s

200 400 600 800 200 400 600 800

Raman shift, cm™ Raman shift, cm™

Intensity (a.u.)

200 400 600 800

Raman shift, cm™

Figure 3.13. Raman spectra recorded for porous GaN samples synthesized by using (a) Ni(NOs),, (b) Ni and (c)
Au films as catalysts.

Figure 3.13b and Figure 3.13c show the Raman spectra of porous GaN obtained by using
Ni and Au catalysts, respectively. Here the same peaks, observed in the previous case appear,
except the peak which corresponds to the Si(100) substrate, which can be due to the better
coverage of the surface of the substrate by GaN. In all spectra some additional low intensity
peaks appeared in the low energy region that could not be assigned to a unique substance.
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They could correspond to any additional phases identified by X-ray diffraction on these
substrates such as a-SizNg4, and metallic alloys.

HRTEM measurements were carried out to confirm the crystalinity of the porous GaN
microparticles, as described in Paper Il. Figure 3.14a shows different TEM images of a
typical porous GaN particle. Because of the thickness of the particle, the pores contained on
the basal plane could not be observed. In the higher magnification image shown in this figure,
and recorded in a thin part of the particle, the two-dimensional atomic structure can be clearly
observed with d-spacings of 0.52 and 0.28 nm which corresponds to the (0001) and (10 1 0)
planes of hexagonal wurtzite GaN, respectively. Figure 3.14b shows a selected area electron
diffraction (SAED) pattern taken from the corner of the particle. The diffraction peaks
correspond to the wurtzite structure of GaN, thus, the nanoporous GaN particle in the
measured region is single crystalline. Also some defects as stacking faults are presented in the
crystal structure, as can be observed in Figure 3.14c, confirmed by the observation of
diffraction streaks in the SAED pattern. We marked some of the streaks with a circle in
Figure 3.14d.

Figure 3.14. (a) HRTEM image of a porous GaN particle, showing its crystallinity by the two-dimensional
atomic structure with d-spacings for the (0001) and (1010) planes of wurtzite GaN shown in (b);
(c) stacking faults observed in GaN particles; (d) SAED zone [1120] axis pattern of the same
particle (partial reproduction of Figure 3 from Paper I1).

For Pt seeded porous GaN, we examined the surface of the silicon substrate directly
underneath the GaN crystals, as described in Paper Il. Figure 3.15a shows a bright field TEM
image of a portion of the silicon substrate where Pt-Ga seed crystals (dark regions) are found.
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EDX analysis in Figure 3.15b confirms the presence of both Pt and Ga, and while the
intensity of Pt is greater as would be expected, the atomic concentration of Ga follows that of
Pt, where the variation stems from increasing seed crystal volume along the line scan.
Corresponding mapping of the intermetallic Pt-Ga seeds in Figure 3.15 shows that not all of
the Pt particles contain Ga.

Atomic conc. (a.u.)

O 20 40 60 80 100 120 140

Distance (nm)

Figure 3.15. (a) Bright field TEM image of the Pt-Ga intermetallic islands formed at the GaN interface and (b)
corresponding dark field STEM image with (c) corresponding line profiles of atomic concentration
for the Ga La and Pt Ma X-rays. (Right) EDX maps confirming the presence of Pt and Ga in most
metallic islands on the silicon surface (reproduction of Figure 4 from Paper II).

The metal catalyst-assisted crystal growth through either a vapor—liquid—solid (VLS)
[161] or vapor—solid—solid (VSS) [162] mechanism by chemical vapor deposition (CVD),
where the catalyst can influence the growth process, are the most probable mechanism for the
formation of porous GaN by CVD. In the VLS mechanism the catalyst melts forming a liquid
that absorbs precursors that arrive to it as gases, and when the liquid is saturated, GaN starts
to precipitate as solid. In the VSS process, the metal catalyst seed remains at solid state during
the growth process, with the precursors dissolving in the solid seed and forming the alloy,
what finally results in the nucleation and growth of the crystals. Thus, the VSS growth
mechanism is a solid-phase diffusion mechanism, in which a solid catalyst acts as the
energetically favoured site for absorption of gas-phase reactants.

GaN in the form of porous microparticles was deposited on Si substrate using metal
catalysts, such as Au and Pt. The formation of the Au—Ga crystalline intermetallic alloy of
cubic GaAu, detected by XRD, which occurs here above the solid-solution formation
temperature, confirms intermetallic seeding to form GaN by reaction with NH3 through a VSS
process. As with the Ga,Au seeds, the Pt-Ga seeds, detected by TEM underneath the GaN
crystals, are where GaN growth starts, but a crystalline diffraction pattern is not found for this
phase as readily as for Au-seeded GaN. Thus, taking into accout these evidences we consider
metal catalyst-assisted crystal growth of porous GaN undergoes through VSS mechanism, the
main stages of which are: the Ga incorporation into the metallic solid phase eutectic, the
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formation of a Ga-Au or Ga-Pt alloy, the solubilisation of nitrogen on the Ga-Au(Pt) alloy,
and finally the nucleation and growth of GaN (see Figure 3.16). The alloy was not found on
the top of the grown porous GaN particles, what usually occurs when growth mechanism is
VLS in GaN nanowires, for example [163], thus confirming again that the growth process

proceeds through the VSS mechnism.

Au(Pt)

U

Ga

Y Au(Pt)
(1
VLS / \ vss

Au(Pt) + GaN Au(Pt) + GaN
NH; ™ (liquid) NH ™ 8 (solid)

(1) (lla)

Figure 3.16. Mechanism of growth of the GaN nanoporous particles through the VLS and VSS process.

3.3 Porosity characterization

We also undertook FIB tomography to perform a cross-section analysis of a discrete
porous GaN particle, as described in Paper IV. In this way we analyzed the shape and the
length of the pores, as well as their direction of propagation inside of the GaN particles by
removing layer by layer the material closer to the lateral surfaces of the GaN nanoporous
particles. Nanopores were always observed on the (0002) faces of these GaN particles. The
images recorded with the SEM connected to FIB revealed straight pores with lengths as long
as 3 um, similar to the sizes of the GaN particles, not interconnected among them, and not
branched. The diameters of the pores ranged from 50 to 100 nm, with almost no variations in
diameter with length. Figure 3.17 shows different images taken at different times on two
different GaN nanoporous particles, showing different steps of the FIB milling and revealing
different nanopores in the particles. A schematic sketch of the morphology of these particles
drawn with the Shape software has been included for a better understanding of their
crystallographic orientation. As can be seen in Figure 3.17a, the nanopores in the central part
of the GaN particles seem to follow an orientation parallel to the [0001] crystallographic

75



UNIVERSITAT ROVIRA I VIRGILT
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Pipostt tedsli Ghapter 3 Deposition of porous GaN on Si

direction. However, the nanopores found in the most external parts of the GaN particles
(Figure 3.17b, 3.17¢) seem to be parallel to the lateral faces of these particles.

(0002)

Figure 3.17. Tomography images of two different GaN nanoporous particles obtained by FIB tomography (a, b,
d, e), and schematic sketches of the morphology for a better understanding of the crystallographic
orientation of the nanopores (c, f). Arrows indicate the position of the pores observed on the
samples.

From the SEM images extracted from the time-resolved FIB tomography. A three
dimensional (3D) model of the porous GaN particle was developed using the Avizo Fire
software, version 7.0 trial. Figure 3.18 shows the reconstructed images of pores at different
angles. As can be seen in Figure 3.18a, 3.18b and 3.18e, straight pores beginning from the
rough basal plane and following through the length of the particle have been observed. These
pores are parallel to each other and do not interconnect among them nor branch, as can be
seen from the views perpendicular to the basal plane (see Figure 3.18c and 3.18d). From
Figure 3.18 we can conclude that at least the nanopores in the central part of the GaN particles
follow an orientation parallel to the [0001] crystallographic direction.
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Figure 3.18. Three dimensional (3D) model of the porous GaN particle reconstructed using the SEM images
taken from the video sequence recorded in the time-resolved FIB: (a) Pores shown on a
semitransparent SEM image of porous GaN particles, (b) view of the pores perpendicular to the
[0001] crystallographic direction, (c), (d) view of pores parallel to the [0001] crystallographic
direction, (e) view of the pores perpendicular to the [0001] crystallographic direction at a different
rotational angle in relation to the initial position of image (b).

3.4 Electrical characterization

Prior to electrical characterization porous GaN was deposited on Si(100) and catalyzed
by Pt or Au films that at the same time acted as electrodes for electrical characterization.
Another electrode was a liquid eutectic alloy of In-Ga.
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Figure 3.19 shows the I-V curves recorded for the porous GaN samples catalyzed by Pt
(Figure 3.19a), and by Au (Figure 3.19b), as reported in Paper Il. The In(l)-V curves show
only slight asymmetry indicative of near Ohmic, weak Schottky barriers of Pt and Au. The
conductivity of porous GaN grown from Pt is higher than that grown from Au. The I-V curve
of porous Pt-seeded GaN in Figure 3.19c shows the low-bias non-linearity consistent with a
weak Schottky barrier. Both contacts can be described by the thermionic emission theory,
acknowledging a high ideality factor for weak barriers. The Schottky barrier height (SBH) can
be estimated from:

| = I{exp(%j—l} (Eg. 3.1)

where lo = AA**T%exp(-g¢°s n/KT) [164] with A** as the effective Richardson constant. The
estimated SBHs for Pt and Au contacted porous GaN are 0.66 eV and 0.53 eV, respectively.

In spite of higher porosity, low contact resistivities between 2.2 — 4.1 x 10 Q cm?® were
found for Pt-catalyzed GaN, while those of Au-catalyzed GaN were 5.9 — 8.8 x 10 Q cm?.
From these results it seems that the interface between porous GaN and the metallic contact
dominated the transport more than the crystallinity or morphology of the porous
microstructure, and effective Ohmic contacts can form with GaN.

Two terminal transport measurements acquired between the In-Ga alloy contact and
porous GaN showed perfect Ohmicity, from which low contact resistivities were determined
with variable intercontact separation using the TLM approach and found to be in the range 1.7
— 4.4 x 10™ Q cm?, in spite of the multifaceted, porous morphology.

The corresponding 4-probe analysis gives sheet resistances for porous GaN films in the
range 4.3-4.9 kQ/o. The van der Pauw measurements confirm these values independent of
contact area and effective geometry on rough surfaces. The values match those of MBE
grown GaN thin films with Ti/Au alloy contacts after annealing to 973 K [165] and this
indicates the efficient interface between the metal and the growing porous GaN.
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Figure 3.19. (a) In(1)-V curves for porous GaN grown on Pt and (b) Au-coated Si(100) substrates. (c) I-V curve
for the porous GaN grown directly from Pt and (d) |-V curves from 2- and 4-probe measurements
using In-Ga Ohmic contacts to porous GaN (partial reproduction of Figure 5 from Paper II).
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Capacitance-voltage (C-V) analysis was performed by scanning the applied potential at a
rate of 10 mV s™ with a superimposed AC signal with an amplitude of 15 mV at a frequency
of 1 MHz to determine the capacitance of the porous GaN under depletion conditions, as
reported in Paper Il. Gold contacts deposited on porous GaN after growth and different from
those used as catalysts, formed a Schottky contact for the measurement. The 1/C2-V analysis
in the framework of the Mott-Schottky [151] model, shown in Figure 3.20, confirms an
unintentional n-type GaN with a donor concentration Np, given by the slope Np=2C?V/geso, of
n = 1.6 x 10" cm?® using a dielectric constant ¢ = 8.9 for GaN. These low values for
unintentionally doped n-type GaN give a corresponding SBH that can be calculated by the

following equation:

@%sn =€V, +eV, +KkT

where eVy,; is the barrier height from the voltage intercept and eV, = Ec,— Er, where Ec is
the conduction band minimum and Er is the Fermi level. According to this, SBH are 0.78 +

0.1eVand 0.62 £ 0.1 eV for Pt-seeded GaN and Au-seeded GaN, respectively.
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Figure 3.20. Interface capacitance and Mott-Schottky (1/C?— V) profile for Pt and Au catalyzed porous GaN

layers. Inset: plot of differential capacitance vs. voltage (partial reproduction of Figure 7 in Paper

).

Minima in differential capacitance indicating transition beyond depletion conditions are
also found close to the respective values for the built-in potential of these Schottky junctions
(see inset of Figure 3.20). These values are lower than those encountred for standard epi-
layer of n-type GaN (0.87 eV for Au/n-GaN and 1.01 eV for Pt/n-type GaN [166]), even
when accounting for image force lowering of the barrier height in this case. The Fermi level
energy with respect to the Pt and Au workfunction is markedly reduced compared to standard
values owing to the interfacial alloy [167], whose work function is less than that of the
respective noble metal, giving lower Schottky barriers to carrier transport through the high

grain-boundary density GaN layer.
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This is also reflected in the carrier mobilities from which, for a doping density of
effectively ~10™ cm™ calculated in the C-V analysis, an average electronic mobility of ~208
cm? Vs is determined.

A plausible band structure for the interfacial intermetallic contact is shown in Figure
3.21, which shows the presence of the Ga,Au interface, with its lower workfunction, between
the Au and GaN. A similar situation can be drawn when using Pt rather than Au. With
forward bias, electrons can easily overcome the significantly reduced barriers, by thermionic-
field emission to inject into the Au or Pt from the intermetallic. When the bias becomes
negative, holes can tunnel through the Au/intermetallic interface barrier and inject into the
notch to recombine with electrons. The contact resistance is markedly reduced as it provides a
recombination center for carriers giving a linear I-V response.

__________________
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Figure 3.21. Proposed band structure model for intermetallic interface phase formation acting as the effective
Ohmic contact. The barrier with (solid line) and without (dashed line) the presence of the
intermetallic is shown (partial reproduction of Figure 7 in Paper I1).

On Au, we confirmed the formation of an intermetallic Ga,Au phase, which suggests a
band structure that promotes transport by lowering the Schottky barrier by acting as a low
barrier, Ohmic contact to the GaN, rather than forming a definitive tunnel contact which
would show ohmicity over a small potential range. Thus, the intermetallic formation at the
interface that allows the growth of the GaN effectively acts as an intermetallic Ohmic contact
at the semiconductor interface.

3.5 Catodoluminescence characterization

Cathodoluminescence (CL) is a powerful tool to study nitride semiconductors. GaN show
luminescence bands in the range 3.0-3.5 eV, due to excitons and donor-acceptor
recombinations [168].

Room temperature CL spectra shown in Figure 3.22 corresponds to nanoporous GaN
particles obtained on Si(111), as described in Paper IV. Near band-edge emission was
observed at room temperature at around 365 nm (3.4 eV). CL studies revealed, a sharp and
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well defined band-gap emission, with a FWHM of 0.16 eV. This near band-edge emission
was located at a similar position to those observed in nonporous GaN, and the bandwidth
measured at FWHM was also similar [169], what confirms that the porosity in GaN
microparticles does not affect the near band-edge emission of GaN. Other possible emissions
at lower energies like the blue luminescence (BL) [170] or the yellow luminescence (YL)
[171] due to defects, vacancies or impurities [172] are not observed.

Figure 3.22b shows the monochromatic CL image recorded at A = 364 nm, corresponding
to the near band-edge emission region in the ultraviolet range of the spectrum. The bright
spots in the image represent high emission intensity regions, while dark spots represent low
emission intensity regions. The smallest features observed in these images are of the order of
50 nm in diameter. Since these samples are not flat they are not limited by diffusion length
and interaction volume (50 nm at 4 keV for GaN), and topography should be the major factor
modulating the CL intensity. Cathodoluminescence images revealed that luminescence is not
spatially homogeneous. A higher intensity of light from the edges of the rough basal planes
that contains the nanopores in the particles in comparison to the smooth lateral surfaces is
observed. The SEM image together with the CL image recorded in the same region (Figures
3.22c¢ and 3.22d), where the porous structure of the basal plane of one of the nanoporous GaN
particles can be clearly seen, show that the strong UV emission comes from areas surrounding
the pores of the structure, while the pores coincide with dark spots in the images. The
observed CL contrast might be related to the presence of dislocations in the structure, that
have been shown to act as non-radiative centers around the pores.

10000
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600 4
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Figure 3.22. (a) Room temperature cathodoluminescence spectra and (b) monochromatic image (A = 364 nm) of
nanoporous GaN particles recorded at 4 keV and 200 pA. An enlarged image of the selected region
in (b) can be seen in (c). The same region under secondary electrons can be seen in (d) (partial
reproduction of Figure 6 in Paper IV).
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3.6 Oriented growth of GaN on Si

The orientation of the pores of GaN is of interest, because it might increase the brightness
of potential LEDs, fabricated with these porous particles, since light extraction is higher
around the pores, as observed by cathodoluminescence (see Paper 1V and Figure 3.22). This is
due to the multiple reflections of the photons on pores walls. Porosification increases the
reflection probabilities of emitted photons, and provides additional surfaces through which
photons can escape (see Figure 3.23) [97]. Thus, the porous surface can minimize the total
internal reflection and increase the transmission at the interface to air, increasing the light
extraction efficiency. Also, porosification increases internal quantum efficiency due to
geometrical quantum well or wire effect associated with the thin walls remaining between the
pores. This quantum confinement leads to an increase in the effective band-gap energy, and
therefore the energy for electrons to enter the region between the pores. These regions may be
considered as quantum wires or quantum wells.

To align those pores, we should orient crystallographically the porous GaN
microparticles obtained on Si(100) substrates by CVD in such a way that the (0001) faces of
porous GaN, that are the faces that contain the pores, should be perpendicular to the surface
of the Si substrates. For this purpose, we used two different approaches: a) crystal growth
under the influence of electric fields and b) structuration of Si substrates coated with a SiO,
layer.

Dy

Photon

Figure 3.23. Increase of the light extraction efficiency in a porous structure.

3.6.1 Crystal growth on electrical fields

Applying an electric field during the crystal growth process can influence the direction
and orientation of crystals of polar structures [173]. Since GaN along the ¢ crystallographic
axis is a polar structure, one of the possibilities to align GaN microparticles along this
direction, is to grow GaN porous microparticles under the influence of an electric field. Figure
3.24 shows the scheme of the set up we used to generate an electrical field to influence the
crystal growth process, that acts as a capacitor. One of the electrodes is the silicon substrate
coated with a thin layer of Pt, the other one is a platinum grid. An electric field is generated
between these two electrodes connected to a potential source. The source of Ga is placed
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under the Pt grid, thus vapours of Ga generated during the growth process can penetrate
through the holes of the grid, react with ammonia and form crystals of GaN that can deposit
on the surface of the Si substrate facing the Pt grid.

Electrode

Silicon
L |
FFEIFFFFFIFFIIFIEET e NHa E—

Ga Electrode

Figure 3.24. Scheme of the capacitor used to study the influence of an electric field during the growth process of
porous GaN.

Two types of platinum grids with different mesh (2 x 2 mm and 0.5 x 0.5 mm) were
fabricated and fixed to a BN support (see Figure 3.25). 12 V were applied to generate the
electric field between the Pt mesh and the Pt-coated Si electrodes. The distance between the
Pt grid and the Si substrate was kept constant at 1.5 mm.

Figure 3.25. Photographs of the two types of Pt grids with different meshes fixed to a BN support: (a) 2 x 2 mm
mesh and (b) 0.5 x 0.5 mm mesh.

Figure 3.26 shows the SEM images of the GaN microparticles obtained using the Pt grid
with a low density mesh. Particles are deposited as separated islands, with a low coverage of
the Si substrate. A high-magnification image of the microparticles obtained show that despite
they are porous, they are not crystallographically aligned, and their pores point towards
random directions (see Figure 3.26c).
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Figure 3.26. SEM images with different magnification of porous GaN microparticles grown on Si(100) using a
Pt grid with a low density mesh and under the influence of an electric field generated after
connecting the capacitor to a 12 V source.

The strength and the density of electric field lines in this case might not be sufficient to
influence the process of growth, due to low mesh density of the Pt grid.

When a higher voltage 25 V was applied, in order to increase the intensity of the electric
field in the capacitor with a Pt grid with a low density mesh, no significant changes in the
morphology and porosity of the GaN particles were observed (see Figure 3.27). Again, it
seems that this voltage is not sufficient to induce the oriented growth of GaN microparticles
along the c crystallographic direction and higher voltages would be required to prove the
influence of the electric field on the growth of porous GaN crystals.

Figure 3.27. SEM image of porous GaN microparticles grown on Si(100) using a Pt grid with a low density
mesh under the influence of an electric field generated after connecting the capacitor to a 25 V

source.
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When a Pt grid with a higher density mesh was used, the coverage of the Si substrate was
even lower than in the previous case. The obtained particles are irregular in shape and they are
not porous (see Figure 3.28). In that case, maybe the free space left by the Pt grid is not
enough for Ga vapors to flow inside the capacitor.

Figure 3.28. SEM images with different magnification of porous GaN microparticles grown on Si(100) using a
Pt grid with a high density mesh under the influence of an electric field generated after connecting
the capacitor to a 12 V source.

3.6.2 Structuration of Si substrates coated with a SiO, layer

Another approach we explored to orient crystallographically the porous GaN particles
consisted in using a Si(100) substrate coated with a SiO, thin layer, with further patterning of
SiO; in order to limit the growth of porous GaN microparticles [174]. A commercial Si(100)
wafer with already thermally grown SiO, (50 nm thick) was used. The design for the
patterned substrate is shown in Figure 3.29. The patterned structure of a 2D array of micron-
sized holes on SiO; with a diameter of 1.5 um was fabricated using laser lithography and
etching techniques. Metallic Ti was deposited inside the holes by a sputtering technique.

~1.5 um Ti

(R

Silicon

Figure 3.29. Micron-size hole design for the SiO, patterned structure on a Si(100) wafer.
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Deposition of porous GaN on Si

To create the microhole structure on SiO, the following procedure was applied (see
Figure 3.30):

(i)

(i)

(iii)

(iv)

v)

(vi)

Preparation of the substrate: The wafer was initially heated to a temperature
sufficient to drive off any moisture that may be present on the wafer surface. (473
K, 10 min)

Photoresist coating: The wafer was covered with ~ 700 nm layer of AZ 1505
photoresist (Microchemicals) by spin coating (500 rpm, 30s). Softbake was
performed afterwards at 373 K during 30 s.

Exposure and development: The photoresist was illuminated with a 405 nm laser
to create a pattern of holes, 1.5 um in diameter, in an area of 1 cm? using the laser
lithography system. The exposure to the laser light causes a chemical change in the
photoresist that can then be removed by the developer (AZ 726 MIF, 2.38 %
TMAH with surfactants added for fast and homogeneous substrate wetting). In this
way the areas of SiO,, in which the photoresist has been removed, are exposed.

Etching: A buffered HF solution (7 vol. of H,O to 1 vol. of 50 % HF, Aldrich)
solution was used as the chemical agent to remove the SiO, layer of the substrate
in the areas that are not protected by the photoresist, exposing the surface of Si in
these areas.

Deposition of Ti: Before the remaining photoresist was removed we coated the
surface of the substrate with a 20 nm thick Ti layer by sputtering. In this way we
coated the exposed surface of Si with a Ti layer that will act as the metallic
catalyst for the growth process of porous GaN. Using Ti we expect porous GaN
microparticles to grow oriented along the c-crystallographic direction, since Ti and
GaN belong to the hexagonal system and there is a small lattice mismatch between
Tiand GaN [174].

Photoresist removal: Finally, since the photoresist is no longer needed, it must be
removed from the substrate. To do that, a resist stripper solution was used, which
chemically alters the photoresist so that it no longer adheres to the substrate.
Together with the photoresist the Ti layer deposited on the top of the photoresist
was removed, while that covering the bottom of the holes and deposited on Si,
remained.

The obtained patterned substrate was characterized by AFM and SEM techniques, as can
be seen in Figure 3.31. Figure 3.31a shows that the patterning is quite homogenous in form
and with equal sizes of holes (~ 1.5 pm in diameter). A profile of the surface of the sample
corresponding to the green line indicated in Figure 3.31a is shown in Figure 3.31b. This
profile evidences that the depth of our holes is around 30 nm, that corresponds to the
thickness of the SiO; layer in the commercial Si wafer. SEM images of the patterned substrate
(see Figure 3.31c) confirm the homogeneity of the prepared structure. Analysis by SEM in the
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back-scattered electrons mode (BSE) also shows that the parts corresponding to the places of
the holes are coated with a heavier element, which is the Ti catalyst (see Figure 3.31d).

Photoresist (PR} coating

Preparation of the substrate

Sio,

Exposure to laser
Development

Deposition of Ti

Etching of 810, Ti Ti

Photoresist removal

Ti
Sio, Sio,

Silicon

Figure 3.30. Scheme of the process of patterning of Si (100) substrates coated with SiO,.
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Figure 3.31. (a) AFM image of the patterned SiO,-coated Si(100) substrates. (b) Depth profile of the patterned
substrate, corresponding to the green line shown in panel (a). SEM images of the patterned SiO,-
coated Si(100) substrates recorded using (c) secondary electrons and (d) back-scattered electrons.

These patterned substrates were used on the synthesis of nanoporous GaN microparticles.
In those experiments, different quantities of Ga (0.5 g, 0.25 g and 0.1 g) were used to limit the
number of GaN particles formed and favor the orientation process. Figure 3.32 shows SEM
images taken when 0.5g of Ga were used. GaN particles completely covered the surface of the
substrate (see Figure 3.32a). When the quantity of Ga was reduced to 0.25 g, the growth of
GaN particles was restricted to the holes of the substrate (see Figure 3.32b).When the quantity
of Ga was decreased even more, to 0.1 g, the density of deposited GaN particles decreased
drastically, and most of the surface of the substrate remains empty (see Figure 3.32c).
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Figure 3.32. SEM images of porous GaN grown on patterned SiO,-coated Si(100) substrates using different
quantities of Ga: (a) 0.5 g, (b) 0.25gand (c) 0.1 g.

Using 0.25 g of Ga and decreasing the time of the reaction to 15 min in order to avoid
overgrowth of porous GaN microparticles, a good-ordered structure was obtained, covering
the whole area of the patterned substrate, as can be seen in Figure 3.33. The growth is
restricted to the patterned area (see Figure 3.33a and 3.33Db), that coincides with the Ti-seeded
regions. However, porous GaN was grown in the form of aggregated micron-sized
nanoporous GaN particles without any preferential crystallographic orientation XRD, as can
be seen in Figure 3.33c.

The same experiment was repeated coating the patterned substrate with a Au layer, 20 nm
thick. The result obtained, however, was similar to that obtained when Ti was used as catalyst
(see Figure 3.34a). From the XRD analysis we observe that the (1010) peak show less
intensity that expected. However, the Debye rings show a quite homogenous distribution of
intensity (see Figure 3.34c). Also, crystalline Au was detected in the XRD analysis, as
indicated in Figure 3.34b.
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Figure 3.33. (a), (b) SEM images of the ordered porous GaN structure grown by CVD using Ti metal seeds on
the patterned SiO,-coated Si(100) substrates (Inset: magnified image of the porous GaN particles
obtained in one of the holes of the patterned substrate). (¢) XRD pattern recorded for this structure
with the corresponding Debye rings (d).
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Figure 3.34. (a) SEM image of the ordered porous GaN structure grown by CVD using Au metal seeds on the
patterned SiO,-coated Si (100) substrate. (b) XRD pattern recorded for this structure with the
corresponding Debye rings (c).

Figure 3.35 shows SEM images of the sample grown using the Au metal catalyst recorded
in different places of the patterned substrate. The substrate was placed in such a way, that the
distance between the Ga source and the different places of the substrate was different, so that
crystal growth occured with different rates. As can be seen from the images, at early stages,
the crystal growth process starts from the edges of the microholes and progress towards the
center of the microhole. Thus, the crystallographic orientation of the GaN particles, expected
through an orientational effect of the metallic catalyst, is missed due to the nucleation of the
GaN particles on the SiO, walls of the holes, that do not have the required crystallographic
orientation.

A possible solution for this problem might be the replacement of Si(100) by Si(111) as
subtrate, which may induce the growth of porous GaN along the c crystallographic direction
[159], although this approach was not tested yet.

Figure 3.35. SEM images of porous GaN on patterned SiO,-coated Si(100) substrate using Au as metallic
catalyst grown at different growth stages.
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Chapter 4

Doping porous GaN

The production of p-type and n-type GaN has a critical importance for the development
of GaN-based optoelectronic devices, such as LEDs, for example. Thus, introducing by CVD
a suitable dopant using a suitable precursor into porous GaN plays an important role in the
fabrication of good-quality and reproducible p-type and n-type porous GaN.

The aim of this chapter is to explore the effect of magnesium doping on the production
of porous p-type GaN and also to show preliminary studies on doping porous GaN with
silicon. Thus, here the crystal growth and characterization of p-type GaN by Mg-doping on Si
and epitaxial GaN substrates through the CVD process using magnesium nitride and
magnesium acetylacetonate as initial reagents for magnesium precursors is presented.
Evidences of the p-type GaN formation were obtained from the electrical characterization of
the layers and devices formed and also from PL and CL data. Additionally, when we
increased the magnesium concentration we observed the formation of a polycrystalline high-«
oxide layer consisting of MgO located between the Ohmic alloy interlayer contact and the
Mg-doped porous GaN layer. Electrical measurements show how a MOS-type porous GaN
diode can be formed under these conditions. Finally, the crystal growth and morphological
characterization of porous GaN doped with silicon using silicon tetraiodide as precursor is
also presented.
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4.1 Doping porous GaN with Mg
4.1.1 Crystal growth by CVD: Mg precursors and location of the Mg source

Magnesium (Mg) is a dopant typically used to generate p-type conductivity in GaN, since
Mg is the shallowest acceptor which can be introduced in sufficient concentrations to obtain
reproducible p-type GaN [175, 176]. Although Mg is a shallow acceptor [177, 178], for a long
time it was not possible to obtain p-type GaN. This was due basically to two reasons: (i)
hydrogen, which is always present in the CVD growth chamber due to the thermal
decomposition of NH3, passivates Mg by forming electrically inactive complexes [179, 180]
and (ii) heavily Mg-doped GaN suffers from self-compensation due to donor-like defects,
which includes compensation of Mg acceptors by Mg donors and results in low p-type doping
efficiency [181]. However, postgrowth treatments, like thermal annealing and electron-beam
irradiation, allow the conversion of the high-resistivity as-grown Mg-doped GaN into GaN
with p-type conductivity. Hydrogenated Mg can be activated by annealing at temperatures
above 600 °C in vacuum or in a nitrogen atmosphere [182, 183] or by electron-beam
irradiation [184], unlike self-compensated Mg-doped GaN, which cannot be modified by
annealing procedures.

Porous GaN doped with Mg was grown through the direct reaction of metallic Ga with
NH; gas utilizing a Mg precursor in the CVD system. In order to dope GaN with Mg two
different precursors were used: magnesium nitride (MgsN2, 99.95 %) and magnesium
acetylacetonate dehydrate (Mg[CH3COCHC(O)CHgs],-2H20, 98 %). MgsN; is in the form of a
crystalline powder at room temperature and pressure. MgsN, starts to decompose at 1073 K
[185]. The metalorganic compound Mg[CH3COCHC(O)CHjs],-2H,O (MgA) is also a
crystalline powder at room temperature and pressure and starts to decompose at 538 K [186].
Since both precursors are in the form of a crystalline powder, they can be easily manipulated
compared to liquid and gaseous precursors. MgsN, was chosen as a precursor for Mg doping
because the by-product of its chemical decomposition is the inert gas nitrogen, that does not
produce any problem on doping porous GaN. In the CVD chamber, MgsN, decomposes
thermally to form Mg and nitrogen, according to the following chemical reaction [187]:

MgsNy(solid) — 3Mg(gas) + N»(gas)

MgA was chosen as precursor for Mg doping because of its low decomposition
temperature and gaseous by-products of the decomposition reaction that can be easily
exhausted from the CVD reaction chamber. When MgA decomposes thermally, acetone,
carbon dioxide, methane, water, etc. can be formed [188]:

Mg[CH3COCHC(O)CHjs],-2H,0(solid) — Mg(gas) + CH3;COCHg3(gas) + CO,(gas) +
CHg(gas) + H,O(gas) +...

To introduce effectively Mg into porous GaN as a dopant, the precursor was located
upstream of the Ga source, as it is indicated in Figure 4.1. The position of the precursor was
chosen based on the thermal profile of the furnace (see Figure 2.3), choosing a suitable
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temperature in the location of the Mg precursor to produce its decomposition while porous
GaN is being grown. Since the decomposition temperature of MgA is lower than MgsNs,
MgA was located at a further distance from the center of the furnace, where the Ga source is
located. Thus, the location of the precursor inside the CVD chamber influences its
sublimation and decomposition rate and, as we will show in this chapter, the dopant
incorporation into porous GaN depends on the separation distance between the Ga source and
the Mg source.

Substrate

Quartz tube

Mg source

Thermocouple

Gallium

Heaters

Figure 4.1. Schematic representation of the location of the substrate, the Ga source and the Mg source inside the
CVD chamber to produce Mg-doped porous GaN.

For the crystal growth of Mg-doped porous GaN, Si(100) and epitaxial GaN(0001) films
on sapphire were used as substrates. As catalysts, a 0.01 M solution of Ni(NO3), in ethanol
and 20 nm thick films of Au or Pt deposited by sputtering on Si(100) substrates were utilized.
In the case of the epitaxial GaN substrates no catalyst was needed for the deposition of porous
GaN. The porous GaN layer was deposited on substrates with an area of ~1 cm?. After the
growth process the as-grown samples were annealed in an atmosphere of N, for 20 min at 973
K in order to break the Mg-H complexes and activate the p-type conductivity of porous GaN.
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4.1.2 Use of Mg3N; as precursor

4.1.2.1 Effect of the distance and MgsN, quantity

We investigated the introduction of Mg into GaN as a dopant by designing a set of
experiments in which we changed the quantity of the MgsN, precursor powder and the
distance between the Ga and the Mg sources. Mg3N, was placed at distances of 15 cm, 10 cm
and 5 cm between the Ga and Mg sources that correspond to temperatures of ~1050 K,
~1150 K and ~1175 K, respectively. The distances were chosen based on the thermal profile
of the furnace described in Chapter 2 and the decomposition temperature of MgsN», which is
1073 K [185]. As substrate, silicon (100) and as catalyst, a 0.01 M solution of Ni(NO3), in
ethanol were used. The quantities of precursor introduced in the furnace were 0.0075 g,
0.0125 g, 0.0250 g and 0.0500 g, which corresponds to Mg vs. Ga molar ratios 0.031, 0.052,
0.104 and 0.207, respectively. The samples and the conditions under which they were
prepared are listed in Table 4.1.

Table 4.1. The Mg-doped porous GaN samples prepared by using MgsN, as Mg precursor.

Sample Distance between Quantity of | Mg vs. Ga molar
ID the Gaand Mg |\ N, (@) ratio
sources (cm)
A 15 0.0075 0.031
B 10 0.0075 0.031
C 5 0.0075 0.031
D 5 0.0125 0.052
E 5 0.0250 0.104
F 4 0.0075 0.031
G 4 0.0125 0.052
H 4 0.0500 0.207
K 4 0.0750 0.311

The SEM images shown in Figure 4.2a, 4.2b and 4.2c, which correspond to separation
distances between the Ga and Mg sources of 15 cm, 10 cm and 5 cm, respectively, while
keeping the quantity of precursor constant at 0.0075 g, indicate a slight decrease of porosity
of GaN when the separation distance decreased.
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Figure 4.2. SEM images of porous Mg-doped GaN using 0.0075 g of MgsN, at (a) 15 cm, (b) 10 cm and (c) 5
cm separation distance between the Ga and the Mg sources. The samples ID are indicated in each
picture.

The same effect is observed when the separation distance was kept at 5 cm and the
quantity of precursor was increased from 0.0075 g to 0.025 g, as can be seen in Figures 4.3a-
4.3c.

Figure 4.3. SEM images of porous Mg-doped GaN using (a) 0.0075 g, (b) 0.0125 g and (c) 0.025 g of MgsN,
located at 5 cm from the Ga sources. The samples ID are indicated in each picture.
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Another set of experiments were undertaken by placing MgsN; closer to the Ga source (4
cm, what corresponds to ~ 1200 K). The experiments were performed with 0.0075 g, 0.0125
g, 0.0500 g and 0.0750 g of MgsN,, corresponding to samples F, G, H and K (see Figure 4.4).
Here, the decrease of porosity in GaN microcroparticles is more evident, and in samples

Figure 4.4. SEM images of porous GaN doped with Mg using MgsN, as precursor located 4 cm away from the
Ga source and with MgzN, quantities: (a) 0.0075 g, (b) 0.0125 g, (c) 0.05 g and (d) 0.075 g. The
samples ID are indicated in each picture.

After studying the conditions of the chemical reaction, it can be concluded that the
optimum conditions for growing Mg-doped porous GaN with a high degree of porosity using
MgsN, as precursor are 4 cm distance between the Ga and Mg sources and 0.0075 g of
Mg3N2.

4.1.2.2 Effect of the catalyst

In order to study the effect of the catalyst used to deposit Mg-doped porous GaN, we
grew porous particles using 0.0075 g of MgsN, located at a separation distance of 4 cm from
the Ga source on Si(100) substrates coated with 20 nm thick films of Au and Pt, similarly to
what we did with undoped porous GaN (see Chapter 3). Figure 4.5a shows a schematic
presentation of the Mg-doped porous GaN on Si with Ga,Au and Pt-Ga intermetallic layers
formed between the Si substrate and the Mg-doped porous GaN layer. Figures 4.5b, 4.5c and
4.6d show the SEM images of Mg-doped porous GaN particles grown using Ni(NO3),, Au
and Pt catalysts, respectively. Porous GaN particles have a morphology similar to that
observed in undoped samples. However, the degree of porosity is higher in the case of
Ni(NO3), catalyst, while those grown on Pt seem to show the lowest degree of porosity.
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Figure 4.5. (a) Schematic presentation of porous Mg-doped GaN particles grown on Si with Ga,Au and Pt-Ga
intermetallic layers. SEM images of porous Mg-doped GaN particles grown on Si substrates coated

with (b) Ni(NOs),, (c) Au and (d) Pt (partial reproduction of Figure 1 from Paper V).

4.1.2.3 Structural characterization

The structural XRD characterization of the Mg-doped porous GaN particles confirms the
crystalline wurtzite structure (see Figure 4.6). The sharp diffraction peaks reveal that the GaN
nanoporous particles have a good-crystalline quality. Also, no additional crystalline phases

were detected.
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Figure 4.6. X-ray diffraction pattern of porous Mg-doped GaN particles on Si (100) (partial reproduction of

Figure 1 from Paper V).

99



UNIVERSITAT ROVIRA I VIRGILI

NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Pipostt tedsli Ghapter 4 Doping porous GaN

4.1.2.4 Compositional analysis

Figure 4.7 shows a cross-section TEM image of the porous GaN layer grown using
0.0075 g of MgsN; located at a separation distance of 4 cm. Here, two regions have been
observed. Region | corresponds to the Si substrate. Region 11, totally detached of the substrate
in the picture, corresponds to Mg-doped GaN, with a thickness of ~ 4.5 um. EDX analyses
corresponding to 10 separate locations of this sample, listed in Table 4.2, indicate that the
concentration of Mg increases for points located far away from the substrate. Thus, the doping
process of GaN is not homogeneous and the quantity of Mg incorporated in the porous
particles is higher at the last stages of the growth process.

Figure 4.7. Cross-section TEM image of the porous GaN layer grown using using 0.0075 g of MgsN, located at
a separation distance of 4 cm (partial reproduction of Figure 3 from Paper VI).

Table 4.2. EDX content of Mg and Ga in the Mg-doped GaN. The measurement points (#) relate to those
numbered in Figure 4.7.

Position# | Mg Ga | Position# | Mg Ga
% % % %

1 1.3 987 6 22 978

2 1.5 985 7 25 97.6

3 1.9 981 8 1.8 982

4 39 9.1 9 1.8 982

5 26 974 10 1.4  98.6
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4.1.2.5 Electrical characterization

After crystal growth and prior to perform electrical characterization, a thermal annealing
at 973 K in a N, atmosphere for 20 min was performed in order to break the Mg-H complexes
and activate Mg acceptors and p-type conductivity in Mg doped porous GaN. Figure 4.8
shows the SEM images of Mg-doped porous GaN particles grown using Pt catalyst before
(see Figure 4.8a) and after (see Figure 4.8b) the annealing process. We can observe that
thermal annealing does not change the morphology of Mg-doped porous GaN particles.

Figure 4.8. SEM images of the Mg-doped porous GaN particles grown using Pt catalyst (a) before and (b) after
annealing process at 973 K in a N, atmosphere for 20 min.

As it was reported in Paper V, two-probe electrical measurements of Mg-doped GaN
samples were conducted using In/Ga liquid eutectic drops as Ohmic contacts. Linear voltage
sweeps were obtained in the range from -3V to 3V with a 50 mV/s sweep rate. Figures 4.9a
and 4.9b show the I-V curves recorded for the Mg-doped porous GaN particles grown on Au
and Pt-coated Si (100) substrates, respectively. For samples grown using a Au catalyst, a near
Ohmic contact behavior was repeatedly observed which is consistent with the formation of a
GazAu intermetallic between the underlying substrate and the GaN layer in a similar way
observed for undoped porous GaN particles (see Chapter 3). However, for the GaN samples
grown using Pt as catalyst, the response was markedly different with the profile indicating the
formation of a Schottky contact. For porous GaN specifically, the thickness is determined by
the size of the crystals and their assembly on the surface, which results in a “rough” topology,
with a high density of grain boundary scattering centers. For electrical measurements, particle
distributions confirm that the formation of a percolating conduction layer beneath the GaN
layer is prevented; thus, the electrical characterization corresponds to the porous GaN
polycrystalline layer. At room temperature, the effective linearity of the 1-V response
measured for porous GaN to high work function metals, with an intermetallic seed layer
between the metal and GaN, is maintained at high bias. As stated earlier, the Pt-Ga alloy
results in a Schottky contact to the porous p-type GaN. The Schottky barrier height ¢g
(SBH) can be estimated from equation 3.1. The estimated SBHs for Pt contacted porous p-
type GaN is 0.57 eV. While a small in-built potential also exists for the Au-contacted sample,
the symmetry in the response at negative bias confirms that the presence of the intermetallic
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GaAu at the GaN-Si interface prevents a rectifying barrier. Also, as with unintentionally n-
type GaN we investigated previously (see Chapter 3), the Pt-Ga contact to the GaN at the
silicon interface results in an order of magnitude higher current, but in the case of p-type
GaN, the transport mechanism gives a non-linear, Schottky-type response.
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Figure 4.9. 1-V curves of porous Mg-doped GaN particles grown on Si substrates coated with (a) Au and (b) Pt
catalysts (partial reproduction of Figure 1 in Paper 5).

From these data it is not possible to determine if Mg-doped GaN has a p-type
conductivity. This will be demonstrated in the next chapter, from the epitaxial porous GaN
layers grown on non-porous GaN substrates, for which clear p-n junction responses could be
determined. Thus, we suppose that the Mg-doped porous GaN particles characterized in this
chapter, and grown under similar doping conditions than the epitaxial layer, also exhibit p-
type conductivity.

4.1.2.6 Cathodoluminescence

CL investigations of the porous GaN samples G, K and undoped porous GaN for
comparison were performed, as described in Paper V. Figure 4.10a and 4.10b show the SEM
and the panchromatic CL corresponding images of porous undoped GaN and Mg-doped
porous GaN particles. Higher intensity of luminescence is observed in the areas around the
pores. Typically, epitaxial or MBE grown GaN films suffer from low intensities due to
electron-hole pair formation at low voltages, which increases non-radiative surface
recombinations. In this case of porous GaN, the emission is enhanced at the high density of
sharp edge surfaces found on the crystal and thus throughout the porous film. Figure 4.10c
shows the CL spectra recorded for porous GaN samples at room temperature. In the spectra
acquired at an accelerating voltage Va.c=10 kV, a shift of the CL peak is found for Mg-doped
samples in comparison to undoped GaN, which would indicate the effective incorporation of
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Mg in the GaN structure [189]. The yellow luminescence (YL) seen from CL shows two
contributions, typically ascribed to pair recombination and deep level emission characteristics
of doped p-type GaN. The near-band edge emission is similar in doped samples and not found
in undoped GaN, but lower in energy (397 nm) than the bandgap emission from GaN (the
monochromator edge was 368 nm for Mg-doped CL).
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Figure 4.10. (a) SEM and panchromatic CL images of undoped n-type GaN crystals at 5 kV. (b) SEM and CL
images of the porous GaN G and K samples at 10 kV. (¢) CL spectra from undoped and Mg-
doped porous GaN (partial reproduction from of Figure 3 in Paper V).

4.1.3 Use of magnesium acetylacetonate as precursor

We investigated also the introduction of Mg into GaN as a dopant through a different
precursor, magnesium acetylacetonate. We designed a set of experiments in which we
changed the quantity of the MgA precursor powder and the distance between the Ga and Mg
sources, as in the previous case. The MgA precursor powder was placed up-stream of the Ga
source at distances of 15 cm, 20 cm, 21 c¢cm, 23 cm, 24 cm, 26 cm and 30 cm, where
temperatures of ~1050 K, ~830 K, ~770 K, ~700 K, ~650 K, ~530 K and ~380 K can be
found corresponding to the thermal characterization of the furnace (see Figure 2.3), while the
decomposition temperature of MgA is 538 K [186]. As substrate silicon (100) and as catalyst
a 0.01 M solution of Ni(NO3), in ethanol were used. The samples we prepared and the
conditions under which they have been prepared are listed in Table 4.3.
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Table 4.3. Mg-doped porous GaN samples prepared with the MgA precursor.

Sample Distance between Quantity of | Mg vs. Ga molar
ID the Ga and Mg MgA (9) ratio
sources (cm)

A 15 0.0507 0.0273
B 15 0.0844 0.0455
C 15 0.1688 0.0910
D 20 0.0507 0.0273
E 20 0.0844 0.0455
F 23 0.0507 0.0273
G 24 0.0507 0.0273
H 26 0.0507 0.0273
K 30 0.0507 0.0273
L 20 0.1688 0.0910
M 21 0.1688 0.0910
N 23 0.1688 0.0910
@] 24 0.1688 0.0910

SEM images of the A, B and C samples can be seen in Figure 4.11. They reveal a similar
and high degree of porosity in the GaN particles obtained.

A
N
2. W

Figure 4.11. SEM images of Mg-doped porous GaN samples prepared with different quantities of the MgA

precursor and at a distance of 15 cm between the Ga and Mg sources (a) 0.0507 g (sample A), (b)
0.0844 (sample B) and (c) 0.1688 g (sample C). The samples ID are indicated in each picture.

CL investigation of the Mg-doped porous GaN particles was performed on samples
grown using the MgA dopant at room temperature, using accelerating voltages of 5 kV and 20
kV to excite parts of the particles located at different depths. Accelerating voltage of 5 kV
excites only the most superficial parts of the particles, while an accelerating voltage of 20 kV
excites more internal parts of the particles where Mg-H complexes could not be formed. The
SEM and the corresponding panchromatic CL pictures recorded for the A, B and C samples,
as well as their CL spectra are shown in Figure 4.12. The CL images demonstrate that the
luminescence is not distributed homogeneously in the sample. High intensity luminescence
regions corresponds to the edges of the rough basal planes of the GaN particles, where pores
are located, as in the previous cases, while weak luminescence can be seen on the smooth
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lateral faces of the porous GaN particles. The peak emission observed in the spectra at
~370 nm in all samples corresponds to the GaN band-gap energy. In the spectrum acquired
for sample C at an accelerating voltage of 20 kV we observe an additional peak, marked with
an arrow on the CL spectrum in Figure 4.12c, when compared to the spectra recorded at 5 kV.
This would indicate that Mg has been introduced in the bulk material, since excitation at 20
kV allows recording the luminescence generated from deeper regions of the particles,
avoiding surface effects like those observed when excited at 5 kV.

Normalized Intensity

325 350 375 400
Wavelength (nm)
T T

Normalized Intensity

325 350 375 400 425 450
Wavelength (nm)
T T T T
2
® -
C
i)
£
o L
(5]
N
©
E
IS
z
1 1 1 1
325 350 375 400 425 450

Wavelength (nm)
Figure 4.12. SEM and panchromatic CL images, and corresponding CL spectra of Mg-doped porous GaN
samples prepared with different quantities of the MgA precursor located at a distance of 15 cm
between the Ga and Mg sources (a) 0.0507 g (sample A), (b) 0.0844 (sample B) and (c) 0.1688 g
(sample C).
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Sample C was analyzed more in detail. The CL spectra collected at different accelerating
voltages is presented in Figure 4.13. We used different voltages to activate deeper regions in
the GaN particles, to determine if the distribution of Mg in the samples is homogenous. At an
accelerating voltage of 10 kV the band related to Mg acceptors in Mg-doped porous GaN
becomes evident. The intensity of this band is higher at 10 and 15 kV. Also, its position for
these voltages is the most red-shifted from all the voltages analyzed. This would mean that the
distribution of Mg in the porous particles is not homogeneous, being higher in the outer
regions.
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Figure 4.13. CL spectra collected at different acceleration voltages for sample C.

Then, the separation distance between the Ga and the Mg source was increased to 20 cm
to reduce the temperature applied to MgA, using of 0.0507 g and 0.0844 g of the precursor,
that corresponds to samples D and E (see Figure 4.14). It seems that the porosity is slightly
reduced when the quantity of precursor is reduced, as can be seen in Figure 4.14b.

Figure 4.14. SEM images of samples (a) D and (b) E samples synthesized using 0.0507 g and 0.0844 g,
respectively, of MgA, placed at 20 cm from the Ga source.
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The SEM and panchromatic CL pictures recorded for D and E samples, as well as the
corresponding CL spectra are shown in Figure 4.15. In the spectra in Figure 4.15 recorded at
an accelerating voltage of 20 kV we observe a shift of the band-edge emission peak, that
would indicate the effective doping of porous GaN with Mg. For sample E the shift in the
position of the emission peak is larger, this can be related to a higher doping level of porous
GaN in that case. We also observe additional peaks marked with arrows in the blue and UV
regions that can be attributed to DAP recombinations.
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Figure 4.15. SEM and panchromatic CL images and corresponding CL spectra of samples D and E, synthesized
using (a) 0.0507 g and (b) 0.0844 g of MgA located at 20 cm from the Ga source.

In order to study if the irradiation with an electron beam could activate the p-type
conductivity on the surface of the material, an experiment was designed in which sample E
was irradiated in the same area successively with 5kV, 20 kV and again 5 kV accelerating
voltages. We used two different voltages, because at higher accelerating voltages the electron
beam can penetrate and excite deeper areas of the material. The corresponding CL spectra
shown in Figure 4.16 evidence that irradiation with an electron beam has no effect on the CL
collected at a low acceleration voltage. Thus, Mg acceptors were not activated on the surface
of porous GaN by the electron beam, and an additional annealing process would be necessary
for this purpose. The fact that we do not see emission in UV and blue region of the spectrum
at low accelerating voltages, might be related to the presence of Mg-H complexes on the
surface of porous GaN that deactivate the Mg acceptor [190]. At high accelerating voltages
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the electron beam is able to penetrate and excite deeper areas of the material with active Mg
acceptors, not passivated by hydrogen.
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Figure 4.16. CL spectra of sample E synthesized using 0.08440 g of MgA located at 20 cm from the Ga source,

collected successively at 5 kV, 20 kV and 5 kV of acceleration voltages.

We wanted to analyze if placing the Mg precursor at colder places of the furnace, we
would still be able to incorporate Mg to porous GaN. For this, we kept constant the MgA
concentration, using 0.0507 g of this compound, while the distance between the Ga and the
Mg sources was increased to 15 cm, 20 cm, 23 cm, 24 cm, 26 cm and 30 cm. In all cases the
porosity of the GaN particles was maintained (see Figure 4.17), for distances < 30 cm.

- o - =

Figure 4.17. SEM images of Mg-doped porous GaN samples synthesized using 0.0507 g of MgA, while the
distance between the Ga and the Mg sources was increased, as indicated in the pictures. Also,
samples ID are indicated in each picture.
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The SEM and panchromatic CL pictures and the corresponding CL spectra recorded for
these samples are shown in Figure 4.18 In the cases where an effective incorporation of Mg is
produced, we should observe a red-shift of the emission peak in the spectra collected at 20 kV
to respect that collected at 5 kV. The largest shift is observed in samples D and F for which
MgA was located at 20 cm and 23 cm, respectively, to respect the Ga source. Thus, it can be
concluded that the optimum distance between the Ga and the Mg sources for a successful
doping porous GaN produced by the CVD process and using MgA as precursor is around 20-

23 cm.
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Figure 4.18. SEM, panchromatic CL images and corresponding CL spectra of Mg-doped porous GaN samples
synthesized using 0.0507 g of MgA. The distances between the Ga and the Mg sources and the
samples ID are indicated in each picture (continuation next page).
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Figure 4.18. SEM, panchromatic CL images and corresponding CL spectra of Mg-doped porous GaN samples
synthesized using 0.0507 g of MgA. The distances between the Ga and the Mg sources and the
samples ID are indicated in each picture.

Finally, to optimize the distance at which the MgA precursor should be placed, four
additional experiments were performed at separation distances of 20 cm, 21 cm, 23 cm and 24
cm with a higher quantity of precursor (0.1688 g), corresponding to samples L, M, N and O in
Table 4.3. In Figure 4.19 the porosity of the particles decreased dramatically at distances
above 21 cm. However, the level of Mg incorporation and the type of conductivity of porous
GaN has to be proven by cathodoluminescence and electrical characterization techniques.
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Figure 4.19. SEM images of porous GaN doped with Mg using 0.1688 g of MgA as precursor located at various
distances between the Ga and the Mg sources, as indicated in the pictures together with sample ID.

4.2 Porous MgO-GaN metal-oxide semiconductor (MOS) diode

By increasing the concentration of MgsN, in the synthesis of porous GaN we have
discovered the possibility of fabricating MgO-GaN metal-oxide semiconductor diodes in one
single synthesis step. The synthesis consisted in using a 0.052 Mg to Ga molar ratio, locating
MgsN, 4 cm upstream of the Ga source. Under these conditions a layer of crystalline MgO
was formed underneath Mg-doped GaN layer, as reported in Paper VI and Paper VII. As
catalysts, we used 20 nm thick film of Au and Pt deposited on Si(100). The growth of the
porous GaN particles was assisted by a solid particle through the vapor-solid-solid (VSS)
mechanism, described in Chapter 3.

4.2.1 Morphological and structural characterization of MOS

Figures 4.20a and 4.20b confirm that the porous GaN particles, corresponding to the
MOS structure, have a characteristic morphology consisting of faceted hourglass crystals with
a mean size of ~1.5 um.
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Figure 4.20. SEM image of porous GaN particles corresponding to the MOS structure grown on Si (100)
substrates coated with (a) a 20 nm thick film of Au and (b) a 20 nm thick film of Pt (partial
reproduction of Figure 1 from Paper VI).

Figure 4.21 shows the XRD pattern for MOS diode. The XRD pattern for the MgO/GaN
layer grown on Au-coated Si substrates confirms crystalline wurtzite GaN growth. The
uniform intensity of the Debye rings confirms that there is no texturation of the layer of
porous crystals. We can see that the deposit formed with 0.052 Mg vs. Ga molar ratio
contains crystalline MgO. The porous GaN single crystals formed are similar to those grown
in the absence of the Mg precursor, and they also retain their unintentionally n-doped
conduction because we did not anneal this sample to activate the p-type conduction.
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Figure 4.21. XRD pattern of the porous MgO-GaN MOS structure grown on a Si (100) substrate, with inset of
Debye rings. The Si (400) diffraction peak has been excluded to avoid intensity saturation (partial
reproduction of Figure 2 from Paper VI).
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TEM analysis confirms that the polycrystalline MgO is located under the porous GaN.
The high quantities of the Mg-containing precursors preferentially forms this layer rather than
doping the GaN lattice. This is in contrast with what has been observed when a smaller
amount of MgsN; is used, in which case, only the polycrystalline layer of porous GaN is
observed (see Figure 4.7).

Figure 4.22 shows a cross-section TEM image of the porous MgO-GaN MOS diode on a
Si(100) substrate using 0.052 Mg to Ga molar ratio. The image shows different regions with a
variation in contrast related to the variable Mg content (and thus scattering) in each of the
marked regions. Energy dispersive X-ray spectrometry (EDX) analysis was used to quantify
the Mg spatial density from 12 separate locations as indicated in Figure 4.22 and Table 4.4.
Four different regions were defined in this sample. Region | corresponds to the Si substrate.
Region Il, around point 1, is characterized by a dark contrast, with a Ga content of 26.7 % and
Mg content of 73.3 %. The phase formed in this region does not exhibit diffraction as an
intermetallic crystal, and likely corresponds to a Mg-Ga alloy. In region 111 (points 2 to 4), the
Ga content is low (~1.5-3 %), while the Mg content is ~97-98%, indicating that a new phase
rich in Mg is formed, corresponding to MgO. The thickness of this layer is ~1 um. Finally, in
region 1V (points 5-12) we find a phase reach in Ga (90.5-97.8 %), while the Mg content
remains ~7.9-11.7%. This region corresponds to Mg-doped GaN with a mean thickness of
~0.5 um. TEM energy dispersive X-ray analysis confirms the interfacial location of the MgO
between the silicon substrate/intermetallic seed layer, and the porous GaN.

Figure 4.22. Cross-sectional TEM image of the porous MgO-GaN MOS diode fabricate by CVD in a single step
on a Si(100) substrate (partial reproduction of Figure 3 from Paper VI).
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Table 4.4. EDX content of Mg and Ga in the final MOS diode layers. The measurement points (#) relate to those
numbered in Figure 4.22.

Position# | Mg Ga | Position# | Mg Ga
% % % %
1 733  26.7 7 11.7 978
2 985 15 8 79 921
3 97.0 3 9 95 905
4 97.3 2.7 10 89 911
5 79 921 11 79 921
6 11 89 12 81 919

4.2.2 Mechanism of formation of the porous MgO-GaN MOS diode

The following mechanism is proposed for the uninterrupted CVD growth of the
interfacial high-k MgO layer on an Ohmic intermetallic with catalytic growth of GaN as a
MOS diode, as reported in Paper VI (see Figure 4.23). Firstly, a intermetallic layer of Ga, Mg
and the metallic catalyst (Au or Pt) used for a solid eutectic phase forms layer Il. At higher
temperatures a second layer, formed almost entirely by Mg, is deposited on the intermetallic
layer. This layer quickly oxidizes to polycrystalline MgO, probably when we opened the
furnace, forming layer IlI. Finally, the growth of nanoporous GaN particles doped with Mg
(layer 1V) should proceed on the top of this Mg layer, acting Mg as a catalyst for the
formation of this porous layer, since it appears not to be in contact with the catalyst with
which we coated the substrate. Since no residual Mg, or MgO is found on the unintentionally
n-doped GaN after heating and exposure to oxygen when the furnace was opened, the growth
of the porous GaN particles proceeds through the Vapor-Solid-Solid (VSS) mechanism.

Mg
Ga

Au/Pt — Layer1

Mg '

Ca g Layer III

Figure 4.23. Mechanism of formation of the porous MgO-GaN MOS diode by subsequent catalytic VSS growth
during CVD (partial reproduction of Figure 1 from Paper VI).
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4.2.3 Electrical characterization

The MgO-GaN porous layers formed on silicon exhibit diode behavior consistent with a
MOS system, as reported in Paper VI and Paper VII. Figure 4.24 shows the I-V curves
recorded across the device using an In-Ga euctectic to Ohmically contact both the silicon
substrate and the porous GaN. A rectifying diode response is found in the presence of the
MgO, compared to Ohmic response between the intermetallic termination porous n-type GaN
and the substrate. We assumed that the net current is due to thermionic emission current since
the metal-semiconductor-metal contact now contains a dielectric at one interface, mimicking a
Schottky contact with series resistance and an interfacial layer. Additionally, this is confirmed
by forward bias voltages of V > 3kT/q, which is the case for this MOS diode. The downturn to
linearity in the current after ~0.25 V confirms a series resistance, Rs most likely originated
from the MgO and porous n-type GaN, as opposed to either of the metal contacts which are
confirmed to be Ohmic in nature. At higher bias (> 0.25 V), the Rs dominates, as can be seen
from the differential conductance dI/dV curve in Figure 4.24b.
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Figure 4.24. (a) I-V and dI/dV curves for porous n-type GaN with a MgO dielectric layer, and from a Au-seeded
porous GaN layer on silicon. (b) In(l)-V curve for the Ohmic Au-seeded GaN contact and the
MgO-GaN diode (reproduction of Figure 4 from Paper VI).

Figure 4.24 shows also for comparison the I-V curves recorded for the porous GaN
catalyzed by Au (forming GaAu) that are different from those presented in Figure 4.9, since
in that case we did not activate p-type GaN by thermal annealing. The I-V curves show only
slight asymmetry indicative of near Ohmic, weak Schottky barriers. The intermetallic layer
contacts are described using the thermionic emission theory, taking into account a high
ideality factor for weak barriers. The estimated SBHs for Au-catalysed porous n-type GaN is
0.66 eV. It is worth noting that the n-type contacts were effectively Ohmic as deposited and
did not need any post-deposition annealing to induce this effective ohmicity. For porous GaN,
and also for GaN grown on Mg-based films, the effect of an interfacial oxide was considered.
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The barrier height of an untreated metal/GaN diode can be altered by (photo)electrochemical
etching treatment that leave defective GaN surface and interfaces, and described according to

Pon = Pan +AQ (Eq. 4.1)

where ¢’s, represents the barrier height without the interfacial layer and Ag is the additional
barrier due to the oxide. The parameter Ag is considered like a tunneling barrier of the form

1

Ap = 2k7T(2m;()25 (Eq. 4.2)
where h is Plank’s constant, m is the tunneling effective mass, y is the mean tunneling barrier
and 6 is the thickness of the interfacial oxide. Ap was found to be in the range 0.18 — 0.25 eV
for Pt and Au based intermetallic contacts to n-type GaN. This corresponds to a maximum
native oxide thickness of ~ 2.7 nm on untreated GaN and would increase the overall effective
barrier height. Microscopy and transport measurements thus confirm the porous catalyzed
GaN growth is mostly free of influential surface contaminants.

Effective Ohmic contacts can form with n-type GaN suggesting that the resistivity
dominates transport through an alloyed interface that promotes Ohmic transport. When a
high-k MgO layer is introduced, the series resistance markedly increases at much lower
voltages. The MgO/n-type GaN sandwich effectively has an altered electron affinity with
respect to the In-Ga top contact. The overall series resistance, Rs, to which the sheet and
contact resistivities contribute can also be determined from diffusion and thermionic emission
theory summarised for a barrier-dominated diode. The current system behaves as a diode but
utilizing an Ohmic contact formed by the intermetallic under the MgO layer, biased by the
underlying silicon substrate. In the presence of the intermetallic bottom contact, the transport
is effectively Ohmic at the MgO interface. As the top contact to n-type GaN is also Ohmic,
the diodic response is dominated from affinity differences between the MgO and the n-type
GaN. The series resistance can also be obtained from the differential resistance through its
proportionality to the current according to

NV _[g K| Yo || g DKT (Eq. 4.3)
dl ql|l/l,-1 ql

Figure 4.25 shows the differential resistance dV/dl as a function of the inverse of the
current, plotted according to Eq. 4.3. Although it does not allow deconvolution of the specific
grain boundary resistance contribution to current flow through the porous layers, the series
resistance is estimated to be in the range 5-6 kQ for the MgO/porous GaN sandwich; dV/dl
approaches Rs at the higher currents, but as seen in Figure 4.25b, the series resistance also
includes likely tunnelling effects as the ideality factor is strongly voltage dependent and quite
high in the higher current and higher bias regions. Further work is needed to identify the
mechanism contributing to such high ideality factors, which are indicative of several
mechanisms including tunnelling current through multiple heterojunctions. Porosity
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complicates the transport mechanism, increasing shunt and series resistances [191]. Different
possibilities are a strong contribution by Poole-Frenkel (P-F) tunneling and surface leakage.
In the former, electron-hole transport processes are accommodated by lowering the barrier
when the carriers interact with the trap states in the MgO layer. These recombinative states
are likely to have a high density in a thick MgO film with a graded MgO composition at the
interface with GaN and also with the silicon, as determined by elemental concentrations
within the MgO layer at either interface. Variations in the interfacial composition is known to
strongly affect Schottky and P-F leakage current in MOS diode structures [192].
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Figure 4.25. (a) Differential resistance (dV/dl) as a function of current for the MgO/porous GaN MOS diode. (b)
In(1)-V curve and the voltage dependence of the ideality factor for the diode (reproduction of
Figure 5 from Paper VI).

We believe this method of fabrication of MOS diodes in a single synthesis step may be
extended to growing nanoscale I11-N materials and alloys using metals that are not typically
employed for contacting, to give Ohmic response and MOS-based systems for chemically
inert, high surface area transistors for (bio)sensing.

4.3 Doping porous GaN with Si

Undoped porous GaN exhibits n-type conductivity with a carrier concentration ~10'°
cm, as reported in Chapter 3. However, the concentration is too low compared to that of Mg-
doped porous GaN (~10'® cm™) to fabricate functional LEDs. In order to increase the carrier
concentration, porous GaN was doped with Si through the direct reaction of metallic Ga with
NHj3 gas in the CVD system. To dope GaN with Si, silicon tetraiodide (Sils, 99.9 %) was used
as precursor. Silgis in the form of a crystalline powder at room temperature and pressure. Sily
melts at 393.5 K and boils at 560.4 K [193].
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We performed preliminary investigation on the incorporation of Si into GaN as a dopant
by designing a set of experiments in which we changed the distance between the Ga and the
Si sources. Like in the case of Mg-doped porous GaN, in the synthesis of Si-doped porous
GaN the Sil, precursor was also placed up-stream of the Ga source. The studied distances
between the Ga and the Si sources were 15 c¢cm, 20 cm and 25 cm that corresponds to
temperatures of ~1050 K, ~830 K and ~600 K. As substrate silicon (100) and as catalyst a
0.01 M solution of Ni(NOg); in ethanol were used. The quantities of Sil, we analyzed were
0.105 g (0.0273 Si vs. Ga molar ratio) and 0.120 g (0.0312 Si vs. Ga molar ratio). The
resulting Si-doped porous GaN particles reveal a high degree of porosity and no significant
differences in morphology can be observed in the samples analyzed (see Figure 4.26). Future
investigations are needed to prove the doping level and electrical properties of Si-doped
porous GaN. However, during the crystal growth process vapors of Sil, were deposited on the
pressure meter, which generated problems to control the pressure in the system. Thus, for
future experiments on Si doping, a more careful choice of the Si precursor is needed to avoid
this problem.

Figure 4.26. SEM images of porous GaN doped with Si using (a), (b), (c) 0.105 g and (d) 0.120 g of Sil, as
precursor, located at various distances between the Ga and the Mg sources indicated on the SEM
images.
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Chapter 5

Epitaxial growth of porous GaN: towards
porous p-n junctions and LEDs

Significant improvements in the crystal quality of GaN enabled the fabrication and good
conductivity control of p- and n-type GaN. This led to the production of the GaN-based p-n
junction blue LED. However, there is still a problem with the efficiency and the brightness of
current GaN-based LEDs because of the high refractive index contrast between GaN and air
that confines light inside the material. One of the efficient solutions to overcome this problem
is porosification of GaN, what allows drastically improving the light extraction from LED as
explained in the Introduction. Thus, cheap and simple fabrication method of porous GaN-
based LEDs will allow getting high-brightness LEDs at a commercial level and with a low
price.

This chapter describes the epitaxial growth of p-type and n-type oriented (0001) porous
GaN layers by CVD. Based on those layers, the fabrication and characterization of partially
and fully porous rectifying p-n junctions is presented.
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5.1 Influence of the substrate on the orientation of the porous GaN layer

Different substrates were investigated to ascertain if they might play a role in the
crystallographic orientation of the porous GaN particles. For this purpose we used amorphous
quartz, tungsten wire (W), pyrolitic boron nitride (p-BN),sapphire (Al,O3), SiC, AIN and GaN
thin films grown on sapphire (0001) as substrates, as described in Paper | and Paper VIII.
These substrates were chosen with the criteria of using an amorphous substrate (quartz), a
cubic substrate different than Si and without a particular crystallographic orientation (W
wire), a substrate with hexagonal structure and quasi-oriented crystallographically (p-BN),
and hexagonal substrates with the same or similar structure than GaN, crystallographically
oriented, with different lattice mismatches in relation to GaN, such as sapphire on which GaN
is typically grown [39], SiC(0001), AIN(0001) and GaN(0001) thin films grown on
sapphire(0001) substrates. An ethanolic solution of Ni(NO3), was sprayed on the surface of
the substrates to facilitate the nucleation of GaN, except on sapphire, SiC, AIN and GaN
substrates.

SEM pictures of the porous GaN particles grown on amorphous quartz, W wire and p-BN
substrates reveal in all cases that GaN appears in the form of hexagonal micron-sized porous
particles (see Figure 5.1). When using quartz, the level of porosity in the particles is lower,
with the pores located at the central part of the particles, and with an elongated shape towards
the external parts of the particles, instead of exhibiting the round shapes observed up to now
(see Figure 5.1a). On the W wire, the density of particles is very high, which might induce to
think that GaN particles grow with a plate shape instead of the pyramids observed before (see
Figure 5.1b). In the case of p-BN, a certain degree of alignment of the GaN particles can be
observed since a bigger number of pores perpendicular to the surface can be seen (see Figure
5.1c), however, and due to the misalignment of the BN flakes, there are also particles with
different crystallographic orientations. Also the porosity degree in these particles is lower.

Figure 5.1. SEM images of the porous GaN particles grown on different substrates: (a) amorphous quartz, (b) W
wire and (c) pyrolitic BN, using Ni(NO3), as catalyst (partial reproduction of Figure 8 in Paper I).

Figure 5.2 shows the SEM top view images of the porous GaN films obtained on the
Al,03(0001), SiC(0001), AIN(0001) and GaN(0001) substrates. Prior to the experiments, we
expected porous GaN layers to grow oriented along the c-crystallographic direction, since all
our substrates belong to the hexagonal system and are oriented perpendicular to the [0001]
direction. However, the morphology, grain structure and the crystallographic orientation of
the obtained films depend strongly on the lattice mismatch between the substrate and GaN.
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2pum

Figure 5.2. SEM images of porous GaN films obtained by CVD on (a) Al,04(0001), (b) SiC(0001), (c)
AIN(0001) and (d) GaN(0001) thin films on sapphire without the use of any catalyst (reproduction
of Figure 1 from Paper VIII).

We calculated the two-dimensional lattice mismatch from the expression:

f(hkil): [(S(Lhkil) -S(Shkil))/ S(Shkil)] x 100 (Eq.5.1)

where S, and S, are the areas calculated from the periodicity vectors of the substrate
and the layer, respectively, for the (0001) plane. Table 5.1 summarizes the lattice parameters
used to calculate the lattice mismatch and the obtained values for the different substrates. The
sign of the lattice mismatch indicates if the as-grown films might be under compressive or
tensile strain after growth on a particular substrate. A negative lattice mismatch means that
the plane of the substrate is larger than that of GaN, in this case the porous layer should be
under tensile strain. A positive lattice mismatch means that the surface area of the (0001)
plane of the substrate is smaller than that of GaN, thus the porous films suffer from
compressive stress.

As it can be seen in Table 5.1, sapphire offers a negative lattice mismatch with GaN,
while SiC and AIN result in positive lattice mismatches. The lattice mismatch calculated for
the films grown on GaN is obviously zero. Thus, the porous GaN layer grown on sapphire
should be stretched, whereas those layers obtained on SiC and AIN should be compressed.
Furthermore, the absolute value of the lattice mismatch calculated for GaN/Al,Oj3 is larger
than for GaN/SiC and GaN/AIN, and can be arranged in the following order from bigger to

. £ ALO sic AIN GaN
smaller: f(oozof) > f(0001)> f(ooo1) > f(0001)-
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The lattice mismatch between GaN and the substrate can be also estimated by the
difference between the c-axis parameters of the substrates and the thin film, according to the
following equation:

- ct-¢c®
frooor = {C—S}xloo (Eq. 5.2)

where ¢® and c" are the ¢ cell parameters of the substrate and the layer, respectively. If this
methodology is used, the lattice mismatch between sapphire and GaN is reduced to -11%,
while the rest of the calculated lattice mismatches do not change substantially.

Table 5.1. Theoretical lattice mismatch, calculated for the (0001) plane, between GaN and the different
substrates analyzed.

Lattice parameters Lattice mismatch (%)
Substrate a (A) C (A) f(hkil) f [0001]
Sapphire (Al,03) [194] 4.75 12.99 -55.1 -11.16
6H-SiC[195] 3.07 10.05 7.7 7.7
AIN[196] 3.11 4.98 5.1 5.1
GaN[197] 3.19 5.18 0 0

Porous GaN obtained on Al,O3 appears in the form of a continuous layer of randomly
oriented GaN particles, with porosity present on the (0001) face (see Figure 5.2a), as observed
previously on Si and BN substrates. However, an ordered coverage of the surface of the
substrate is apparent at low magnifications (see inset in Figure 5.2a).

In the case of SiC(0001), the smaller lattice mismatch and the similar thermal expansion
coefficients with GaN [198], results in porous GaN growing as a quasi-continuous layer with
porous GaN particles aligned along the [0001] crystallographic direction and pores on the
(0001) face (see Figure 5.2b). However, crystal grains do not tend to coalesce during growth,
and individual particles are still evident in the image.

On AIN, a c-oriented continuous porous GaN layer similar to that on SiC is obtained, but
with a different morphology. Individual particles are not evident; however, we observe pores
with larger diameters and a large dispersion of shapes (see Figure 5.2c). It looks like
interparticle porosity in this case is favoured, while negligible intraparticle porosity (within
each crystal) is found, as is the case in other growth regimes.

Similar results to those obtained on AIN were obtained on GaN(0001) thin films on
sapphire (see Figure 5.2d).

The porous GaN epitaxial layers obtained on GaN(0001) coated sapphire(0001)
substrates were further investigated to follow the evolution of the morphology of the pores
and the growth rate with reaction times between 15 and 60 min. Figures 5.3a-5.3c show the
top-down SEM images of the porous GaN layers obtained. These micrographs show that by
increasing the reaction time the diameter of the pores increases. The sample obtained at 15
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min showed the highest degree of porosity, while the sample obtained after 60 min of reaction
showed the lowest degree of porosity but with pores larger in size . This evolution of the
porosity with time seems to suggest that a coarsening of the pores is happening as the reaction
time increases. Especially in the case of the porous GaN obtained at 15 and 30 min, they have
the appearance of a perfectly c-oriented continuous porous GaN layer, and the aspect of a true
epitaxial porous layer. These results obtained on GaN(0001) coated sapphire(0001) substrates
suggest that by decreasing the reaction time on the epitaxial growth of porous GaN on AIN,
also porous epitaxial layers would be obtained.

To know the thickness of the porous GaN epitaxial layers obtained on GaN(0001) coated
sapphire(0001) substrates, cross sectional-images of the samples were recorded by SEM, as
shown in Figures 5.3d-5.3f, corresponding to 15, 30 and 60 min of growth, respectively.
These cross-sectional micrographs clearly show the sapphire substrate, the non-porous GaN
film with a thickness of ~ 5 um, and the porous GaN layer. The interface between the non-
porous GaN film, and the porous GaN layer is well defined and abrupt, which is the
consequence of the change in density (material quantity) of the two layers. The thickness of
the porous GaN layer increases with growth time, from ~ 0.5 um at 15 min to 1.7 um at 60
min.

Non-porous GaN Non-porous GaN Non-porous GaN

Sapphire S Um Sapphire S pm Sapphire S Um

Figure 5.3. Top views and cross-sectional SEM images of the porous GaN epitaxial layers obtained on
GaN(0001) thin films coated sapphire(0001) substrates obtained after (a), (d) 15 min, (b), (e) 30
min, and (c), (f) 60 min growth time (reproduction of Figure 2 from Paper VIII).

Figure 5.4 shows SEM images of the porous GaN epitaxial layer grown during 30 min
taken at an inclination angle of 70°. Here, the rough porous surface of the epitaxial layer with
pores of different diameters can be clearly observed.
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Figure 5.4. SEM images of the porous GaN epitaxial layer grown during 30 min obtained at an inclination

angle of 70°,

AFM in tapping mode was also used to visualize more in detail the porous GaN layers
gown for 30 min (see Figure 5.5a). The porosity is evident in the image, and pores with
different diameters are observed. Two profiles of the surface of the sample, corresponding to
the lines indicated in Figure 5.5a, are shown in Figure 5.5b to describe the typical diameters
of the pores, ranging between 200 and 300 nm.
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Figure 5.5. (a) AFM image and (b) profiles of the porous GaN epitaxial layer grown on non-porous GaN film
coated sapphire (0001) substrates for a growth time of 30 min, taken at the locations highlighted in
(a), showing the typical diameters of the pores (reproduction of Figure 3 from Paper VIII).
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5.2 Fabrication of partially and fully porous p-n junction

To further demonstrate the potential of porous GaN layers to form p-n junctions, we have
grown them on non-porous GaN film (~5 pum thick) on sapphire with n-type or p-type
conductivity, depending on the experiment and the p-n junction to be formed, as described in
Paper IX. The reaction was undertaken for 30 min. Mg-doped samples were grown to produce
p-type nanoporous GaN films as described in Chapter 4. Three types of porous GaN diodes
were prepared (see Figure 5.6). Undoped n-type porous GaN was grown on non-porous p-
type GaN(0001) thin films (porous n-p diode, hereafter). A second type of diode was formed
by a Mg-doped porous p-type GaN layer grown on non-porous n-type GaN(0001) thin films
(porous p-n diode, hereafter). Finally, a third type of diode was fabricated, formed by a Mg-
doped porous GaN layer, grown on an undoped porous n-type GaN layer that was previously
grown on a non-porous n-type GaN(0001) thin film (fully porous p-n diode, hereafter). These
fully porous p-n junctions were fabricated in a two crystal growth step process. First, an
undoped n-type porous GaN layer was grown on non-porous GaN(0001). Second, another
porous Mg-doped p-type GaN layer was grown on the top of the porous n-type GaN layer, as
we represented in Figure 5.6, following the same reaction conditions.

P o\t LN In-Ga

Ga NH,

In-Ga

Figure 5.6. Schematic representation of the process of formation of partially and fully porous GaN p-n junctions
by CVD (reproduction of Figure 1 from Paper 1X).
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Figures 5.7 and 5.8 show top-view SEM images of the porous layers obtained. All the
porous GaN layers reveal a high degree of porosity with a large number of pores. Despite
being grown under the same conditions, the porous p-type layers tend to show pores larger in
diameter when compared to those observed on the n-type porous layers. This is especially
significative on the fully porous p-n diode. In that case the pores observed in the p-type layer
are significantly wider than those observed on the n-type layer prior to the second growth
step. The reason for this different apparent porosity might be related to the time of exposure at
high temperature of the porous n-type layer during the second growth step to deposit the
porous p-type layer. This would affect the porous substrate in terms of widening its pores by
thermal etching [199], thus inducing the growth of the second porous layer also with wider
pores. In fact, in porous layers grown for a longer time (60 min), this effect of widening of the
pore diameters has also been observed (see Figure 5.3). Another reason for this different
porosity in n-type and p-type layers might be related to the corrugation of pores during the
second growth step due to a lower decomposition temperature of Mg-doped GaN [200],
which would be accentuated by the presence of the pores.

In all cases, however, the porous Ga layers grew oriented along the c-crystallographic
direction, which matches the crystallographic orientation of the non-porous epitaxial GaN
thin-films used as substrates. Pores are always parallel to this direction.

Figure 5.7. SEM top-view images of (a) porous n-type GaN grown on non-porous p-type GaN coated sapphire
and (b) porous p-type GaN grown on non-porous n-type GaN coated sapphire. Insets show schemes
of the corresponding porous GaN diodes fabricated (partial reproduction of Figure 2 from Paper
1X).
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Figure 5.8. SEM top-view images of the fully porous GaN diode: (a) and (b) porous n-type GaN layer and (c)
and (d) porous p-type GaN layer (partial reproduction of Figure 2 from Paper 1X).

After growth p-type conductivity in Mg-doped porous GaN layers was activated by
performing a thermal annealing at 973 K in a N, atmosphere for 20 min in order to break the
Mg-H complexes.

5.3 Structural characterization of porous GaN p-n junctions

To analyze the influence of structural strain on our porous diodes, the rocking curves of
partially and fully porous GaN p-n junctions were recorded, as reported in Paper 1X. The
rocking curves corresponding to the (0004) reflection of the three diodes are shown in Figure
5.9. Figure 5.9a shows the rocking curves corresponding to the porous n-p diode. In the
figure, we can see the rocking curve corresponding to the non-porous p-type GaN substrate
and the rocking curve corresponding to the porous n-type GaN layer. From the figure we can
compare the position and the full width at half-maximum (FWHM) of the diffraction peak of
each layer in the o scan. For the non-porous p-type GaN substrate FWHM is 0.428°, while for
the porous n-type GaN layer is slightly narrower 0.419°, indicating that the crystalline quality
of the porous film is comparable to that of the non-porous substrate, or even a little better.
The position of the peak for the non-porous p-type GaN layer is centered at 72.902°, while
that of the porous n-type GaN layer is centered at 73.082°. This indicates a slight relaxation of
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the porous layer when compared to the non-porous film grown on a sapphire substrate. The
magnitude of the relaxation can be estimated according to the following expression [201]:

AEJ_ = (Cstrained - Crelaxed)/crelaxed (Eq 5-3)

Were Csirained aCCOUNts for the ¢ crystallographic parameter of the non-porous p-type GaN
grown on sapphire, and Crejaxeq fOr the ¢ crystallographic parameter of the porous n-type GaN
layer, calculated both from the analysis of the rocking curves. According to that, a reduction
of the strain perpendicular to the (0001) plane of 0.24% can be estimated. This strain
reduction stems from the benefit of internal porosity and the fact that the porous GaN is
grown on a native substrate, while the non-porous film was obtained on sapphire.

Table 5.2. Position and FWHM of the diffraction peaks extracted from the rocking curves recorded for the
(0004) reflection of the different diodes fabricated, and relaxation of the different porous layers
calculated according to Equation 5.3.

Peak position (°) | FWHM (°) | Relaxation (%0)

Porous n-p diode | porous n 73.082 0.419 0.24

non-porous p 72.902 0.428
Porous p-n diode | porous p 73.204 0.420 0.46

non-porous n 72.867 0.412
Fully porous p-n | porous p 72.938 0.392 0.07
diode

porous n 72.910 0.392 0.04

non-porous n 72.883 0.388
Porous  n-type | porous n 72.995 0.451 0.04
on  non-porous
n-type layer non-porous n 72.969 0.427

Figure 5.9b shows the rocking curves recorded for the porous p-n diode, with the rocking
curve corresponding to the non-porous n-type GaN substrate and the rocking curve of the
porous p-type GaN layer. The values of the FWHM and the position of the peak for these
rocking curves are listed in Table 5.2. From these data, and using equation 5.3, the relaxation
of the p-type porous layer is 0.46 %, almost double than that achieved in the porous n-p diode.
In that case, FWHM s slightly higher for the porous layer, but of the same order of that
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obtained for the non-porous substrate, indicating that the crystalline quality of these two films
is similar. The relaxation of the porous p-type layer is larger than that obtained for the porous
n-type layer. This might be related with the wider size of the pores observed in the SEM
figures for this p-type layer (see Figure 5.7b), that gives additional flexibility to the layer to
accommodate on the substrate.
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Figure 5.9. Rocking curves of (a) porous n-type GaN layer grown on non-porous p-type GaN substrates, (b)
porous p-type GaN layer grown on non-porous n-type GaN and (c) fully porous GaN diode grown
on non-porous n-type GaN layer on sapphire (partial reproduction of Figure 3 from Paper 1X).

Finally, the fully porous GaN diode was also analyzed (see Figure 5.9¢). In that case the
FWHM for the two porous layers is equal and of the same order of that recorded for the non-
porous n-type GaN substrate, as can be seen in Table 5.2. Thus, the crystalline quality of the
three films is similar. From the position of the reflection peaks, we can estimate the relaxation
of the porous layers. In that case, we can see from Figure 5.9c that the shift of the diffraction
peak is substantially smaller than in the previous cases, which would mean that the relaxation
of the porous films is smaller in that case. In fact, the relaxation calculated for these porous
layers is 0.04 % for the n-type porous layer grown on the non-porous n-type GaN substrate,
while that of the p-type porous layer grown on the porous n-type layer is 0.07 %. Again, the
p-type porous layer is more relaxed than the n-type one, almost double, as in the previous
case. To explain these differences there are different aspects to take into account. First, the
substrate on which the first n-type porous layer has been grown is different than that used in
the porous n-p diode. Here we used a non-porous n-type GaN film, while in the case of the
porous n-p diode was a non-porous p-type GaN film. Thus, the stress of these two films
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grown on sapphire must be different. Second, it might be possible that growing an additional
porous GaN layer on the top of the one previously obtained by the CVD process induces a
new stress to the porous film grown in the first step, which make it to appear less relaxed, and
this influences in the amount of stress that the second porous layer can achieve. The
differences between the relaxation of these porous layers to respect the previous diodes
fabricated is related to the non-porous GaN substrate used in this case (n-type), which induces
a lower relaxation towards the n-type porous GaN layer grown directly on this substrate (0.04
%), as it reveals the rocking curve recorded for this epitaxy, without an additional p-type
porous layer on its top (see Figure 5.10).

| hon-porous n-type GaN n-type GaN porous layer i
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Figure 5.10. Rocking curves of porous n-type GaN layer grown on non-porous n-type GaN substrates

5.4 Luminescence characterization of porous GaN p-n junctions
5.4.1 Photoluminescence

PL measurements were performed on both Mg-doped porous GaN and undoped porous
GaN, as described in Paper 1X. Figure 5.11a shows the PL spectra for the undoped GaN taken
in the range of temperatures from 11 K to 300 K at a constant laser power density. Undoped
GaN forming the porous layer exhibits the expected band-edge luminescence with a blue shift
from 3.43 eV (361 nm) at 300 K to 3.46 eV (358 nm) at 11 K and a narrow FWHM of ~12
meV at this temperature. Broad emission near the band gap typically results from tailing of
the density of states due to randomly distributed impurities [202]. This broad emission near-
band gap and band-edge emission equilibrate in intensity at 100 K and the broad emission
near-band gap slightly dominates at around 120 K. However, the band-edge emission
dominates at the rest of the studied temperatures.

Figure 5.11b shows the PL spectra for the Mg-doped GaN layer taken in the range of
temperatures from 11 K to 300 K at a constant laser power density. The room temperature
band-edge emission appears at a lower energy of 3.41 eV (363 nm) when compared to the n-
type porous GaN in Figure 5.11a. At temperatures down to 11 K, however, this emission is
blue-shifted and located at a value of 3.46 eV (358 nm) with a narrow FWHM of ~5 meV.
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The band gap emission in both, undoped and Mg-doped GaN, is over an order of magnitude
more intense at 11 K as compared to room temperature. We do observe some emission at very
high super-bandgap energies of ~3.5 eV (354 nm), consistent with a bound exciton. As the
GaN is Mg-doped and no Si nor shallow O donor-bound excitons are likely, we attribute this
weak emission to acceptor bound excitons linked to Mg incorporation. The band-edge
luminescence is followed by the donor-acceptor pair (DAP) luminescence at 3.27 and 3.28 eV
(379 and 378 nm) at 11 K. This DAP emission is not found at 300 K for the p-type porous
GaN, but it becomes more evident as temperature is going down. Also, the broad blue band
clearly observed at 300 K disappears as temperature decreases and at 200 K is practically not
observed. This type of emission has been previously observed and attributed to the formation
of a Mg complex or some native defect level. As expected from Mg acceptors in doped GaN,
we find the longitudinal optical (LO) phonon replicas at 3.18 and 3.19 eV (390 and 389 nm)
at 150 and 11 K respectively, with several harmonics observable at 11 K. Thus, the PL
spectrum of the porous GaN demonstrates Mg incorporation as an acceptor state in the GaN
lattice, resulting in the p-type character (see Figure 5.11b).

Yellow luminescence (YL) is also present in both materials having similar
characteristics in undoped [203] porous GaN and Mg-doped p-type porous GaN [204]. The
YL has a weak temperature dependence and is not found to vary considerably due to Mg
incorporation into the lattice.
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Figure 5.11. Temperature-dependent PL spectra of (a) undoped and (b) Mg-doped porous GaN, acquired after
excitation at 325 nm (3.8 eV) (reproduction of Figure 6 from Paper 1X).

5.4.2 Cathodoluminescence

Figure 5.12 shows SEM and the corresponding panchromatic CL images recorded for the
p-type non-porous and n-type porous GaN films, as described in Paper 8. The panCL image
of the non-porous sample, Figure 5.12a, shows the typical granular luminescence pattern of
GaN [205], due to the distribution of clusters of dislocations in the material. In the
corresponding SEM image, some porosity is apparent, likely related to the high temperature
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to which the substrate has been exposed during the growth process. The panchromatic CL
image of the n-type GaN layer, Figure 5.12b, shows a more uniform distribution of the
luminescence. It is also important to note that the presence of the pores does not quench the
luminescence arising from the porous GaN layer. In fact, when we compare this image with
the corresponding SEM image, the pores (that can be clearly seen in the SEM image) are not
visible in the CL image, with the exception of the larger pores, for which a dark contrast can
be observed in the CL image.

Figure 5.12c shows the panchromatic CL image recorded at the border between the p-
type non-porous and the n-type porous GaN films. From this image it is clear that the
extraction of light from porous GaN is more efficient than from the non-porous substrate,
related to the high quality of the porous GaN epitaxial layer. Also, one can consider the
beneficial effect of multiple reflections that the light generated by the sample suffers at the
walls of the pores, which allows overcoming the limit of total reflection imposed by the
refractive index contrast between GaN and air. The CL spectra recorded in both regions are
also shown in Figure 5.12c. The spectrum recorded for the non-porous substrate corresponds
to the typical CL spectrum of p-type GaN, with the donor-acceptor pair (DAP) luminescence
located at 3.28 eV (378 nm), and a LO phonon replica at 3.19 eV (388 nm). The spectrum
recorded for the porous GaN epitaxial layer exhibits the expected band-edge luminescence of
n-type GaN, located at 3.40 eV (364 nm), with a FWHM of ~52 meV. Apart from this, the YL
band, normally attributed to point defects (Ga vacancies) and impurities such as oxygen and
carbon [203] was also observed. It can be attributed to transitions between the conduction
band or shallow donors and deep acceptor levels caused by crystallographic point defects in
the GaN layer, since it is almost independent of temperature [206]. In the present case, we
also observed a variation in the intensity of the band-edge and YL bands, depending on the
probed point along the sample. This can be attributed to different effects, such as an
inhomogeneity in the distribution of impurities or defects in the GaN structure.

£DAP

Intensity (a.u.)

Porous GaN.
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2 2P e
Figure 5.12. SEM and panchromatic CL images of (a) p-type non-porous GaN on sapphire and (b) n-type
porous GaN grown on non-porous p-type GaN. (c) Panchromatic CL image recorded at the border
between n-type porous and p-type non-porous GaN, and CL spectra recorded at these two layers
(reproduction of Figure 5 from Paper VII).
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Figure 5.13 shows SEM and panchromatic CL images and CL spectra recorded for the
non-porous Si doped n-type GaN film and the porous undoped n-type GaN layer,
corresponding to the fully porous p-n diode, as described in Paper IX. In Figure 5.13a, SEM
and the panchromatic CL image with the corresponding CL spectrum of the non-porous n-
type GaN substrate are shown. The panchromatic CL image shows the typical granular
luminescence pattern of GaN, due to the distribution of clusters of dislocations in the material
[205]. The spectrum recorded for the non-porous n-type GaN substrate shows the band gap
emission located at 3.49 eV (~355.6 nm) and the DAP luminescence at 3.29 eV (~377 nm).
The panchromatic CL image of the porous n-type GaN layer shows a quite uniform
distribution of luminescence (see Figure 5.13b). However, the pores, that can be clearly seen
in the SEM image, are not visible in the CL image, except the larger pores, where a dark
contrast can be observed in the CL image. Thus, again the presence of the pores does not
quench the luminescence arising from the porous GaN. The spectrum recorded for the porous
n-type GaN layer exhibits a quite broad near-band edge luminescence, located at 3.42 eV
(~362 nm). YL band is also present. Here, again, depending on the place on the sample a
variation in the intensity of the band-edge and YL bands is observed, what can be attributed to
an inhomogeneity in the distribution of impurities or defects in the GaN.
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Figure 5.13. SEM and CL images taken in the same region of the sample, and CL spectra of the (a) non-porous
n-type GaN substrate and (b) porous n-type GaN layer, corresponding to the fully porous p-n
diode. Insets show magnified areas of the pictures.

Figure 5.14a shows the SEM and panchromatic CL images of the porous p-type GaN
layer taken in the same region of the sample. In the panchromatic CL image, where the bright
spots in the image represent high emission intensity regions and dark spots represent low
emission intensity regions, the pores are not visible as compared to the SEM image. High
intensity regions correspond to porous GaN particles that also grow on the top of the porous
layer, but with a different crystallographic orientation. Figure 5.13b shows a closer view of
the panchromatic CL image of the p-type GaN sample from which a reconstructed image (see
Figure 5.14c) based on the intensity of the 358 nm emission peak was made (marked with a
green square on Figure 5.14b). The CL spectra were taken in two different points shown on
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this monochromatic CL image, representing the high intensity and low intensity emission
regions observed (see Figure 5.14d). The spectrum recorded for the Mg-doped porous film
(point 2) correspond to the typical CL spectrum of a p-type GaN, with the band gap emission
at 3.46 eV (~358 nm), the DAP luminescence at 3.27 eV (~379 nm) and a LO phonon replica
at 3.20 eV (~388 nm). The inset of Figure 5.14d shows the two spectra with higher resolution,
from where it can be concluded that both spectra have the same features belonging to the Mg-
doped p-type GaN. However, in the spectrum recorded in the point 1, that corresponds to the
porous GaN particle grown on the top of porous layer, the intensity of the DAP emission is
much lower than the intensity of the near-band gap emission. It might be related to an
inhomogeneity of doping of the porous GaN layer and it would indicate that a higher doping
level is achieved in the porous GaN layer. YL, which is commonly observed in the PL
spectrum of n- and p-type GaN is quite weak here, what indicates the high electronic quality
of the porous p-type GaN film.
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Figure 5.14. (a) SEM and CL image of porous p-type GaN taken in the same region of the sample. (b)
Panchromatic CL image of the same sample from which a reconstructed image based on the
intensity of the 358 nm emission peak was made in the region marked with a green square, as
shown in (c). (d) CL spectra recorded for points 1 and 2 marked in pannel (c). Inset in the graph is
a magnification of the same spectra to show the features observed in the two spectra (reproduction
of Figure 4 from Paper IX).
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SEM and panchromatic CL cross-sectional images of the fully porous GaN diode were
recorded (see Figure 5.15). The cross-sectional SEM micrograph clearly shows the non-
porous GaN film and the porous GaN layer, consisting of Mg-doped porous p-type GaN and
undoped porous n-type GaN layers. The interface between the non-porous GaN film and the
porous GaN layer are well defined and abrupt. The thickness of the porous GaN layer is ~
2.1 um, what corresponds to the growth of two layers of Mg-doped porous p-type GaN layer
and undoped porous n-type GaN layer with a thickness of ~1 um for each one. In the
panchromatic CL image shown in Figure 5.15b a clear difference between the porous p-type
GaN and porous n-type GaN layers can be seen. The porous n-type GaN layer on the image
appears dark while the porous p-type GaN layer appears bright, what indicates the generation
of a much higher intensity of emission from the porous p-type GaN layer than from the
porous n-type GaN layer. This can be related to the higher concentration of charge carriers in
the Mg-doped porous p-type GaN layer (~10*® cm™) when compared to the charge carriers
concentration determined in the porous n-type GaN particles (~10*® cm™). Figure 5.15¢ shows
the CL spectra recorded from the cross-section images for p-type porous GaN and n-type non-
porous GaN. Here, the emission from DAP in the Mg-doped porous p-type GaN is observed,
while the emission from band gap does not appear. In the case of the non-porous n-type GaN
substrate, a strong emission at 3.49 eV (~355 nm) is observed. The spectra corresponding to
the undoped porous n-type GaN layer could not be recorded due to its low intensity.
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Figure 5.15. (a) SEM and (b) panchromatic CL cross-sectional images of the fully porous GaN diode fabricated.
(c) CL spectra recorded for points 1 and 2 marked in pannel (c) (reproduction of Figure 5 from
Paper 1X).
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5.5 Electrical characterization of porous GaN p-n junctions

To investigate the behavior of the three types of porous GaN diodes obtained, electrical
characterization was conducted, as described in Paper IX. Figure 5.16 shows the non-linear
typical I-V curves characteristics of a diode behaviour acquired for these porous GaN p-n
junctions. The clear p-n junction response confirms the formation of high quality rectifying
porous GaN diodes. Figure 5.16a shows the 1-V curve recorded between the porous n-type
GaN layer and the non-porous p-type GaN substrate. The high bias resistance turn-over of this
porous p-n diode occurs just above 1 V. When the p-type GaN is positively biased, current
flow through the p-n junction varies exponentially. The barrier to the exponential current
increase is found to be much lower than the expected GaN diode response, i.e. E¢/q. The turn-
on voltage for this p-n junction is ~E¢/4q — Eg¢/2q, i.e. 0.5 - 0.68 V. In case of the porous p-n
diode and the totally porous GaN diode the turn-on voltage is found to be even lower, in the
range Ey/6q — E¢/4q, i.e. 0.36 — 0.54 V (see Figure 5.16b and 5.16c). This response has several
features that have been seen in InN and GaN nanowires arrays [207]. However, in all cases
the diode nature is confirmed and low reverse bias leakage currents are found for the porous
GaN structures.

The electron density for porous unintentionaly doped n-type GaN is estimated as 1.6 x
10'® cm?®, as shown in Chapter 3. The effective hole density for porous p-type GaN is
estimated, at 300 K using the effective hole and electron masses for wurzite GaN, to be ~9 x
10' cm™, as shown in Chapter 4. Assuming an abrupt, one-side junction for comparative
analysis to coherent GaN films, the barrier potential Vg can be estimated as:

Vg = KT In(ND—ZNAj (Eq. 5.4)
a n;

where Np and N, are the donor and acceptor densities of n-type GaN and p-type GaN forming
the p-n junction, respectively, ni® is the intrinsic doping density of GaN. Taking into account
the values of donor and acceptor densities of non-porous n-type GaN and non-porous p-type
GaN of Np = 10" cm™ and Na = 10™ cm™, respectively, and the corresponding values
mentioned above for porous n-type GaN and porous p-type GaN, we can estimate the barrier
potential Vg for the porous n-p diode as 0.72 V, for the porous p-n diode as 0.9 V and for the
fully porous diode as 0.71 V. Also, the current at an equal value of the forward voltage in the
fully porous p-n diode is found to be three orders of magnitude higher than that in partially
porous diodes, what indicates the low resistivity of the porous GaN layers and this is a
promising characteristic for future LED applications.

Based on this measurement we should mention some important aspects for the porous
GaN p-n junctions. Microscopic characterization confirms a well-defined interface between
the porous and the non-porous GaN layers, and thus, no significant tunnelling barrier exists
either at the GaN-GaN interface or on the surface of the GaN with the Ohmic contact. Also,
microscopic characterization excludes any interfacial contaminants that would alter the
effective barrier. The measurements were repeated from different points on several separate p-
n junction diodes and they exhibited similar I-V responses.
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Figure 5.16. I-V curves of the fully porous diode. Inset shows the I-V curves recorded for the porous n-p and
porous p-n diodes (partial reproduction of Figure 7 from Paper 1X).

5.6. Applications of porous GaN p-n junctions
5.6.1 Application of porous GaN p-n junctions to high temperature electronics

Figure 5.17 shows the I-V curves recorded for the porous n-p diode at different
temperatures ranging from 298 K to 673 K and in the range of voltages between -10 V and 10
V, as described in Paper 1X. The forward and reverse bias currents of the diode increase when
the temperature increased due to the increase in the number of carrier charges across the
barrier height. This suggests that the carrier charges are effectively generated in the junction
with the increase of temperature. The turn-on voltage for this p-n junction is ~ E¢/4q — Ey/2q
at room temperature, as explained before. With the increase of temperature, the value of the
turn-on voltage decreases. At high temperatures the high bias resistance turn-over of the
porous GaN n-p diode occurs just above 0 V. The forward bias 1-V curve is exponential at
low bias voltages and linear at higher voltages, but with the increase of temperature the
forward bias |-V curve is found to increase linearly at lower voltages and practically no
exponential characteristic is observed at 673 K. At high temperatures the current increases,
what can improve the performance of the porous p-n diode in forward bias. At each studied
temperature the porous n-p diode shows quite good rectification properties. Also, the
breakdown voltage was not observed in the studied range of voltages and temperatures.
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Figure 5.17. 1-V curves of the porous n-p diode recorded at different temperatures in the range between 298 K
and 673 K (partial reproduction of Figure 7 from Paper IX).

5.6.2 Use of porous GaN p-n junctions as current rectifiers

An important property of a p-n junction is the rectifying effect, which means that it only
allows the electric current to flow in one direction. As expected, by applying both reverse and
forward bias to the porous GaN diode, a distinct rectifying behaviour is observed. Figure 5.18
shows current vs. time plots recorded at different constant voltages for each of three porous
GaN diodes, after changing the polarity of diode bias with a frequency of 0.1 Hz. The fully
porous GaN p-n junction diodes, and those comprising porous n- or p-type GaN on non-
porous epilayers, all exhibited stable rectification. The I-t characteristics recorded at +0.4 V
does not show clear rectification behavior, since this voltage is below or on the limit of the
turn-on voltage of the porous GaN diodes. At £1 V, £2 V, +3 V and £5 V voltages all diodes
demonstrate rectifying behavior. The highest leakage voltage and the lowest rectification ratio
is observed at +5 V. Also, porous GaN diodes demonstrate very stable values of current with
time at both, forward and reverse bias. The stability confirms that for porous p-n junctions
using a single porous layer deposited on an epitaxial continuous GaN film, or from a porous
layer grown on another porous layer, a remarkable stability in rectification is maintained.
Porous GaN films can exhibit random porosity (compared to arrays of nanostructures), but
their ease of deposition over large areas without dominating leakage currents is promising for
wideband gap applications, including sensors.
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Figure 5.18. Rectification properties of the (a) porous n-p diode, (b) porous p-n diode and (c) fully porous diode,
recorded at different voltages.
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Chapter 6

Synthesis and characterization of red
phosphors pumped by the GaN emission: an
approach towards tuning the emission of the
potential LEDs

White LEDs have got much attention because of their wide applications and advantages
over conventional light sources. Their benefits include long operating life, high colour
rendering index, compact size, vibration resistance, low-voltage operation, minimal
maintenance cost and minimal environmental impact [208, 209]. There are several approaches
to develop white LEDs. One approach is to produce white light by the combination of a blue
InGaN chip (450-470 nm) with Ce:YAG vyellow phosphors [210]. Another approach of
achieving white light, which is a quite promising method, is to use a UV LED (350-410 nm)
to pump red, green, and blue phosphors [211]. Among the different red phosphors that can be
used for this purpose, Eu:Y,03 and (Eu,Bi):Y,03 nanoparticles are specially attractive due to
its high efficiency, stability, and appropriate excitation wavelengths for UV LEDs [212, 213].

141



UNIVERSITAT ROVIRA I VIRGILI
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Pipostt tedsli CHApter 6 Tuning the emission of the potential LEDs

6.1 Synthesis of (Eu, Bi) doped Y,0; nanocrystals

We synthesized luminescent Eu:Y,03; and (Eu,Bi):Y,03 nanoparticles on porous GaN
with the intention to introduce them inside the pores of the GaN particles through a sol-gel
technique. Phosphor nanoparticles deposited inside the pores of porous GaN structures, apart
from giving the required emission that we need to mix to generate one of the colours to
produce warm white light, will also offer a medium with an intermediate refractive index that
might enhance the light extraction efficiency from the LED. This would be the preliminary
step towards developing a procedure that might allow controlling the characteristics of the
white light generated by the LED, allowing developing LEDs that emit white light with
different colour index renderings by controlling the concentration of phosphor nanoparticles
emitting in each colour.

7 mol % Eu and 1.5 mol % Bi doped Y,03 and 7 mol % Eu doped Y,03; nanocrystals
were synthesized by a sol-gel technique, the so called modified Pechini method [214]. The
scheme of the synthesis process of Y,03; nanocrystals is shown in Figure 6.1. The starting
materials were powders of Y,03, Eu,03 and Bi,O3 depending on the particles to be prepared.
A stoichiometric amount of each reagent was first mixed in concentrated HNO3 (65 wt %).
The excess of HNO3; was removed to obtain nitrate precipitates by slowly stirring and heating
the solution. Next, a chelating agent, ethylenediaminetetraacetic acid (EDTA), was added
with a molar ratio of EDTA to the total metal content (CM =[EDTA]/[METAL]) equal to 1 to
get the metal complexes. Ethylene glycol (EG) was then added into the solution as the
sterification agent, that was slowly heated, producing the precursor resin. The amount of EG
added was calculated on the basis of a molar ratio of EDTA to EG (CE = [EDTA]/[EG])
equal to 2 according to the optimized procedure developed in our research group [214]. The
precursor resin was then calcined at 573 K for 3 h to obtain the precursor powder, which was
calcined again for several hours at different temperatures to obtain the Y,03 nanocrystals.

(B0, ] [vo,] [Ewo, )

evaporation

nitrate precipitates

+ EDTA

[ M-EDTA complexes ]

+ EG
+ Heating

precursor resin I

+Calcination at 573K for 3h

| precursor powder |

+ Calcination

| nanocrystals |

Figure 6.1. Scheme of the synthesis procces of Eu:Y,0; and (Eu,Bi):Y,03 nanocrystals by the modified Pechini

method.
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6.2 Characterization of Eu:Y,0; and (Eu,Bi):Y,03; nanocrystals
6.2.1 Morphological and structural characterization
We analyzed the conditions for the synthesis of luminescent nanoparticles to optimize the

morphology, crystallinity and the strongest red luminescence after excitation in the UV at the
GaN band-edge emission around 365 nm.

200 nm

Figures 6.2. TEM images of the Eu:Y,0O; nanoparticles obtained after calcination for 3 h at different
temperatures.
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We studied the influence of calcinations temperature on the morphology and particle size.
For this, the precursor powder of 7 mol % Eu:Y,03; was calcined for different times at
different temperatures. This concentration was chosen, because the emission from Eu:Y ;03
reaches its maximum at 7 mol % [212]. Figure 6.2 shows the TEM images of the Eu:Y,03
nanoparticles obtained at different temperatures after calcination for 3 hours. We can observe
a similar level of aggregation of nanoparticles synthesized at different temperatures. Also,
with the increase of temperature the size of the particles seem to increase. The sizes of the
particles are in ranges between 10 and 30 nm.

As can be seen from the images, the particles tend to form a bidimensional layers (see
Figure 6.3a), although these layers tend to aggregate to form three-dimensional structures, as
can be seen in Figure 6.3b.

Figure 6.3. (a) TEM image of Eu:Y,03, where bidimensional layers and single particles can be observed and (b)
TEM images of the nanoparticles forming a three-dimensional structure, obtained after calcination at
973 K.

We studied the possibility to destroy, by ultrasonication, this three-dimensional
aggregates, in order to release single nanoparticles. To do this an ultrasonic finger with
powers of 600 W was used. Figure 6.4 shows the nanoparticles prepared at 873 K after
ultrasonication for 60 min. We observed that this procedure did not allow to split the three-
dimensional aggregates, that were only broken in pieces with smaller sizes.
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Figure 6.4. TEM images of Eu:Y,03 nanoparticles after ultrasonication for 60 min.
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X-ray diffraction analysis of the particles calcined at different temperatures was
performed in order to determine the crystalline phase of the material and the degree of
crystallinity. Figure 6.5a shows the array of XRD patterns of the Eu:Y,0O3; nanoparticles
obtained after calcination between 723 K and 998 K. We observe that in all cases we have
only one crystalline phase which corresponds to the cubic Y,Oj3 crystal structure, with the 1a3
space group. Also we can see that the particles obtained at 723 K are quite amorphous, and
that relatively good crystalinity appears above 798 K. Figure 6.5b shows the XRD patterns of
the (Eu,Bi):Y,03 nanoparticles obtained after calcination between 723 K and 998 K. The
results of XRD analysis of (Eu,Bi):Y,03 nanoparticles are very similar to those obtained for
Eu:Y,03, which proves that the presence of Bi did not affect to the appearance of any
additional crystalline phase or the crystallinity of the structure.
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Figure 6.5. XRD patterns of (a) Eu:Y,0; and (b) (Eu,Bi):Y,0; obtained after calcination between 723 K and
998 K.

To determine the size of the particles by XRD, we used Scherrer equation [215]:

kA
T =
pcosé

(Eq. 6.1)
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where 7 is the mean size of the crystalline domains, k is a dimensionless shape factor (the
shape factor that has a value of 0.9), 4 is the X-ray wavelength (0.154056 nm in our case), S is
the line broadening at half the maximum intensity (FWHM) of the XRD peak and 6 is the
Bragg angle. Table 6.1 summarize the calculated mean sizes of nanoparticles of Eu:Y,03 and
(Eu,Bi):Y,03 obtained at different calcination temperatures using the (222) diffraction peak
located at 29°. We can see that the mean size of the nanoparticles is increasing with the
increase of temperature, but it is still below 20 nm at the maximum calcination temperature
we used. These data are consistent with the TEM measurements.

Table 6.1. Mean sizes of Eu:Y,0;5 and (Eu,Bi):Y,0; nanoparticles determined from the Scherrer equation at
different calcination temperature.

Calcinations Eu:Y,0; (Eu,Bi):Y,03

temperature (K) FWHM (°) 7 (nm) FWHM (°) 7 (nm)
798 1.1752 6.98 1.2847 6.39
823 0.8627 9.51 0.9217 8.90
846 0.7416 11.06 0.8282 9.91
873 0.6707 12.23 0.7754 10.58
898 0.6034 13.60 0.6714 12.22
923 0.5360 15.31 0.6524 12.58
948 0.4711 17.42 0.5913 13.88
973 0.4266 19.23 0.5796 14.16
998 0.4380 18.74 0.5324 15.41

In order to study the effect of calcinations time in the synthesis of the nanoparticles, the
precursors of Eu:Y,03 and (Eu,Bi):Y,03 were calcined during 3, 6 and 10 hours at 798 K,
since at this temperature and for a calcination time of 3 h, the degree of crystallinity of the
nanoparticles was still low. So we expect that by extending the calcinations time we might
obtain nanoparticles with a higher crystallinity but with a lower degree of aggregation. Figure
6.6 shows the TEM images corresponding to these particles calcined at different times. As can
be seen from the images, however, and there is no significant differences in the morphology
and aggregation degree of the particles obtained.
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Figure 6.6. TEM images of Eu:Y,0; and (Eu,Bi):Y,03 nanoparticles calcined for 3, 6 and 10 h at 798 K.

To analyze the crystallinity of these particles, again an XRD analysis was conducted.
Figure 6.7a and 6.7b shows the XRD patterns corresponding to Eu:Y,03 and (Eu,Bi):Y,03
nanoparticles, respectively. We analyzed the FWHM of the peak located at ~ 29°,
corresponding to the (222) reflection, to asset the crystallinity degree of the particles. In the
case of Eu:Y,03; the FWHMs are 1.1752°, 0.8278° and 0.8128° for nanoparticles prepared
during 3, 6 and 10 h respectively. And in the case of (Eu,Bi):Y,0O3 FWHMs are 1.2847°,
0.8937° and 0.8052° for nanoparticles prepared during 3, 6 and 10 h respectively. As can be
seen, the FWHM decreases with the increase of calcination time in both cases indicating that
the size of te particles will increase, but at the same time that the crystallinity degree is higher.
To determine the size of the particles by XRD, we used the Scherrer equation. As can be seen
from the Table 6.2, with the increase of calcination time, the size of particles is increasing.
For calcination during 3 h we obtained a good crystallinity degree and smaller sizes of the
particles, thus, we decided that the optimal calcination time is 3 h.
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Figure 6.7. XRD patterns corresponding to (a) Eu:Y,03 and (b) (Eu, Bi):Y,03 nanoparticles calcined at 798 K

for3h,6 hand 10 h.

Table 6.2. Mean sizes of Eu:Y,03 and (Eu,Bi):Y,03; nanoparticles obtained at 798 K for different calcination
times calculated using the Scherrer equation.

Calcinations Eu:Y,03 (Eu,Bi):Y,03
time (h) FWHM (°) 7 (Nm) FWHM (°) 7 (nm)
3 1.1752 6.98 1.2847 6.38
6 0.8278 9.91 0.8937 9.18
10 0.8128 10.09 0.8052 10.19
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6.2.2 Spectroscopic characterization

The emission generated by the Eu:Y,03 and (Eu,Bi):Y,03 nanoparticles was analyzed by
photoluminescence. Figure 6.8a shows the excitation spectrum of the Eu:Y,03 nanoparticles
monitored at A = 610 nm. The wide band observed from 230 nm to 280 nm, and centered at
254 nm, corresponds to the Eu®*-O% charge-transfer state (CTS) band. Also, two bands
corresponding to the /' — f'transitions 'Fo1 — °Le and "Fo1 — °D. of Eu** can be observed in
the figure [216]. As can be concluded from the spectra, normalized in intensity for the "Fg; —
°D, transition, the maximum intensity of the Eu**-O% CTS band was found for the particles
calcined at 998 K.

Figure 6.8b shows the emission spectra of Eu:Y,03 nanoparticles normalized in intensity
to the band located at 610 nm, corresponding to the red emission generated by these
nanoparticles after excitation at 254 nm, coinciding with the CTS band of these nanoparticles.
The emission spectra represent five groups of sharp peaks from 575 to 710 nm, which are
attributed to °Dy — ‘F; (3 = 0, 1, 2, 3, and 4) transitions of Eu®" ions [213]. The dominant
peak at 610 nm is ascribed to the forced electron dipole °Dy — 'F, transition of Eu®" ions
when Eu®* occupies a low symmetry site with no inversion center in the structure [217]. The
emission at 610 nm with the strongest intensity was obtained for the nanoparticles calcined at
998 K.
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Figure 6.8. (a) Excitation and (b) emission spectra of the Eu:Y,0O; nanoparticles synthesized at different

temperatures.
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Figure 6.9a shows the excitation spectrum of (Eu,Bi):Y,03 nanoparticles monitored at
A=610 nm. Apart from a the Eu**-0% CTS wide band from 230 nm to 280 nm and centered at
254 nm, there is a strong broad band in the range of 300-400 nm with a maximum at 338 nm.
Bi*" ions have a 6s* electronic configuration with 'Sy ground state level and a 6s6p
configuration where the excited states split into *Po, °P1, °P,, and 'P; levels in order of
increasing energy. However, the *P; level undergoes mixing with the 'P; level by spin-orbit
coupling, allowing the 'Sy — 3P; transition [216, 218]. This transition corresponds to the band
observed in the spectrum with maximum at 338 nm. Also, two weak absorptions bands
corresponding to the "Fo; — °Lg and 'Fo1 — °D; transitions of Eu** can be seen in the figure.
The excitation spectrum recorded for the nanoparticles prepared at 773 K has a different
shape in comparison to the rest of the spectra. This might be related to the low degree of
crystallinity of the nanoparticles obtained (see Figure 6.5b). As concluded from the
normalized spectra presented in the figure, the maximum intensity was found for the
nanoparticles calcined at 998 K.

Figures 6.9b and 6.9c show the emission spectra collected after excitation at 254 nm and
365 nm, respectively, coinciding with the CTS band of Eu®** and the band-edge emission of
GaN, where we can see, among others, the emission of red light from the nanoparticles. As in
the previous case the emission spectra represent five groups of sharp peaks, which are
attributed to °Do — 'F; (3 = 0, 1, 2, 3, and 4) transitions of Eu** ions, being that at 610 nm the
dominant one. The emission at 610 nm with the strongest intensity in both cases is observed
for the nanoparticles obtained at 998 K. However, the intensity of the red light at 610 nm is
stronger after excitation at 365 nm, which indicates that the emission generated by GaN
effectively excites these particles though the *Sq — °P; transition of Bi®*, that then efficiently
transfers the energy to Eu*".

From the analysis above we can conclude that the most suitable material for deposition
on porous GaN is (Eu,Bi):Y,03 calcined at 998 K for 3 h, since the maximum of the Bi**
absorption band is located at 338 nm, close to the band edge emission of GaN (~365 nm),
which would allow pumping the red phosphor efficiently.
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Figure 6.9. (a) Excitation spectra of (Eu,Bi):Y,03; nanoparticles monitored at A = 610 nm and emission spectra

of (Eu,Bi):Y,03 nanoparticles after excitation at (b) L = 254 nm and (c¢) A = 365 nm (continuation

next page).
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Figure 6.9. (a) Excitation spectra of (Eu,Bi):Y,03 nanoparticles monitored at A = 610 nm and emission spectra
of (Eu,Bi):Y,03 nanoparticles after excitation at (b) A =254 nm and (c) A = 365 nm.

6.3 Formation of (Eu,Bi):Y,0; nanocrystals/porous GaN composites

We proceeded forming (Eu,Bi):Y,03 nanocrystals/porous GaN composites. To do this,
we used two approaches. In the first case, we placed the powder of luminescent nanoparticles
obtained before the last calcination step onto a porous GaN layer previously grown on a Si
(100) substrate and calcined the composite at 998 K for 3 h. In the second case, we introduced
a porous GaN layer grown on a Si (100) substrate into the liquid reaction media during the
synthesis of (Eu,Bi):Y,03 nanocrystals by the modified Pechini method when the precursor
resin is formed. Afterwards, two calcination steps were performed to form the composites.
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6.3.1 Formation of (Eu,Bi):Y,03 nanocrystals/porous GaN composites by placing the
precursor on the top of the porous GaN layer

The precursor of (Eu,Bi):Y,03 was placed on the top of a porous GaN layer previously
grown on a Si(100) substrate and then was calcined at 998 K. Figure 6.10 shows the SEM
images of the porous GaN layer together with the (Eu,Bi):Y,03 nanoparticles after
calcination. We can clearly observe white flakes of (Eu,Bi):Y,03; nanoparticles randomly
distributed on the surface of the porous GaN layer. Higher magnification images demonstrate
that (Eu,Bi):Y,03 nanoparticles did not penetrate in the pores of the GaN microparticles. PL
characterization revealed that the samples did not show any significant emission.

20~k
,..AR = &5 = \

Figure 6.10. SEM images of the (Eu,Bi):Y,03 nanocrystals/porous GaN composites formed after placing the
nanoparticles precursor on the top of the porous GaN layer followed by a calcination process at
998 K.

X-Ray diffraction analysis of these composites is shown in Figure 6.11. As can be seen
from the XRD pattern, the crystalline phase of Y,03 is not detected.
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Figure 6.11. XRD pattern of the (Eu,Bi):Y,03 nanocrystals/porous GaN composites formed after placing the
nanoparticles precursor on the top of the porous GaN layer followed by a calcination process at
998 K. The reference XRD patterns corresponding to GaN (00-050-0792) and Y,O3 (00-041-
1105) have been included to help reader to assign the different XRD peaks appearing in the

experimental pattern.
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6.3.2 Formation of (Eu,Bi):Y,03 nanocrystals/porous GaN composites by introducing
the porous GaN layer into the liquid reaction media of synthesis of the nanoparticles

In the second approach we explored to form (Eu,Bi):Y,03 nanocrystals/porous GaN
composites, the sample of porous GaN grown on a Si (100) substrate was introduced into the
liquid reaction media during the synthesis of the (Eu,Bi):Y,03; nanocrystals when the
precursor resin is formed. Afterwards the sample was calcined first at 573 K for 3 hours and
then at 998 K for 3 hours. Figure 6.12 shows the SEM images of the surface of the porous
GaN layer together with the (Eu,Bi):Y,03 nanoparticles after the two calcination processes.
(Eu,Bi):Y,03 nanoparticles cover the porous GaN layer and penetrate between the porous
GaN microparticles. However, further characterization is needed to know if (Eu,Bi):Y,03
nanoparticles have been introduced inside the pores of GaN.

Figure 6.12. SEM images of the surface of the (Eu,Bi):Y,053 nanocrystals/porous GaN composites formed after
introducing the porous GaN layer into the liquid reaction media of synthesis of the nanoparticles
and followed by calcination at 998 K.

The XRD analysis of these composites is shown in Figure 6.13. Figure 6.13a shows an
optical picture of the sample after calcination, where a relatively uniform layer of
(Eu,Bi):Y,03 nanoparticles covering porous GaN can be observed. Figure 6.13b shows the
XRD pattern, where the crystalline phase of Y,03 can be observed. The reference patterns of
GaN (00-050-0792) and Y,03 (00-041-1105) have been included for a better identification of
the crystalline phases present in the sample. Additionally, we recorded the XRD pattern of the
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sample at a grazing incidence angle of 1° to increase the intensity of the diffraction peaks
corresponding to the Y,03 phase and disregard the presence of other crystalline phases. The
XRD pattern shown in Figure 6.13c confirms the presence of only two crystalline phases in
the sample, corresponding to GaN and Y,0s.

b — GaN
(b) — 7o

Intensity (a.u.)

Intensity (a.u.)

10 20 30
Figure 6.13. (a) Optical image and (b) XRD pattern of the sample formed after introducing the porous GaN

layer into the liquid reaction media of synthesis of the nanoparticles followed by calcination at 998
K, (c) XRD pattern corrresponding to the same sample recorded at a glazing incidence angle of 1°.
The reference XRD patterns corresponding to GaN (00-050-0792) and Y,0; (00-041-1105) have
been included for a better identification of the crystalline phases present in the sample.

Finally, we recorded the excitation and emission spectra of the (Eu,Bi):Y,03
nanoparticles deposited onto porous GaN (see Figure 6.14). The excitation spectrum was
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monitored at 610 nm, while the emission spectrum was recorded after excitation at 365 nm,
corresponding to the band-edge emission of porous GaN. No significant differences could be
observed on these spectra to respect those recorded for the (Eu,Bi):Y,O3; nanoparticles
synthesized without the presence of GaN (see Figure 6.9), indicating that these composites
would be useful to transfer the UV emission of porous GaN onto visible light. However, the
efficiency of the process, as well as electrical activation of the system, have to be still
analyzed.
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Figure 6.14. (a) Excitation and (b) emission spectra of the (Eu,Bi):Y,05; nanocrystals/porous GaN composites

formed after introducing the porous GaN layer into the liquid reaction media of synthesis of the
nanoparticles followed by calcination at 998 K.
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Chapter 7

Graphene for transparent electrodes in porous
GaN-based LEDs: a preliminar approach

Graphene is a promising material for optoelectronic devices because it has very good
electrical conductivity and high transparency over a wide range of the optical spectrum [219].
Graphene, which is a two-dimensional hexagonal array monolayer of sp?-bonded carbon
atoms [220], has been considered for applications as transparent conductive electrode for
GaN-based LEDs [68] due to its superior properties such as high electrical and thermal
conductivity, good chemical and mechanical stability, excellent mobility and high
transmittance from the UV to the near-infrared spectral regions [220].

In this chapter, the synthesis of graphene by reducing it from graphite oxide is presented.
The last part of the chapter is devoted to the research towards the achievement of graphene
monolayers using graphene flakes by the Electrospray lon-Assisted technique on silicon and
amorphous quartz substrates and the corresponding characterization of the layers obtained.
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7.1 Synthesis and characterization of graphene

Graphene has been prepared by several approaches, such as micromechanical exfoliation
of graphite [221], chemical vapor deposition (CVD) [222, 223], epitaxial growth [224], and
chemical reduction of graphite oxide (GO) [225]. Chemical reduction of GO is one of the
established methods to produce graphene flakes in large scale. The chemical reduction of GO
is often fulfilled by using poisonous and explosive reducing agents. Here, we used liquid-
phase exfoliation of graphite via employing iron (Fe) as a reducing agent [226]. Fe can be
naturally used as a reducing agent due to its mild reductive ability and nontoxicity providing a
green and facile approach for mass production of graphene flakes.

7.1.1 Synthesis of graphite oxide and graphene

GO was synthesized from graphite using the Staudenmaier method [227]. 5 g of graphite
were mixed with concentrated sulfuric acid (98 wt %, 87.5 ml) and concentrated nitric acid
(65 wt %, 45 ml) and stirred. After the dispersion of graphite we added, carefully and slowly,
potassium chlorate (55 g) and stirred for more than 96 h. Afterwards, the mixture was poured
into distilled water and filtered. GO was washed and redispersed in a 5 wt % solution of HCI
three times, to eliminate potassium chlorate. Finally, GO was washed with distilled water
until a neutral pH value was obtained for the filtrate. Filtered GO was dried in a oven at 323 K
and pulverized in a mortar.

Following the synthesis, we prepared a 0.5 mg/ml GO suspension in water.
Ultrasonication was used in order to exfoliate GO. Fe acted as the reduction agent of
exfoliated GO. According to this method [226], 1 g of Fe powder and 20 mL of HCI (35 wt
%) were added into 100 ml of GO suspension at room temperature, stirred for 30 min and
then maintained for 6 hours. After reduction, in order to remove the excess of Fe powders, 15
ml of HCI (35 wt %) were added into the solution. Finally, the graphene nanosheets were
filtered, washed with distilled water and ethanol, and dried at 373 K for over 12 h in a vacuum
oven (see Figure 7.1).

] + HNO, . + KCIO,
Graphite + H,80, Mixing + stirring for 96 h GO

+H,0
+ filtering
+ washing

) +H,0 + drying ) -
Suspension GO Dry powder GO [*—, oulverizing Filtered GO

+ ultrasonication

Y

: +Fe + HCI[ Graphene | *H“'C°%) [ Graphene
Exfoliated GO + stirting in solution removal in solution

for 30 min excess of Fe

+ filtering
+ washing

+ drying
Graphene |+

Figure 7.1. Scheme of the synthesis procces of graphene used in this thesis.
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7.1.2 Morphological characterization of graphite oxide and graphene flakes

Figure 7.2 shows SEM images of multi-layered GO particles after drying and
pulverization. Single layers can not be observed here. However, the nanosheets of GO
exfoliate individually when suspended in ethanol, as can be seen by TEM after depositing
several drops of this suspension on a Cu TEM grid (see Figure 7.3). The sizes of the layers are
of a few micrometers. Some of the GO layers are wrinkled, as can be seen in Figure 7.3c,
what might be related to the fast evaporation of the solvent during the preparation of the
sample for TEM observation.

Figure 7.2. SEM images of multi-layered GO particles after drying and pulverization.

(b).-

["Se6nm |

(d)

‘500 nm

Figure 7.3. TEM images of the GO layers obtained.
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Figure 7.4 shows SEM images of the multi-layered graphene particles after drying them.
Each particle is formed by many graphene nanosheets, which cannot be observed by SEM.
However, the layered structure can be clearly observed in Figure 7.4b. The nanosheets
exfoliate individually when suspended in ethanol, as can be seen by TEM after depositing
several drops of this suspension on a Cu TEM grid (see Figure 7.5). Here, wrinkles are also
observed.

3 B
Figure 7.5. TEM images of the graphene layers obtained in this thesis..
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7.1.3 Structural characterization of graphite oxide and graphene

GO and graphene were also characterized by Raman scattering and XRD. Raman
scattering is strongly sensitive to the electronic structure and probes to be an essential tool to
characterize graphite and graphene materials [228, 229]. Usually the Raman spectrum of
graphene is characterized by two main features, the G mode arising from the first order
scattering of the E»y phonon of sp? carbon atoms (usually observed at ~1575 cm™) and the D
mode arising from a mode of k-point photons of A;q symmetry (~1350 cm™) [230, 231]. The
D and the G bands of Raman spectrum of graphite are usually observed at ~1350 cm™ and at
~1575 cm™ and the intensity of the G band is much higher in comparison to that of the D band
(see Figure 7.6a). Also, the second order of the D peak (the 2D peak) is observed at ~ 2700
cm™?, and is caused by the double resonant Raman scattering with two-phonon emissions
[232]. The 2D band can be decomposed into two lorentzians of different intensities, marked
as (2D),; and (2D)n, where | an h stands for the low and high energy side of 2D band,
respectively [233].

In the Raman spectrum of GO (see Figure 7.6b), the D and G bands broaden and shift to
~ 1340 cm™ and ~ 1585 cm™, respectively. Additionally, the intensity of the D band is rising
significantly, indicating a reduction in size of the in-plane sp? domains, what is possibly
related to the oxidation [234].

Figure 7.6¢ shows the Raman spectrum of graphene after reduction from GO. The D and
G bands appear quite narrow and almost equal in intensity. The high intensity of the D band is
related to the presence of unrepaired defects that remain after the removal of partial oxygen
moieties [226].
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3 3
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Raman shift (cm™) Raman shift (cm™)
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500 1600 1560 2060 25b0 3060
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Figure 7.6. Raman spectra recorded for (a) graphite, (b) GO and (c) graphene.
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In addition, we further characterized the crystal structure of graphite, GO and graphene
by XRD (see Figure 7.7). Because of the introduction of oxygenated functional groups on
carbon sheets, the basal distance of GO obtained from the (001) peak is large compared to
that of graphite [235]. When GO is reduced by Fe, the peak at 11.8° disappears completely
and a broad peak at 24.3° appears, what is attributed to the removal of some oxygen-
containing functional groups. This indicates the reduction of GO and the exfoliation of the
layered graphene [236].

—— Graphite);
/g 1 1 1 N 1 1 1
s —— GO
¢ i
2
8 -
k=
M
) — Graphene\z

10 20 30 40 50 60 70
2 0 (degrees)

Figure 7.7. XRD patterns recorded for graphite, GO and graphene.

7.2 Deposition of graphene by the electrospray method

In the electrospray-deposition experiments, graphene nanosheet powder suspensions in
dimethylformamide (DMF) were used to form graphene layers on silicon and quartz
substrates. DMF was selected as solvent because it prevents agglomeration of the graphene
flakes. For the depositions we used two types of graphene: the graphene prepared from GO by
the above described method and commercial graphene from GRANPH nanotech with a
suspension of 99 % dimethylformamide (DMF) and 1 % graphene. Graphene from GRAnPH
nanotech had more uniform graphene flakes in size, as can be seen in Figure 7.8.
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The suspensions of graphene in DMF were stable over many hours, allowing for
sufficient time to undertake depositions on the substrates. A stable spray was obtained at a
liquid flow rate of 0.06 ml/h and an applied voltage of 4.4 kV for suspensions of < 0.5 wt %
graphene prepared by reduction with Fe and 0.005 wt % commercial graphene. The distance
between the needle and the substrate was 8 cm, the cylinder was rotated at 1400 RPM, and the
voltage of the ions field was -7 kV. As substrates for the deposition we used Si(100) and
amorphous quartz. Prior to deposition, the substrates were cleaned by immersing them in
acetone inside an ultrasonic bath for 2 min, and after by immersing them in methanol also in
the ultrasonic bath for 2 min. To finish the cleaning process, the substrates were rinsed with
deionised water for 2 min in the ultrasonic bath.

Figure 7.8. TEM images of commercial graphene from GRAnPH nanotech.

The conditions used for the different graphene depositions we analyzed are summarized
in Table 7.1. In our study we mainly focused on the deposition time of graphene.

Figure 7.9 shows the AFM images with the corresponding profiles in the marked lines,
corresponding to samples prepared using the graphene synthesized by reduction with Fe. We
can observe that graphene layers are overlapping each other, forming multilayered structures
on both, Si and amorphous quartz substrates (see Figures 7.9a and 7.9c). Also, the
corresponding topography profiles show steps of ~6 nm, what may indicate that graphene
deposits as multilayers, since a single layer would have a thickness of 0.34 nm. Thus, long
time deposition conditions seem not to be optimal for getting a single graphene layer.
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Table 7.1. Conditions of graphene depositions used in this thesis. Electrospray distance and liquid flow rate
were kept constant for all the experiments at 8 cm and 0.06 ml/h, respectively.

Sample Susp. | Deposition Tvoe of
IDp conc. time rgphene Substrate | Comments
(Wt %) | (min) grap
Prepared from Silicon
A <05 60 GO
Prepared from Silicon Annealed in
ATA <05 60 GO N, at 673 K
Prepared from | Amorphous
B <05 60 GO Quartz
Prepared from | Amorphous | Annealed in
BTA | <05 60 GO Quartz | N, at 673 K
C 0.005 3 GRANPH Silicon
nanotech
D 0.005 5 GRANPH Silicon
nanotech
E 0.005 7 GRANPH Silicon
nanotech
F 0.005 10 GRANPH Silicon
nanotech
G 0.005 15 GRANPH Silicon
nanotech
H 0.005 7 GRANPH Amorphous
nanotech Quartz
I 0.005 10 GRANPH Amorphous
nanotech Quartz
] 0.005 15 GRANPH Amorphous
nanotech Quartz

Thermal annealing of the samples was performed in an inert atmosphere of N, at 673 K
for 240 min. The thermal annealing may improve the quality of deposited graphene layers
[237], by eliminating the oxygen-containing groups. However, the analysis of topography of
the graphene depositions after the annealing process shows that most of the graphene layers
were removed from the surface of the substrate (see Figures 7.9b and 7.9d), since we can
observe a reduced number of graphene flakes on the surface of the samples.

Raman spectra were recorded for samples B and BTA (before and after thermal
annealing), as shown in Figure 7.10. Apparently, the quality of the Raman spectrum of sample
B is better than that of sample BTA. The D and the G peaks in the BTA sample appear
broader and noisy, what does not prove a good quality of the graphene layer (see Figure
7.10b). Also, in the BTA sample, the quality and intensity of the Raman spectra depended on
the place of the surface on which the spectra were recorded, what indicates an inhomogeneous
distribution of graphene flakes and layers. Thus, it seems that thermal anealing in N, does not
improve the quality, but instead removes most of the graphene flakes previously deposited.
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Figure 7.9. AFM images and topographic profiles of the samples prepared during (a) 60 min on a Si substrate
(sample A); (b) sample shown in (a) after thermal treatment at 673 K for 240 min in N, atmosphere
(sample ATA); (c) 60 min on a quartz substrate (sample B); and (d) sample shown in (c) after a
thermal treatment at 673 K for 240 min in N, (sample BTA).
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Figure 7.10. Raman spectra recorded for (a) B and (b) BTA samples.

To continue the investigation, the deposition time was reduced to the range from 3 min to
15 min. Figure 7.11 shows the topography AFM images, the phase AFM images (where
contrast in color indicates differences in material composition), and the topological profiles of
the graphene layers on a Si substrate with different deposition times. Phase images have been
included to give more contrast to the topographic images, where sometimes it is difficult to
distinguish graphene from the substrate. For a deposition time of 3 minutes (see Figure 7.11a)
we observe independent graphene flakes on the Si surface that do not form a continuous
single layer of graphene. Also, the heights measured for these flakes, of several nm, indicate
that the flakes are not constituted by a single layer of graphene. As the deposition time
increases, we observe a more complete coverage of the substrate with graphene. Another
effect observed is the reconnection of the graphene flakes, tending to form a more continuous
layer with a significantly reduced height around 1-1.5 nm.

A possible explanation for this phenomenon is that when the sample contains a small
portion of graphene, seemingly graphene does not have enough energy and material for the
reconstruction of the surface. The graphene flakes start to reconnect in samples prepared after
5 min of deposition time (see Figures 7.11b and 7.11c). For 10 min (see Figure 7.11d), we
observe a quite homogenous layer of graphene covering most of the surface of the substrate.
Finally, for 15 minutes of deposition time we start to observe multilayers of graphene that
overlap each other (see Figure 7.11e), what indicates that we exceeded the limit of time for a
single layer deposition. While surface without graphene still exists on the substrate, it seems
that the graphene flakes are arranging on the substrate as a single monolayer, tending to
occupy the whole surface. When the empty surface of the substrate decreases to a certain
limit, the graphene has no preference on the location of deposition and it is deposited
randomly on the surface of the substrate, forming multilayers, and this is reflected in the
increase of the heights observed on the topographic profiles. These samples were prepared
using commercial graphene from GRANnPH nanotech, unlike the previous cases analyzed. The
morphology of the graphene flakes in both cases is similar, although in the case of the
commercial graphene the flakes deposited on the surface of the substrate seem to be smaller.
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Figure 7.11. AFM images (topography and phase) and topographic profiles of graphene samples prepared on a
Si substrate at deposition times of (a) 3 min (sample C), (b) 5 min (sample D), (c) 7 min (sample
E), (d) 10 min (sample F) and (e) 15 min (sample G).
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Figure 7.12 shows the AFM (topography and phase) images and the topographical
profiles of the graphene layers deposited on amorphous quartz substrates at different
deposition times between 7 and 15 min. The results obtained on amorphous quartz substrates
are quite similar to those obtained on Si substrates. However, the AFM images of the samples
prepared on quartz present a higher noise that we believe is due to the flatness of the
amorphous quartz that creates difficulties in characterization by AFM of graphene layers
deposited on this substrate.
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Figure 7.12. AFM images (topography and phase) and topographic profiles of graphene samples prepared at
deposition times of (a) 7 min (sample H), (b) 10 min (sample I) and (c) 15 min (sample J) on
amorphous quartz substrates.

It has been reported that graphene has the ability to self-reconstruct a damaged structure
and build a uniform layer [238]. Nanoholes in single layer graphene sheets are shown to heal
spontaneously by filling up with either nonhexagon, graphene-like, or perfect hexagon 2D
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structures, as a result of their interaction with metal impurities. Since we observe a similar
effect for deposition times between 7 and 10 min, we wanted to analyze more in detail this
effect, and we retook AFM images of sample E 2.5 months after it was prepared, to analyze
the evolution of the structure with time. However, from AFM images, shown in Figure 7.13
there is no apparent evolution of the sample with time.

Z[nm]
T

Z[nm]
T

K[pm]

Figure 7.13. AFM images (topography and phase) and topographic profiles recorded for sample E taken (a)
directly after deposition and (b) 2.5 months after deposition.

We also used Raman spectroscopy to analyze the quality of the graphene layers deposited
on amorphous quartz substrates. Figure 7.14 shows the Raman spectrum of sample J. The D
and G peaks appear quite broad and noisy in this sample. The intensity of the D peak is lower
than that of the G peak. From this spectrum it is difficult to conclude about the approximate
quality of the graphene layers.

However, the samples with graphene deposited on amorphous quartz appear to be
transparent to the visible light. Figure 7.15 shows the transmittance spectrum for samples H
and | deposited on amorphous quartz. These spectra show two characteristics about our
graphene layers. First, the transparency is ~95-96 %, which indicates that our graphene
deposits as multilayers. Second, transparency is almost constant in the whole range of spectra
analyzed, from 870 to 2200 nm. This indicates that our deposits are constituted by graphene,
with apparently no defects, such as oxygen-containing groups that would absorb in this region
of the electromagnetic spectrum.
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Figure 7.14. Raman spectrum recorded for sample J.
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Figure 7.15. Transmittance spectra of samples | and H recorded in the 870-2200 nm region.

Finally, two-probe electrical measurements for F and | samples, deposited at 10 min on
silicon and amorphous quartz substrates, respectively, were conducted using In/Ga liquid
eutectic contacts. In/Ga eutectic droplets were placed on top of the sample. Linear voltage
sweeps were obtained in the -3 V — 3 V range with a 50 mV/s sweep rate, as can be seen in
Figure 7.16. The measurements were repeated with contacts on various points of each sample
to ensure reproducibility. However, the samples do not show a good conductivity, what is
probably related to a not complete percolation of graphene flake on the substrate.
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Figure 7.16. I-V curves recorded for (a) F and (b) | samples, deposited during 10 min on silicon and amorphous
quartz substrates, respectively.
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Conclusions

Conclusions

The potential of porous GaN for applications in electronics and optoelectronics has been
demonstrated successfully during the realization of this thesis by the fabrication of low
Ohmic resistivity contacts, efficient doping, MOS diodes and partially and fully porous p-n
junctions based on porous GaN produced by the CVD method, based on the direct reaction of

Ga with NHs.

We obtained nanoporous GaN particles and epitaxial layers on different substrates by this
technique at relatively high temperatures. The advantage of this technique, compared to other
approaches used in the fabrication of porous GaN, is that it does not require any post-growth
treatment, such as etching techniques that can damage the semiconductor structure and
modify its properties. This technique simplifies previous methodologies used to generate
porous GaN, and at the same time reduces the costs of these processes. Here, porosity is
generated during the crystal growth process. The obtained porous GaN had straight
nanopores, and their diameters, ranging between 50 and 100 nm, were constant all along the
length of the pores. The porous GaN particles formed as a layer of single-crystal particles

with interparticle and intraparticle porosity.

We studied how different reaction parameters such as the Ga holder, the Ga quantity, the
deposition time, the catalyst and the substrate influence on the morphology, size and porosity
degree of the nanoporous GaN particles. The geometry of the holder in which the Ga is
contained affects to the first stages of its evaporation and deposition rate on the substrate. The
Ga quantity has an influence on the coverage of the substrate with GaN particles. The
deposition time also controls the coating of the substrate with nanoporous GaN particles. The
catalyst plays two different roles: one is the control on the particle size and the other is the
crystallographic orientation of the as-grown particles. The influence on the particle size is due
to the metal alloy formed between the catalyst used and Ga and the size of the initial
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nucleuses that can be formed. A second role is observed in the case of Ti, which leads to a
texturation of the layer deposited on the substrate.

The substrate also plays an important role in the morphology and distribution of the
nanoporous GaN particles on its surface. We have investigated the growth of porous GaN
epitaxial layers on Al,O3, SiC, AIN and GaN substrates, among others. The results show that
the lattice mismatch between the substrate and the porous GaN layer plays an important role
in achieving a continuous porous layer.

With these data analyzed we have more tools to control and manipulate the deposition
conditions of porous GaN in order to obtain the desired morphology, density, and porosity of
the nanoporous GaN particles produced by CVD towards the required application.

The mechanism of crystal growth through a vapour-solid-solid process was confirmed by
the formation, for instance, of a Au—Ga crystalline intermetallic alloy of cubic Ga,Au that
seeds the GaN formation by reaction with NHs. Electrical characterization of porous GaN
particles grown as high surface area layers from Pt- and Au-coated silicon showed n-type
behavior of unintentiously doped porous GaN and at the same time confirmed near-Ohmic
transport through polycrystalline porous n-type GaN. Metal—Ga intermetallic alloy formation
during VSS growth promotes thermionic emission-based low-resistance Ohmic transport
through the porous layer, and very low contact resistivities are possible to the faceted, rough
n-type GaN surface. The ability of contacting the GaN using such metals gives opportunities
for superior diode-based optoelectronics and sensing. The overall method of using
intermetallic as Ohmic contacts could also be applied to simultaneously grow and contact
nanoscale 111-N compounds for optoelectronic devices.

We have shown that high structural and electronic quality, confirmed by CL and PL
characterization, p-type GaN with a high density of charge carriers (~10*® cm™) can be grown
on Si and also on epitaxial GaN substrates as a porous layer using magnesium nitride and
magnesium acetylacetonate as precursors.

By depositing porous GaN in a manner similar to deterministic p-type porous GaN and
incresing the concentration of MgsN2, we formed GaN/MgO MOS diode in a single
fabrication step. The Mg film formed initially is subsequently oxidized to polycrystalline
MgO underneath the porous n-type GaN layer, resulting in a high-k dielectric MgO. This
method, promising for the development of porous GaN, augers well for new electronic and
optoelectronic devices with improved external quantum efficiencies and large surface area
biosensing based on capacitor or transistor functions.

We successfully fabricated partially porous p-n junctions using the same methodology, in
which only the n-type or p-type GaN layers are porous and oriented along c-crystalographic
axis. Moreover, we produced by CVD fully porous GaN p-n junctions and compared their
performance with partially porous p-n junctions. Fully porous p-n junctions were fabricated in
a two crystal growth step process. First, an undoped n-type porous GaN layer was grown on
non-porous GaN. Second, another porous p-type GaN layer was grown on the top of the
porous n-type GaN layer. To prove the potentiality of these porous p-n junctions for diode
applications, we characterized their diode behavior at high temperatures, and demonstrate
their ability as current rectifiers. The electrical and optical characteristics confirm high
electronic quality GaN growth for porous layers when compared with non-porous epitaxially
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grown GaN, even when overgrown with opposite conduction type porous layers. we believe
this investigation can be extended to other I11-V materials, such as InN and AIN to span the
visible spectrum, and as a route towards porous graded index IlI-V materials as a basis for
unencapsulated white light LEDs incorporating other color centers, or for reducing refraction
losses and narrowing the output light cone for improved LED external quantum efficiencies.
Furthermore, high surface area diodes fabricated by this route do not require complicated
core-shell architectures and may be viable routes to chemically stable wide bandgap
(bio)sensors.

We developed an approach towards tuning the emission of a potential LED fabricated
with this technology based on the introduction of luminescent Eu:Y,03 and (Eu,Bi):Y,03
nanoparticles directly inside the pores of GaN through a sol-gel technique, the so called
modified Pechini method. The emission and excitation spectra of the deposited nanoparticles
onto GaN were recorded and the emission of red light after excitation at the band edge
emission of GaN was observed. However, further analysis will be required to study the
possible energy transfer mechanism between GaN and (Eu,Bi):Y,03 nanoparticles. Phosphor
nanoparticles deposited inside the pores of GaN structures, apart from giving the required
emissions to produce warm white light, will also offer a medium with an intermediate
refractive index that might enhance the light extraction efficiency of the LED.

Finally, we performed preliminary research towards the achievement of graphene
monolayers with good coverage of the substrate by the Electrospray lon-Assisted technique
on silicon and amorphous quartz substrates. The results obtained show that we were able to
deposit a few/single layers of graphene covering most of the area of the substrate by using a
suspension of graphene flakes on DMF. However, further research is needed to obtain a
homogenous and percolated monolayer of graphene that can be considered for applications as
transparent conductive electrode for GaN-based LEDs.

Overall, this thesis confirms porous GaN as a promising material for further development
of advanced optoelectronic devices.
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Abstract: With this paper we go beyond the analysis performed in previous works based on the
influence of different parameters in the production of as-grown nanoporous GaN particles by the direct
reaction of Ga and NH; in a chemical vapour deposition (CVD) system, without requiring any post-growth
treatment to induce porosity. The parameters analyzed previously were temperature that influences the
porosity and coalescence of pores, NH; flow rate which influences the degree of nanoporosity of the GaN
particles and the pressure of the CVD system which controls the external shape of the particles. Now we
analyze the effect of other reaction parameters such as the Ga holder shape, Ga quantity, the deposition
time, the influence of the catalyst and the substrate, on the porous particles obtained at a morphological
and structural level, as well as in terms of porosity. The Ga holder shape effects to the size of the pores,
the Ga quantity as well as the deposition time have an effect on the coverage of the substrate by
nanoporous GaN particles, and both the catalyst and substrate play a role in the morphology and
crystallographic orientation of the particles.

INTRODUCTION

GaN is a lllI-V wide band-gap semiconductor crystallizing in the hexagonal system with wurtzite crystal
structure (P6smc space group). Its direct band-gap is 3.4 eV, which is an intrinsic characteristic to all IlI-
nitride semiconductors, including AIN (6.2eV)" and InN (0.9eV)%. Owing to their similar structural and
physical properties llI-nitrides can combine producing AlGalnN heterostructures with band-gaps that can
cover ranges from the near infrared (NIR) to the deep ultraviolet (UV). As a result lll-nitrides revolutionized
the LED technology®. That is what makes GaN a promising material for developing applications in
optoelectronic devices in the UV-visible range. GaN is also suitable for high temperature optoelectronic
applications owing to its high bond strength®.

One of the disadvantages of GaN for optoelectronics applications, especially for thje development of
LEDs, is the big refractive index contrast between GaN (n=2.5)° and air (n=1) that confines light inside the
material and only photons below the critical angle 8.=23° can escape the material®. The classical approach
used to solve this problem has been the coverage of the material with a polymeric capsule with an
intermediate refraction index®. Nevertheless, this approach is no longer valid in high power applications
since the polymer coverage can be easily damaged by the emitted intensity of the LED, becoming opaque,
and reducing the light emitting properties of the device. An alternative approach to increase the light
extraction efficiency of GaN based unencapsulated LEDs is the use of porous GaN’. The induced porosity
in the material increases the reflection probabilities of emitted photons, and provides additional surfaces
through which photons can escape®.

Many attempts have been done in order to improve light extraction efficiency from GaN LEDs from
surface roughening as a first approach®, until the formation of porous structures of GaN by different
techniques ranging from electrochemical etching®, photoelectrochemical etching’®, metal-assisted
electroless’!, use of anodic porous alumina templates'?, all of them with a successful result in the
enhancement of the light extraction efficiency.

Classical methods to produce porous GaN are based on corrosive and etching techniques'. However,
these techniques can damage the GaN surface, leading to crystal defects and rough surfaces that might
affect the electrical and optical properties of the material. Based on the studies developed by ourselves™
we use a non etching approximation to produce porous GaN using the direct reaction between metallic Ga
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Despite all the potential applications of nanoporous GaN for LED applications its integration on Si
technology on which microelectronic industry is based, is very challenging™. In 2012 we presented the
possibility of an easy integration of nanoporous GaN on Si substrates coated with a metallic catalyst'®.
Furthermore, the addition of this metallic catalyst allows the formation of a metallic contact that can be used
for further electrical characterization of porous GaN and device fabrication. In this context, low resistivity
Ohmic contacts have been demonstrated on porous GaN grown on Si substrates coated with high
workfunction metals such as Au and Pt"".

In the present work we analyze morphologically and structurally the nanoporous GaN particles obtained
by the direct reaction between Ga and NH; in a CVD system by exploring the effect of different
experimental conditions, such as the gallium holder shape, deposition time, the amount of Ga, the metallic
catalyst and the substrate used in order to optimize the crystal growth conditions to obtain single crystal
porous GaN micron-size particles. The control of morphology, nanoporous density, and crystallographic
orientation of the GaN particles are important parameters for advanced light emitting applications.

EXPERIMENTAL SECTION

Crystal growth. Nanoporous GaN particles were grown on different substrates by the direct reaction of
metallic Ga (Alfa Aesar 99.999%) and NH; (Carburos Metalicos >99.98%) as Ga and N sources,
respectively, in a CVD horizontal tubular furnace. An scheme of the CVD set up is shown in Figure 1.

Metallic Ga was introduced into the system in the form of a droplet onto a quartz crucible. The quartz
crucibles or Ga holders were made in three different shapes: flat plate (the spreading of the Ga drop on the
surface of the crucible was not limited), half of a cylindrical tube (spreading of Ga was limited from two
sides) and concave crucible (the spreading of Ga is limited from all sides).

As substrates we used silicon wafers with (100) and (111) crystallographic orientations, pyrolitic-boron
nitride (BN) and tungsten wire. The substrate was placed above the Ga source at a vertical distance of 2
cm onto a BN support. Previous to their introduction in the furnace, the silicon substrates were cleaned with
piranha solution and then with ethanol while, the rest of the substrates were cleaned only with ethanol.

In our experiments as catalysts we used Ni(NO;),, where the catalyst was deposited on the surface of
the substrate by spreading several drops of an ethanolic solution of Ni(NO3),, and continuous films, 20 nm
thick, of Au, Pt, Ti, Ni and W deposited on the substrates by RF sputtering (AJA International) at a power
of 150 W and a pressure of 3 mTorr.

In a typical experiment of crystal growth the quartz reactor, 5 cm in diameter and 1 m long, was
degassed to a vacuum pressure of 1 x 102 Torr. Ammonia was then introduced through a mass-flow
controller at 75 sccm from one end of the quartz reactor and the furnace was heated up to the reaction
temperature of 1200K. Then, the furnace was kept at this temperature during the reaction time, that we
have changed between 30-120 min, under a constant flow of NH;, keeping the pressure of the system
constant at 15 torr while the chemical reaction was taking place. When the reaction was finished, we cooled
down the furnace to room temperature while we stopped the ammonia flow.
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Figure 1. Schematic representation of the CVD system used for the crystal growth of nanoporous GaN micron-size particles.

Morphological and structural characterization. The nanoporous GaN microparticles deposited on the Si
substrates were characterized morphologically using a JEOL

JSM 6400 scanning electron microscope (SEM). Before observation, samples were Au coated in a Bal-Tec
SCDO004 sputterer.

The thickness of the nanoporous GaN particles layers were measured with a PLu2300 SENSOFAR
optical imaging profiler that combines confocal and interferometric techniques to measure the surface
topography. The thickness of the porous layer was determined by comparing the height measured in the
non-coated substrate, and the part of the substrate coated by the porous layer.

X-ray diffraction (XRD) patterns of the samples were recorded in a Bruker-AXS D8-Discover
diffractometer equipped with parallel incident beam (Gébel mirror), a vertical 8-8 goniometer, and a General
Area Diffraction Detection System (GADDS) HI-STAR detector with a multiwire proportional counter with an
area of 30 x 30 cm and 1024 x 1024 pixel density. The X-ray diffractometer was operated at 40 kV and 40
mA to generate Cu Ka radiation. Data were recorded from 20-90° in 20 range. The incident beam and the
detector were at a distance of 15 cm of the sample. Identification of the crystalline phases obtained was
achieved by comparing the XRD diffractogram with the Joint Committee on Powder Diffraction Standards
(JCPDS) database using Diffrac®™® Evaluation software.

RESULTS AND DISCUSION

Effect of the shape of the gallium holder. A set of experiments with several holders for Ga with different
shapes were carried out to analyze how the shape of the crucible affected the spreading of the Ga droplet,
and how this affected to the final shape and porosity of the particles obtained.

Figure 2 shows the evolution of the spreading of the Ga droplet as the temperature increased for the
different Ga holders analyzed. Through the optical window, located at one end of the CVD reactor, we
recorded the evolution of the Ga droplet during the growth process with a CCD camera to which we
coupled a telescope.

Figure 2(a) shows the evolution of the Ga droplet on the flat plate holder. Up to 1177 K the GaN
droplet remained unaffected.
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Figure 2. Optical images in front-side view taken inside the horizontal tube furnace showing the evolution (cracks are pointed with a
green arrow) of the Ga droplet (pointed with a black arrow in the first row of images) with the different Ga holders (pointed with a
blue arrow) used in these experiments: (a) flat plate, (b) half cylindrical tube and (c) concave crucible.
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Figure 3. SEM pictures of the nanoporous GaN particles obtained using different Ga holders: (a) flat plate, (b) half cylindrical tube,
and (c) concave crucible.

From that moment some cracks appeared at the bottom part of the Ga droplet, the part in contact with the
Ga holder, marked with green arrows in Figure 2. It is from these cracks that the surface tension of the
liquid Ga is broken and the Ga droplet started to spread out. 2 min after the formation of the cracks the
furnace reached a temperature of 1200 K, and the Ga droplet totally spread. Finally, at around 30 min after
the furnace reached 1200 K we observed a scalation of the material covering the crucible, identified later as
GaN by XRD.

Figure 2(b) shows the evolution of the Ga droplet on the half of a cylindrical tube holder, similar to that
observed in the flat plate holder. However, the temperatures at which each step of the spreading out
process of the Ga dropplet happened were different. The cracks at the bottom of the Ga droplet started to
appear at 1170 K, earlier than when the flat holder was used. After 3 min the furnace reached 1200 K, the
meniscus of the Ga droplet passed from a convex shape towards a concave shape, indicating that the
surface tension was reduced. From that moment, the liquid Ga climbed through the holder walls and spread
also on the quartz liner tube. This caused the leaning of the Ga holder at around 30 min after the furnace
reached 1200 K. Finally, the scalation of the material covering of the crucible occurred at around 45 min
after the furnace reached 1200 K, later than in the previous case.

When using the concave holder (see Figure 2(c)), the Ga droplet followed a similar behaviour as in the
previous cases. However, it was impossible to see clearly what was happening inside the concave holder.
Thus, we could not establish very well at which temperature each phenomena occurred. What we could
clearly see was that when the Ga droplet reached a temperature of 1200 K it started to climb through the
walls of the holder until it spread over the quartz liner. In this case nor lean of the Ga holder, neither
scalation of material was observed.

SEM pictures of the GaN samples synthesized using different Ga holders on (100) silicon substrates
covered with Ni are shown in Figure 3. In all cases, the temperature of reaction was chosen to ensure the
total spread out of the Ga droplet, generating the maximum extension of the surface of metallic Ga to
favour the evaporation of this precursor. The GaN particles obtained when using a flat plate or a half
cylindrical tube as Ga holders we similar, with sizes between 2-3um, and a similar degree of porosity (see
Figures 3(a) and 3(b)). The particles obtained using the concave crucible (see Figure 3(c)) show bigger
sizes (around 4 pm), and the pores seem to be smaller in diameter and do not form ridges, giving a more
rough aspect to the surface of the particles.

Topological profiles were recorded with a confocal-interferometric microscope to analyze the thickness
of the layer of nanoporous GaN particles along the substrate. Depending on the shape of the Ga holder
used, the thickness of the layer seems not to be uniform along the substrate. The sample grown using a flat
plate had the maximum ununiformity in thickness with an average value of 2.53 +1.73 ym. The sample
grown using a half cylindrical tube has the smallest thickness, 1.1 £0.14 pym, but with a higher uniformity.
Finally, the highest thickness value was obtained in the sample grown using the concave crucible, with a
mean value of 3.61 £ 0.87 ym. According to these measurements, despite the thickness of the layer
obtained using a half cylindrical tube was the smallest, it was very uniform, what is a necessary condition
for the fabrication of functional devices based on these nanoporous GaN particles. Thus, in the rest of the
experiments, we used this kind of Ga holder.

Effect of the Ga quantity. Three sets of experiments with the introduction of different amounts of Ga at the
beginning of the experiment (0.2 g (N/Ga: 70.04) , 0.4 g (N/Ga: 53.02) and 0.6 g (N/Ga: 23.35)) were
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keeping constant the other reaction parameters. Figure 4 shows SEM pictures of the GaN particles grown
using different amounts of Ga. In the three cases hexagonal nanoporous particles were obtained with
different particle diameter, but more importantly, with different substrate coverage.

When 0.2 g of Ga were used (see Figure 4(a)) a low degree of substrate coverage can be observed.
This is attributed to the low Ga evaporated and deposited on the substrate forming a small number of
nucleuses along the substrate. This is confirmed by the fact that particles are bigger in diameter than in the
other cases, around 5-6 um. A higher coverage of nanoporous GaN particles can be seen when 0.4 g of
Ga were used (see Figure 4(b)). In contrast with the previous case, the particle diameter is lower of around
2um. This is attributed to the higher evaporation of Ga and the formation of a higher number of Ga-metallic
catalyst nucleuses which leads to a higher coverage of the substrate with smaller nanoporous GaN
particles. Finally in Figure 4(c) we can see a SEM image of GaN particles grown using 0.6 g of Ga. A
similar particles density and size is observed when compared to the experiment using 0.4 g of Ga. This
would indicate that it exist a quantity of Ga above which no more GaN particles are formed, probably
related to the Ga/N ratio used. Interferometric microscope measurements of the thickness of the
nanoporous GaN layer of the sample grown using 0.2 g of Ga confirmed the presence of isolated
nucleuses of nanoporous GaN particles with heights around 4 pm, similar to the size of the particles
observed by the SEM images. A quite uniform layer is seen when 0.4 g of Ga were used with a mean
thickness of the nanoporous film of 1.10 £ 0.15 ym. Finally, in the sample grown using 0.6 g of Ga, we
observed a tendency to have higher heights of the porous film towards the centre of the sample. The mean
thickness value is similar to that obtained with 0.4 g of Ga, 1.19 £ 0.35 pm. This would confirm that, above
0.4 g of Ga the deposition of GaN is limited.

Figure 4. SEM pictures of the nanoporous particles obtained using different Ga quantities at the beginning of the experiment: (a)
0.2g,(b)0.4g, and (c) 0.6 g.

Effect of the deposition time. We performed additional experiments to analyze the influence of the
deposition time in the shape and porosity of the GaN particles. The deposition times selected were 30, 45,
60 and 120 min. The first two times were chosen because we observed two particular moments during the
development of the growth process, highlighted in Figure 2. The first one is related to the leaning of the
crucible when a half cylindrical tube was used, due to the wetting of both, the crucible and the liner because
of the spreading of Ga at 30 min after the reactor reached 1200 K. The second one is the time when we
observed the scalation of the material covering the crucible, identified later as GaN by X-ray diffraction, 45
min after the reactor reached 1200 K. We also have explored one additional deposition time above 60 min,
which is the time used up to now to produce these nanoporous GaN particles™ | to analyze if the chemical
reaction continued after we observed the scalation of GaN on the crucible.

The deposition time has an important effect in the coverage of the substrate with nanoporous GaN
particles, as can be seen in Figure 5, while the particle size is more or less constant. Figure 5(a) shows the
evolution of the thickness of the nanoporous GaN film with deposition time. Even though the sample grown
during 30 min shows an average thickness value of 1.61 + 0.11 ym it is mainly due to isolated nucleuses
that are encountered along the substrate. Similar fact occurs with the sample grown at 45 min, which
shows a mean thickness of 2.08 + 0.28 ym but the layer is not covering the full substrate. When the
deposition time is set for 60 min we have a uniform layer 1.1 £ 0.14 ym thick. Finally, the interferometric
measurements of the sample grown at 120 min show a decrease of the layer thickness.
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piposte Leflldugelésgl_égléhows SEM images of the samples. In these images we can see that the density of GaN
particles on the surface of the substrate increases with increasing the deposition time until 60 min. From
there, it seems that no additional particles nucleate and the particles density remains constant. Hexagonal
pyramidal porous particles were obtained in all cases; however, as we increased the deposition time, the
morphology of the particles seems to fade away. Also, at long times, smaller particles can be seen covering
the substrate, which might form by decomposition and further nucleation at expenses of the big particles,
which would explain the deformation observed. This hypothesis would be confirmed by the reduction of the
thickness of the sample at long deposition time, due to the high temperature and low pressure at which the
sample is exposed during the growth experiment. Particles follow the same porous pattern observed up to
now: nanopores located only on the (0002) face, with wider holes in the central part of the particles. It
seems that the particles obtained after 30 min reaction time (Figure 5 (a,b)) have a larger amount of pores,
and those seem to be more superficial. These particles tend to show a smaller number of ridges; this would
mean that ridges are formed by the coalescence of the neighbouring pores at long enough deposition
times, since these ridges are more apparent at the central part of the particles as the deposition time is
extended. Also, the bigger contrast observed in the SEM images for the pores, would indicate that the
particles obtained at longer times show deeper pores. When the deposition time is 120 min the porosity is
less evident (see Figure 5(g,h)), which would corroborate the evaporation of the material to form the
smaller particles observed in the background and would be more pronounced at the rough faces, i.e. those
that contain the pores.
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Figure 5. Evolution of the thickness of the porous GaN layers with deposition
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piposte Effect of lé%%éﬁ?t. To synthesize porous GaN on Si substrates, it is necessary to coat the substrate with a
metallic catalyst'’. Here, we tested different catalysts with which we coated (100) Si substrates: Ni,
introduced as Ni(NO;), dissolved in ethanol, and 20 nm thick films of Ni, Au, Pt, and Ti deposited by RF
sputtering.

Figure 6. SEM pictures of nanoporous GaN grown on (100) Si with the use of different catalysts: (a) Ni(NOs),, (b) Ni, (c) Au,
(d) Pt, (e) and (f) Ti. The insets in figures (c) and (d) show a magnificated image of the interparticles porosity.

SEM pictures of as-grown GaN on (100) Si substrates shown in Figure 6 demonstrates that by using all
catalysts, GaN appears in the form of microsized nanoporous particles. The bigger particles were obtained
using Ni(NO3). as catalyst, while using Pt and Au we obtain smaller particles very homogenous in size. The
highest level of porosity was obtained, however, in the GaN particles synthesized using Ni(NOj),. It is
curious to notice that Ni, introduced as Ni(NO), or directly as metallic Ni has a different effect on the
morphology and porosity degree of the particles, despite Ni(NO3), is reduced to Ni under the reaction
conditions’’. This different effect on obtaining porous GaN might be attributed to the distribution of the
catalyst on the surface of the substrate. Agglomeration of big particles with high porosity were obtained
using Ni(NOs), as can be seen in Figure 6(a). However, as can be seen in Figure 6(b) the particles grown
on a continuous Ni film have an irregular shape and a lower degree of porosity. Porous GaN layers grown
using Pt and Au catalysts show a uniform coverage of the substrate with GaN particles (see Figure 6(c) and
6(d). These polycrystalline films show an interesting dual porosity since they present interparticle and
intraparticle pororosity, as defined in a previous publication '’. The level of intraparticle porosity is higher
when Pt is used (see insets in Figure 6(c) and (d)).

Porous GaN particles grown on Ti thin films have a totally different morphology, remembering the
shape of a sea star with a high level of
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Figure 7. X-ray diffraction patterns of nanoporous GaN obtained on (100) Si substrates coated with Ti and Ni(NO3)2. (a,b) Debye

rings recorded for both samples, respectively, and (c) diffraction patterns. The pattern of the GaN standard for JCPDS (00-050-
0792) has been included for comparison.

porosity. In this case it seems that GaN starts growing as an epitaxial layer on the substrate with a further
growth of nanoporous GaN particles on the top of it (see Figure 6(f)). This texturation of the film induced by
the catalyst is confirmed by the XRD pattern recorded for this sample shown in Figure 7. The non-uniform
distribution of intensity in the Debye rings observed with the GADDS detector (see Figure 7(a)) and the
different intensity of the diffraction peaks when compared to the reference XRD pattern for GaN (00-050-
0792) included in Figure 7(b) for comparison, reveal a texturation of the sample, although it is not trivial to
establish which is the preferential orientation of the particles, from the data obtained. This is more evident
when we compare this XRD pattern with any of those recorded for the porous GaN particles obtained using
other catalysts, corresponding to porous GaN particles obtained using Ni(NO3), as catalyst, that can be
seen in Figures 7(b) and (c).

Effect of the substrate. We have tested different substrates to ascertain if it might play a role in the
crystallographic orientation of the GaN particles. For this purpose we used amorphous SiO, (fused silica),
tungsten wire (W), (111) Silicon, and pyrolitic boron nitride (p-BN) as substrates. We have chosen these
substrates with the criterion of using an amorphous substrate (fused silica), a cubic substrate different than
Si and without a particular crystallographic orientation (W wire), and a substrate with hexagonal structure
(p-BN). We also tested (111) Si since it has been reported that (0001) GaN films can be deposited on these
substrates'®. Since this is the direction along which the pores are aligned, if can provide a way to orient the
porous GaN particles, the pores will be oriented at the same time, being perpendicular to the surface._In all
cases, with the exception of (111) Si, we sprayed an ethanolic solution of Ni(NO3), on the surface of the
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PiPostt Sibstrates to facilitate the nucleation of GaN. (111) Si substrates were coated with 20nm thick films of Au,
Pt, Ti, and W.

SEM pictures of the nanoporous GaN particles grown on these substrates reveal in all cases that
GaN appears in the form of hexagonal micron-sized nanoporous particles (see Figure 8). When using fused
silica, the level of porosity in the particles is low, with the pores more concentrated at the central part of the
particles, and with an elongated shape towards the external parts of the particles, instead of exhibiting the
round shapes observed up to now (see Figure 8(a)).

On the W wire, the density of particles is very high, which might induce to think that GaN particles
grow with a plate shape instead of the pyramids observed before (see Figure 8(b)). However, in the inset
included in this figure, it can be clearly seen that the individual particles have a similar morphology than
those obtained up to now.

GaN grown on (111) Si substrates coated with different catalyst appears in the form of microsized
nanoporous particles with a mean size particle of 2-5 uym (see Figures 8 (c-f). The lowest level of porosity
was obtained when W was used as catalyst (see Figure 8(f)). In most of the cases, nanowires were also
observed together with the porous particles specially when Au and Pt where used as catalyst (see insets of
Figures 8 (c-d). When Ti and W were used as catalyst it is observed at the edges of the sample the earlier
stages of epitaxial growth, but it fades away as we shift to the centre of the sample (see insets of Figures 8
(e-f). If we compare the particles obtained on (100) Si and (111) Si substrates coated with the same
catalyst, we observe that the GaN particles obtained on (111) Si substrates tend to be more irregular in
shape. According to these images, it seems that the combination of the substrate and the catalyst play a
big role in the morphology of the particles.

In the case of p-BN, a certain degree of alignment of the GaN particles can be observed since a
bigger number of pores perpendicular to the surface can be seen (see Figure 8(g)), however, and due to
the misalignment of the BN flakes that form p-BN, there are also particles with different crystallographic
orientations. Also the porosity degree in these particles is lower than in the other cases.

Despite these observations, XRD characterization of these samples did not reveal any preferential
growth along any particular direction in any of these samples, probably related to the fact that the interlayer
formed by the catalyst, and located between the substrate and the GaN layer, hampers the influence of the
structure of the substrate on the growing GaN layer.
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Figure 8. SEM images of the nanoporous GaN particles grown on different substrates: (a) SiO»- fused silica, (b) W, (c-f)
(111) Si coated with different catalysts (c) Au, (d) Pt, (e) Ti and (f) W and (g) pyrolitic BN.

Conclusions

We presented how different reaction parameters such as Ga holder, Ga quantity, deposition time,
catalyst and substrate influence on the nanoporous Ga particles morphology, size and porosity degree
grown by the direct reaction of metallic Ga and NH; in a CVD system. The Ga holder seems to have some
influence on the size of the pores and the formation of ridges on the nanoporous GaN particles, since it has
an influence on the earlier stages of evaporation and deposition of Ga on the substrate. Therefore the
geometry in which the Ga is contained affects to the first stages of its evaporation and deposition rate on
the substrate. The Ga quantity has an influence on coverage of the substrate with GaN particles.
Nevertheless, an excess of Ga is undesired since this excess of Ga is not evaporated and the formation of
additional nanoporous GaN particles is limited. The deposition time also controls the coating of the
substrate with nanoporous GaN particles. However, long deposition times lead to a decomposition of the
GaN particles previously formed, that disfigure their morphology with a later deposition of small nucleus of
GaN on the substrate. The catalyst plays two different roles: one is the control on the particle size and the
other is the crystallographic orientation of the as-grown particles. The influence on the particle size is due to
the metal alloy formed between the catalyst used and Ga and the size of the initial nucleuses that can be
formed. The second role is observed in the case of Ti, which leads to a texturation of the layer deposited on
the substrate. Finally, the substrate also plays an important role in the morphology and distribution of the
nanoporous GaN particles on its surface, although the interlayer formed by the catalyst hampers the
replication of the structure of the substrate by the porous GaN growing layer. With all these data analyzed
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we have more tools to control and manipulate the deposition conditions of porous GaN in order to obtain

the desired morphology, density, and porosity of the nanoporous GaN patrticles produced by CVD towards
the required application.
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ABSTRACT: Porous GaN crystals have been successfully grown and
electrically contacted simultaneously on Pt- and Au-coated silicon substrates
as porous crystals and as porous layers. By the direct reaction of metallic Ga
and NHj; gas through chemical vapor deposition, intermetallic metal-Ga alloys
form at the GaN—metal interface, allowing vapor—solid—solid seeding and
subsequent growth of porous GaN. Current—voltage and capacitance—voltage
measurements confirm that the intermetallic seed layers prevent interface
oxidation and give a high-quality reduced workfunction contact that allows
exceptionally low contact resistivities. Additionally, the simultaneous
formation of a lower workfunction intermetallic permits ohmic electron
transport to n-type GaN grown using high workfunction metals that best
catalyze the formation of porous GaN layers and may be employed to seed s
and ohmically contact a range of III-N compounds and alloys for broadband

1

Kl 1
Applied Voltage (V)

Au/Pt Porous GaN

absorption and emission.
KEYWORDS: porous GaN, ohmic electron transport

1. INTRODUCTION

GaN and its related alloys such as InN and AIN that span the
UV—vis—NIR spectrum have received much attention in the
realization of new devices for electronics, microwave, and
optoelectronics/photonics applications. With large bandgap
energies, high breakdown fields, large carrier velocities, and a
tolerance to high junction temperatures, the nitrides have a
myriad of possibilities, including LEDs," lasers for reading or
storing data on high density optical media, solar blind detectors,
biological monitoring, gas sensing,2 and high temperature/high
power electronics.

The discovery of light-emitting nanoporous Si* propelled
investigations of porosity formation in III-V and Group IV
semiconductors.””” Their unique properties compared to their
bulk counterparts® have advanced their use in sensors,
interfacial structures, and biomedical and catalysis applica-
tions.” ™! Generally, pore formation in semiconductors can be
obtained by anodizing them in a suitable electrolyte, under
proper conditions;'> however, the ability to form relatively
uniform, crystalline porous GaN layers over large areas through
complex etching without photolithographic masking or
processing is challenging. For GaN, both wet and dry etching
techniques have been unsuccessful in forming unique structures

-4 ACS Publications  © 2012 American Chemical Society
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of the material, and these methods can infer unwanted interface
states and surface contamination that can affect transport
properties by rendering the GaN surface more resistive. The
double issue of dry etching techniques increasing GaN
resistivity and wet etching techniques not as crystallographically
controllable for GaN as it is for other III—V semiconductors,
for example, can be alleviated by other growth methods
involving seeding processes, some of which, as will be shown
here, allow crystallographically delineated porous layers with
improved contact resistivities.

Until now, nanoporous GaN thin films have received
particular interest as buffer layers or templates for hetero-
epitaxial §rowth of lattice-mismatched materials with low defect
density.">™'®* The porous material decreases the number of
defects in the epitaxial layer, even when the lattice mismatch
between the substrate and the GaN epitaxial layer is large, and
it furthermore allows the growth of stress-realized epitaxies.'
Extensions to wider and narrow gap InN and AIN, respectively,
would allow the possibility of operation from the UV to IR
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wavelengths, and these materials are beginning to be
investigated on the nanoscale.'®™"®

Porous GaN has been typically fabricated by (photo)-
electrochemical and chemical etching methods,*” % giving
textured surfaces as a result of pore coalescence and variations
in etch rates for extended etching times. Metal catalysts are also
used to initiate growth through either a vapor—liquid—solid
(VLS)>?** or vapor—solid—solid (VSS)***® mechanism when
using molecular beam epitaxy (MBE) and chemical vapor
deposition (CVD), where the catalyst can influence the growth;
e.g., colloidal gold nanoparticles can initiate the growth of GaN
nanowires. Additionally, as the ohmic contact technology to
many III-N compounds is now well established”” the marriage
of seeded growth methods that infer alternative transport
properties is an approach that could allow for new contacts to
ternary and quaternary Ill-nitrides. Alternative techniques that
allow band structure modification while also facilitating the
direct growth of GaN, AIN, or InN, for example, with resulting
low resistivity, ohmic contacts are thus of significant
fundamental and commercial interest.

We produced porous GaN through the direct reaction of
metallic Ga with NH; in a simple chemical vapor deposition
(CvD) system.28 Micrometer sized nanoporous GaN particles
were grown directly onto boron nitride (BN) and silicon®
substrates using this technique without necessitating any
secondary electrochemical or electroless etching or subsequent
chemical treatment after growth to induce porosity. Further-
more, it is possible to deposit porous GaN directly onto Si
substrates in a single growth step. The development of porous
GaN augers well for new electronic and optoelectronic devices
with improved external quantum efficiencies, the incorporation
of phosphors for LEDs, and high surface area sensing.*>*'

Here, we report the successful growth and simultaneous
electrical contacting of nanoporous GaN grown using high
workfunction Au- and Pt-coated silicon substrates, through the
direct reaction of Ga and NH; in the CVD system. Au and Pt
both acted as a catalyst for the synthesis of porous GaN and
result in the formation of an intermetallic compound at the
GaN—metal interface that prevents oxidation of the GaN,
promotes vapor—solid—solid growth of porous, single crystals,
and in parallel allows for high-quality ohmic electrical contacts
to the porous layers facilitated by a significantly reduced
Schottky barrier height.

2. EXPERIMENTAL SECTION

2.1. Synthesis of GaN Particles. Nanoporous GaN microparticles
were deposited using a Chemical Vapor Deposition (CVD) system on
Au- and Pt-coated silicon (100) substrates with an area of 1 cm?, using
a horizontal single-zone split tubular furnace Thermolyne 79300.
Figure SI, Supporting Information, shows a schematic of the
experimental setup. The system consists of a quartz tube inside of
which a BN support is placed that holds the Si substrates during the
growth experiments. The BN support has a hole in its center that
allows exposure of the Si substrate to the Ga source. Gallium metal
(99.99%) and ammonia (>99.98%) were used as the Ga and N
sources, respectively. An excess amount of Ga was placed at the
bottom of the quartz tube, in close contact with the temperature-
controlling thermocouple. A 20 nm layer of Au or Pt was deposited on
Si substrates using an RF sputtering process (AJA International) at a
power of 150 W and a pressure of 3 mTorr. The coated substrate was
placed 2 cm above the Ga source as can be seen in the schematic of the
experimental setup shown in Figure S1 (Supporting Information). The
quartz tube of the furnace was degassed to a vacuum pressure of 1 X
1072 Torr, after which NH, was introduced through a mass-flow
controller at a flow rate of 75 sccm and the furnace heated to the
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reaction temperature of 1203 K at a rate of 100 K min™!, while the
pressure was kept at 15 Torr. The reaction was continued at this
temperature and pressure for 60 min under a constant flow of NH;.
Growth was halted by cooling to room temperature without NH; flow,
reducing the pressure to 1 X 107 Torr.

2.2. Characterization. The nanoporous GaN microparticles
deposited on the Si substrates as a porous layer were characterized
morphologically using a JEOL JSM 6400 scanning electron micro-
scope (SEM). Before observation, samples were coated with a thin
layer of gold with a Bal-Tec SCD004 sputterer.

Pore shapes, lengths, and propagation directions were analyzed by
focused ion beam (FIB)-based tomography, ie., time-resolved serial
slicing and imaging with a Zeiss 1540 Cross Beam microscope (see
Supporting Information). This dual beam system is equipped with a
FIB column with a Ga source and a high-resolution field emission
electron column. The FIB column stands at 52° to the electron
column, and the sample surface is perpendicular to the ion column.
The ion milling was performed using a 5 pA beam current to minimize
surface damage and material redeposition.

X-ray diffraction (XRD) spectra and imaging in 6—26 geometry of
the as-grown sample were made using Cu Ko radiation in a Bruker-
AXS D8-Discover diffractometer equipped with parallel incident beam
(Gébel mirror), vertical 6—0 goniometer, XYZ motorized stage, and a
General Area Diffraction Detection System (GADDS) HI-STAR
detector with a multiwire proportional counter of 30 X 30 cm? area
and 1024 X 1024 pixel density. Samples were placed directly on the
sample holder, and the area of interest was selected with the aid of a
video-laser focusing system. An X-ray collimator system allows the
analysis of 500 pm?® surface areas. The X-ray diffractometer was
operated at 40 kV and 40 mA to generate Cu Ka radiation. We
collected 2D XRD patterns covering a range of 26 between 20 and 85°
at a distance of 15 cm from the sample. The exposure time was 120 s
per frame. Identification of the crystalline phases was achieved by
comparison of the XRD diffractogram with the ICDD database using
Diffrac?™ Evaluation software (Bruker 2007).

High-resolution transmission electron microscopy (HRTEM) and
convergent beam electron diffraction (CBED) were conducted on a
JEOL 2100F FEGTEM operating at 200 kV and on a JEOL FEM
3000F TEM. Lattice resolution energy-dispersive X-ray analysis
(EDAX) was acquired using the EDX Genesis XM 4 system 60
detector.

Charge transport measurements through the porous GaN films
were conducted using two- and four-probe measurements using a dc-
voltage and an Agilent 34401A Digital Multimeter in a Peltier cell,
thermostatted to 295 K in a Faraday cage. Liquid metal contacts were
made using In—Ga eutectic blown into a sphere from a gold metallized
short borosilicate capillary tube, ensuring good wetting (several um?®)
to the rough top-surface morphology of the porous GaN and avoiding
electrical shorting to the underlying metallized silicon. Measurements
were made in two-probe, four-probe, and van der Pauw>> geometry.
Resistivity values were extracted from I-V curves in the high bias
regime (series resistance) and also from four-point probe measure-
ments. Capacitance—voltage analysis using gold Schottky contacts to
porous GaN was performed by scanning the applied potential at a rate
of 10 mV s™' with a superimposed AC signal with an amplitude of 15
mV at a frequency of 1 MHz.

3. RESULTS AND DISCUSSION

3.1. Morphological Characterization of Porous GaN.
The resulting nanoporous GaN structures, deposited on the
surfaces of Si substrates coated with Au and Pt, were
characterized morphologically by SEM. Figures 1(a) and (b)
show the typical porous GaN layer morphologies grown using
this approach, and in Figures 1(c) and (d) we observe that the
porous GaN particles have a characteristic morphology
consisting of faceted hourglass crystals with a mean size of
~1.5 pym end-to-end. The GaN crystals have smooth lateral
faces, while pores are observed on their basal planes, similar to
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Figure 1. SEM images of porous GaN particles grown on Si(100)
substrates coated with (a,c) 20 nm film of Au and (b,d) 20 nm film of
Pt. (e) Cross-sectional SEM images of the GaN layers for each system
(bottom left) and schematic representation of a sample of GaN
nanoporous particles grown on a Si substrate coated with Au showing
the interparticle and intraparticle porosity of the GaN layers (bottom
right).

those we observed on BN substrates®® or Si substrates coated
with Ni(NO;),.*” Crystal growth occurs progressively on the
surface with individual crystals ripening until a layer of porous
GaN microparticles covers the surface as a porous layer. The
particles obtained on the Si substrates coated with Pt showed a
higher degree of internal porosity, with the pores aligned along
the [0001] direction, than those grown from Au-coated Si
substrates. Figure S2 (Supporting Information) shows the
energy dispersive X-ray (EDX) spectra for these two samples,
showing the contents of Ga and N in these porous particles.
The concentration of N is lower than expected due to the low
atomic weight of this atom, which is difficult to detect by using
this technique.

The GaN layers are both microporous and mesoporous. The
microporosity stems from the free space between particles (see
Figures 1(c) and (d)), whereas the nanoscale mesoporosity
comes from internal pore features within the particles,
confirmed with time-resolved FIB-based tomography, shown
in Figure 2(a,b,c) together with the simulation of the external
morphology of the particle, shown in Figure 2(d). With this
technique, we analyzed the shape and length of the pores, as
well as their direction of propagation inside of the GaN
particles by removing the material, slice-by-slice, using ion-
milling, closer to the lateral surfaces of the GaN nanoporous
particle. The secondary electron images recorded concurrently
revealed straight pores with lengths similar to the dimension of
the GaN particles. These pores are parallel to the facet direction
and do not intersect nor branch, as can be seen in the video
milling sequence in the Supporting Information. In some cases,
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Figure 2. FIB tomography acquired with a milling current of 5 pA for
a duration of 160 s revealing the GaN intraparticle porosity (a,b,c) and
simulation of the morphology of the GaN crystal with terminating
crystal planes identified (d).

the initiation of epitaxial polycrystalline segments within an
hourglass crystal is also found as shown in Figure 2c. The
diameters of the pores ranged from 50 to 100 nm, with
negligible variation in diameter with length (nontapered). From
these images and the video recorded during the tomography
(see Supporting Information) performed on different GaN
particles, we conclude that the nanopores in the central part of
the GaN particles follow an orientation parallel to the [0001]
crystallographic direction. However, the nanopores found in
the outer portions of the GaN particles are parallel to the lateral
faces of these particles.

3.2. Structural Characterization of VSS Porous GaN.
The crystalline structure of the porous GaN particles deposited
on Si substrates coated with Au and Pt was analyzed using X-
ray diffraction. The XRD pattern shown in Figure 3(b) for GaN
grown on Au-coated Si substrates confirms crystalline wurtzite
GaN growth with a predominant diffraction intensity from low-
index crystal facets. The regions at which the (400) diffraction
peak of Si appears at 69.131° 20 have been excluded from the
measurement to avoid intensity saturation. This allows
observation of lower intensity reflections that are attributed
to crystalline SisN, and a crystalline Au—Ga intermetallic alloy
of cubic Ga,Au. We believe that the Si;N, formation is most
likely due to reaction between NH; and silicon accelerated by
the metallic catalyst.

The formation of the Au—Ga crystalline alloy, which occurs
here above the solid-solution formation temperature of 923 K,
confirms intermetallic seeding to form GaN by reaction with
NH; through a vapor—solid—solid process. The uniform
intensity of the Debye rings (along the curved ring portions
in Figure 3(c)) collected for porous GaN confirms that there is
no texturing in the layer of porous crystals (see Figure 3(c)).

HRTEM measurements were carried out to confirm the
crystallinity of the nanoporous GaN crystals. Figure 3(d) shows
low- and high-magnification HRTEM images of a typical
porous GaN particle. Pores are not directly observable here due
to the thickness of the crystal. In the high-magnification image,
the two-dimensional atomic structure of the GaN crystal is
resolved. In this figure we identified two different d-spacings of
0.52 and 0.28 nm corresponding to the (0001) and (10—10)
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Figure 3. (a) Mechanism of growth of the GaN nanoporous particles through the VSS process. (b) XRD pattern for porous GaN deposited on Au-
coated Si(100) showing the formation of crystalline GaN (ICDD 01—073—7289), Si;N, (ICDD 03—065—8613), and Ga,Au alloy (ICDD 01—071—
6479). (c) Debye rings recorded with a GADDS detector indicating no texturation of the porous GaN layer. (d) HRTEM image shows the presence
of a few stacking faults and the two-dimensional atomic structure with d-spacings for the (0001) and (10—10) planes. (e) SAED zone [11—20] axis
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Figure 4. (a) Bright-field TEM image of the Pt—Ga intermetallic islands formed at the GaN interface and (b) corresponding dark-field STEM image
with (c) corresponding line profiles of atomic concentration for the Ga La and Pt Ma X-rays. (Right) EDX maps confirming the presence of Pt and

Ga in most metallic islands on the silicon surface.

planes of the GaN structure. Figure 3(e) shows a selected area
electron diffraction (SAED) pattern taken from one of the
corners of the GaN porous particle. This diffraction pattern
corresponds to the wurtzite structure of GaN, confirming that
the nanoporous GaN particle is a single crystal. The existence
of some (0001) diffraction streaks that generated a splitting of
the diffraction intensity in the SAED patterns suggests the
existence of thin lamellar defects lying parallel to the (0001)
plane;*® stacking faults along the crystallographic c-axis can be
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seen in the HRTEM image in Figure 3(d). The growth of these
GaN nanoporous particles is assisted by a solid particle through
the vapor—solid—solid (VSS) mechanism, the main stages of
which are: the Ga incorporation into the Au or Pt solid phase
eutectic, the formation of a Ga—Au or Ga—Pt alloy, the
solubilization of nitrogen in the Ga—Au(Pt) alloy, and finally
the nucleation and growth of GaN (see Figure 3(a)).

For Pt-seeded VSS grown porous GaN, we examined the
surface of the silicon substrate directly underneath the GaN

dx.doi.org/10.1021/am3020668 | ACS Appl. Mater. Interfaces 2012, 4, 6927—6934
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crystals. Figure 4(a) shows a bright-fild TEM image of a Ve Ohmic contact

portion of the silicon substrate where the Pt—Ga seed crystals
(dark regions) are found. The seeds have characteristic faceted
morphology and shape, and the deposit comprises fused grains.
EDX analysis in Figure 4(b) confirms the presence of both Pt
and Ga, and while the intensity of Pt is greater as would be
expected, the atomic concentration of Ga follows that of Pt

Au/Pt

where the variation stems from increasing seed crystal volume P

along the line scan. Corresponding mapping of the intermetallic C N

Pt—Ga seeds in Figure 4 confirms that not all of the Pt particles = |

contain Ga, ie, that a proportion of the metallic seeds take up —~ s

Ga to form the intermetallic, but it should be noted that the site f::: N ]

of interest examined is taken from a region of the substrate = 10°E ‘ =

between fully grown GaN crystals. As with the Ga,Au seeds, the o B 1?2 Fd)I Ty © 13

Pt—Ga seeds are where VSS GaN growth starts, but a 8 © o 2 -

3

crystalline diffraction pattern is not found for this phase as 107 .0 k N _15k 13

readily as for Au-seeded GaN. F 150 Ll 30 L. 13
3.3. Electrical Characterization of Pt- and Au- S 210z T 240127

Contacted Porous GaN. An important consideration for 10 2 ' 1 ' 0 ' 1 ' 2

porous layers is that electrically they are sensitive to grain
boundary density, and when rough, the sheet and contact
resistances (p.) are influenced not only by the physical state of
the interface at the contact but also by the geometry. In all
cases, the ability to accurately evaluate the contacts is critical.
The standard techniques of linear transmission line measure-
ments (TLMs) and circular TLM (c-TLM) have been
established.'> For porous GaN specifically, the thickness is
determined by the size of the crystals and their assembly on the
surface, which results in a “rough” topology, with a high density
of grain boundary scattering centers. For thin GaN layers with
higher (than thick smooth epi-layers) sheet resistance (R,), the
accuracy of the TLM-type approaches becomes an issue. Here,
although the layers are quite thick compared to epi-layers of
GaN on LED structures for example, their R; values are
expected to be close to that of thin epi-layers. Thus, both TLM
and less geometrically sensitive van der Pauw measurements
were acquired to probe the transport mechanism but also the
contact resistivity and its contribution to the overall resistance,
a contribution that decreases with improving p..

Figure S shows the I-V curves from the porous GaN
catalyzed by Pt (Figure 5(a)) and also by Au (Figure 5(b)),
with the second contact placed on the underlying metal, as
shown schematically in Figure S. The In(I)—V curves show only
slight asymmetry indicative of near-ohmic, weak Schottky
barriers to Pt and Au. Consistently, the conductivity of porous
GaN grown from Pt is higher than that grown from Au. In such
cases, there is no detectable presence of any remaining Ga—Pt
phases between the catalyzed GaN and the contact metal. The
I-V curve of porous GaN—Pt in Figure 5c shows the low-bias
nonlinearity consistent with such a weak Schottky barrier. Both
contacts fit with thermionic emission theory, acknowledging a
near potential-independent high ideality factor for near-ohmic
barriers. In any diode, a number of transport mechanisms play a
role, including diffusion and tunneling currents in addition to
thermionic emission. At room temperature, the effective
linearity of the I-V response measured for porous GaN to
high work function metals, with an intermetallic seed layer
between the metal and GaN, is maintained at high bias. Since
the ideality factor does not change due to near-ohmic response,
the differential resistance and series resistance values are quite
similar, as will be shown below. The Schottky barrier height
(SBH) can still be estimated from
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Figure S. (Top) Schematic representation of the contacted porous
GaN layer. (Bottom) In(I)—V curves for porous GaN grown from (a)
Pt and (b) Au. (c) I-V curve for the porous GaN grown directly from
Pt and (d) I-V curves from two- and four-probe measurements using
In—Ga ohmic contacts to porous GaN.

I= Io[exp(%) - 1] W

where I, = AA**T* e}cp(—qgo"Bln/kT)33 where A** is the
effective Richardson constant. The estimated SBHs using the
theoretical value for the effective Richardson constant (26.4 A
cm™ K™2) for Pt and Au contacted porous GaN are 0.66 and
0.53 eV, respectively.

Effective ohmic contacts can form with n-type GaN
suggesting that the grain boundary scattering or resistivity
dominates transport through an alloyed interface that promotes
ohmic transport in a far from ideal diode arrangement where
current flow is through the contact. Two terminal transport
measurements (Figure Sd) acquired between the In—Ga ohmic
contacts showed perfect ohmicity. Corresponding four-probe
analysis gives sheet resistances for porous GaN films in the
range 4.3—4.9 kQ/[]. The van der Pauw measurements
confirm these values independent of contact area and effective
geometry on rough surfaces. Additionally, it is important to
note that deposited Pt (and Au) forms coarsened NP
distributions after the growth of GaN, due primarily to
temperature-mediated coalescence and ripening. For electrical
measurements, particle distributions confirm that both nearest-
neighbor distances and overall distribution of various non-
spherical particles prevent the formation of a percolating
conduction layer beneath the GaN; the electrical character-
ization is of the porous GaN polycrystalline layer.

Contact resistivities were determined with variable inter-
contact separation using the transmission line measurement
(TLM) approach. For the contact resistivity of the rough,
faceted top surface, we assume that the semiconductor sheet
resistance underneath the contacts remains unchanged. This is
reasonable since no alloyed contacts (referring to the drain
contact, not the interfacial metal—Ga layer) are used which is
known to affect sheet resistance.>* In spite of higher porosity
from Pt-grown porous GaN, low contact resistivities between
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22-4.1 X 107* Q cm? for Pt-catalyzed n-GaN and 5.9—8.8 X (@) 0.75——— — (b) 01— ; —
107* Q cm? from Au-mediated porous n-GaN layers are found. [ AugaN | [ Pt seeded.
Current flow from the porous GaN to the metal is assumed to 0.50 - i 1
flow horizontally through the intermetallic seed layer at the L . ) .
GaN interface and collected at the Au or Pt metallized silicon. < 0251 - ED; %M
Leakage currents from the slightly more resistive intermetallic 2 L 1=

seed layers are prevented by the formation of a crystalline T 0.00 5 0.01 4
dielectric Si;N, layer. This approach is valid as long as the 2 I 1< c ]
injection of current across the contact is uniform. The current 8 0251 i % C ]
spreading length, which is a measure of the effective length over i i
which current is injected into the porous GaN layer, is given by 0500 |

Lg = v/ (p./Rs) and holds for epi-layer systems with two ohmic | |

contacts. From a TLM measurement, we find that the 0750 1 . L B3l 1 L
contribution from the contacts to the overall series resistance 2 10 12 2 -1 0 1 2

between them scales with \/ p. as would be expected from a
double ohmic contact system, in spite of high workfunction
metals contacting a rough, n-type GaN layer. The accuracy of p,
is limited by its relative value compared to the total intercontact
resistance; lower p. relates to smaller contributions and
increased errors in its determination from TLM measurements
and the geometry of wetting liquid metal contacts to a rough,
faceted porous GaN layer, which is unavoidable. Definitive
nonlinearity in the I-V response and also variations in site-to-
site measurement can also contribute to these errors. Here, as
the GaN is unintentionally n-type and consequently has a more
uniform doping profile as a function of distance than
corresponding p-type layers which require temperature-
mediated activation, site-to-site variations were found to be
minimal and varied by ~0.6%.

Compared to the Rg values, it is clear that an effective ohmic
contact is formed, and sheet and series resistances through the
GaN layer are dominated by the layer structure. The overall
series resistance, R, to which the sheet and contact resistivities
contribute can also be determined from the thermionic
emission theory described above. In the presence of the
intermetallic contact, the transport is effective ohmic. The series
resistance can also be obtained from the differential
conductance through its proportionality to the current
according to

Applied Voltage (V)

Figure 6. Room temperature (a) I-V and (b) differential conductance
(d1(V)/dV) for Au- and Pt-seeded porous GaN layers.

seed layer interface is critical for removing the transport
Schottky barrier. The values match those of MBE grown GaN
thin films with Ti/Au alloy contacts after annealing to 973 K3
and are caused by the efficient interface between the metal and
the growing porous GaN. Additionally, since annealing at 1173
K is known to initially improve contact resistivities down to
1075 Q cm?* with ohmic Ti/Al contacts, continued heating at
this temperature for more than 40 s has been shown to result in
a drastic increase in p.>° The present method avoids this by the
use of noble metal contacts as catalysts and solid seed layers for
the GaN growth and as electrodes for transport measurements.

Capacitance—voltage analysis was performed by scanning the
applied potential at a rate of 10 mV s™' with a superimposed
AC signal with an amplitude of 15 mV at a frequency of 1 MHz
to determine the capacitance of the porous GaN under
depletion conditions. For these porous GaN layers, this
frequency was sufficient to sinusoidally vary the depletion
region width without unwanted contributions to capacitance
from the dielectric Si;N, present at the Ga,Au interface. Gold
contacts were made to the porous GaN and formed a Schottky
contact for the measurement. The 1/C*—V analysis in the

dI kT 1/1, - framework of the Mott—Schottky model, shown in Figure 7(a),
v =|Rs+ — UL -1 confirms an unintentional n-type GaN with a donor
1 0 @) concentration Nj, given by the slope N, = 2C*V/qee,
corresponding to a net impurity concentration™ in porous

For the thermionic emission-based transport through the
porous n-GaN layer, the reciprocal of dI/dV approaches Rg at
the higher currents, provided that the ideality factor remains
unchanged, which is the case here. The differential resistance is
plotted in Figure 6b. As observable from the I-V curves in
Figure 6a, the response from Pt contact porous GaN is slightly
less symmetric and thus has a slightly higher Schottky barrier,
giving very weak rectification with a reverse bias current that is
potential dependent. From Figure 6b, we find that the
differential conductance curves confirm this variation in contact
type, where porous GaN grown from a seed layer of Ga,Au
exhibits an essentially horizontal response indicative of a linear
I-V curve; the slope varies for Pt-seeded contacts consistent
with a slight nonlinearity in the I—V response and also a higher
overall (by a factor of 10—13) conductance compared to Au-
seeded porous n-GaN.

It is worth noting that the n-type contacts were effectively
ohmic as deposited and did not need any postdeposition
annealing to induce this effective ohmicity; such linear I-V
behavior is not found with Au contacts, and the intermetallic
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GaN of n = 1.6 X 10'® cm® using a dielectric constant & = 8.9
for GaN. These low values for unintentionally doped n-GaN
give a corresponding SBH from

0
Py, = eV, + eV, + kT (3)

where eV}, is the barrier height from the voltage intercept and
eV, =Ec, — Eg, 0£0.78 £ 0.1 eV and 0.62 & 0.1 eV for Pt-GaN
and Au-GaN, respectively. Minima in differential capacitance
indicating transition beyond depletion conditions are also
found close to the respective values for the built-in potential of
these Schottky junctions. These values are lower than standard
epi-layer of n-GaN, even when accounting for image force
lowering of the barrier height in this case. The Fermi level
energy with respect to the Pt and Au workfunction is markedly
reduced compared to standard values owing to the interfacial
alloy®” whose work function is less than the respective noble
metal, giving lower Schottky barriers to carrier transport
through the high grain-boundary density GaN layer. This is also

reflected in the carrier mobilities, which for a doping density of

dx.doi.org/10.1021/am3020668 | ACS Appl. Mater. Interfaces 2012, 4, 6927—6934
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Figure 7. (a) Interface capacitance and Mott—Schottky (1/C* — V)
profile for Pt- and Au-catalyzed porous GaN layers. (b) Proposed band
structure model for intermetallic interface phase formation acting as
the effective ohmic contact. The barrier with (solid line) and without
(dashed line) the presence of the intermetallic is shown.

effectively ~10' cm™ an average electronic mobility of ~208
cm?® V7! 57! is determined.

A plausible band structure for the interfacial intermetallic
contact is also shown in Figure 7(b), which shows the presence
of the Ga,Au interface, with its lower workfunction, between
the Au and GaN (a similar situation can be drawn when using
Pt rather than Au). With forward bias, electrons can easily
overcome the significantly reduced barriers, by thermionic-field
emission to inject into the Au or Pt from the intermetallic.
When the bias becomes negative, holes can tunnel through the
Au/intermetallic interface barrier and inject into the notch to
recombine with electrons. The contact resistance is markedly
reduced as it provides a recombination center for carriers giving
a linear I-V response.

For the low resistance contacts to a porous GaN layer, either
a low barrier Schottky contact forms with a graded band gap
interface or a tunnel contact is formed. From XRD analysis, a
crystalline Si;N, dielectric layer forms when deposition is
performed on silicon, just prior to continued VSS porous GaN
growth, and is not likely from N out-diffusion from the GaN.
The GaN, too, is not expected to decompose at 1203 K in
NH,,*® but the Au and Pt melting points are close to this
temperature. These metals solidify once the crystalline Ga,Au
solid phase is formed as the GaN interface. Oxide growth that
would increase the resistivity of the contact is also prevented at
this growth interface. To examine the reduction in effective
barrier height, we considered the possibility of the influence of
Ga,O; formation between the intermetallic and the GaN, as is
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widely known for metal contacts to GaN. The reduction in @3,
is thus correlated with the absence of an insulating oxide and is
detailed in the Supporting Information. The variance in Vj,
from the C—V measurements, as observed in many metal/GaN
systems, suggests Fermi-level pinning is not prevalent, and thus
we do not consider surface state-mediated conduction or gap
states to play a major role in effective ohmicity.

On Pt and Au, however, we confirm an intermetallic Ga,Au
phase typical of a VSS growth process which suggests a band
structure that promotes transport by lowering the Schottky
barrier by acting as a low barrier, ohmic contact to the GaN,
rather than forming a definitive tunnel contact which shows
ohmicity over a small potential range. In such a case, negative
differential resistance caused by carrier effective mass increases,
and reduction in mobility is prevented. The intermetallic
formation at the interface that allows the growth of the GaN
effectively acts as an intermetallic ohmic contact at the
semiconductor interface, and the method may be extended to
growing nanoscale III-N materials and alloys using metals that
are not typically employed for contacting, to give ohmic
response.

4. CONCLUSIONS

Porous GaN particles have been successfully grown as high
surface area layers from Pt- and Au-coated silicon substrates by
a vapor—solid—solid process. The particles form as a layer of
single-crystal particles with interparticle and intraparticle
porosity. Current—voltage and capacitance—voltage measure-
ments show near-ohmic transport through low-doped,
polycrystalline (as a layer), porous n-GaN without alloy
contacts or low work function metals. Metal—Ga intermetallic
alloy formation during vapor—solid—solid growth promotes
thermionic emission-based low-resistance ohmic transport
through the porous layer, and very low contact resistivities
are possible to the faceted, rough n-GaN surface. The ability of
contacting the GaN using such metals while at the same time
facilitating the growth in a high surface area, crystalline porous
network, including intraparticle pores, gives opportunities for
superior diode-based optoelectronics and sensing and also
metallic or colloidal quantum dot inclusions to tune broad-band
light emission characteristics. The overall method of using
intermetallic as ohmic contacts could also be applied to
simultaneously grow and contact nanoscale III-N compounds
for optoelectronic devices.

B ASSOCIATED CONTENT

© Supporting Information

A document with further details on the crystal growth setup
(Figure S1) and energy dispersive X-ray (EDX) spectra for
GaN samples grown on Si(100) substrates and coated with Pt
and Au catalysts (Figure S2) is provided. The document also
includes a short discussion about the effect that an interfacial
oxide between the intermetallic layer and porous GaN would
have on the electrical performance of the samples. Finally, a
video showing the results obtained in time-resolved FIB
tomography of a single porous GaN particle is also included
to illustrate the intraporosity of the samples. This material is
available free of charge via the Internet at http://pubs.acs.org.
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ABSTRACT

Porous GaN crystals have been grown on Pt- and Au- coated silicon substrates as porous crystals and as porous layers.
By the direct reaction of metallic Ga and NH; gas in a CVD system, intermetallic metal-Ga alloys formed at the interface
allow the seeding and growth of porous GaN by vapor-solid-solid processes. Current-voltage and capacitance-voltage
measurements confirm that the intermetallic seed layers result in near-ohmic contacts to porous n-GaN with low contact
resistivities.

Keywords: Porous GaN, ohmic electron transport

1. INTRODUCTION

Gallium nitride (GaN) is considered one of the most important wide band-gap semiconductors for a number of
applications in electronics and optoelectronics®. In its porous form, GaN has received particular interest in the last decade
due to beneficial optical and electronic properties for gas sensors with high sensitivity?, and light-emitting diodes (LEDs)
with high light extraction efficiency®. Porous GaN has been typically fabricated by (photo)electrochemical and chemical
etching methods*”, giving textured surfaces as a result of pore coalescence and variations in etch rates for extended
etching times.

We produced porous GaN through the direct reaction of metallic Ga with NH; in a simple chemical vapor deposition
(CVD) system®. Using this procedure we have been able to deposit micrometer size nanoporous GaN particles directly
onto boron nitride (BN)® and silicon® substrates without necessitating any secondary etching or chemical treatment after
growth to induce porosity. Furthermore, by using this technique we have demonstrated that it is possible to deposit
porous GaN directly onto Si substrates in a single growth step. The only requirement, when depositing such porous
particles on silicon substrates is that it is necessary to use a metal catalyst to induce the crystal growth of GaN. Metal
catalysts are typically used to initiate growth through either a vapour-liquid-solid (VLS)™ or vapor-solid-solid (VSS)*
mechanism when using molecular beam epitaxy (MBE) and chemical vapor deposition (CVD), where the catalyst can
influence the growth, e.g. colloidal gold nanoparticles can initiate the growth of GaN nanowires.

The development of porous GaN augers well for new electronic and optoelectronic devices with improved external
quantum efficiencies, the incorporation of phosphors for LEDs, and high surface area sensing. However, the electrical
properties of porous GaN and their correlation to its growth, have been scarcely reported in the literature.

Gallium Nitride Materials and Devices VIII, edited by Jen-Inn Chyi, Yasushi Nanishi, Hadis Morkog,
Joachim Piprek, Euijoon Yoon, Hiroshi Fujioka, Proc. of SPIE Vol. 8625, 86250T - © 2013 SPIE
CCC code: 0277-786X/13/$18 - doi: 10.1117/12.2003949
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In this paper, we report the successful growth and simultaneous electrical contacting of nanoporous GaN grown using
high workfunction Au- and Pt-coated silicon substrates, through the direct reaction of Ga and NH; in the CVD system.
Au and Pt acted both as catalyst for the synthesis of porous GaN and as electrodes for the electrical characterization of
the porous layers. The electrical measurements demonstrate the influence of the growth mechanism so that near-ohmic
contacts can be made to n-type porous GaN layers using high workfunction metals (Au and Pt) which also form
intermetallic seed layers to support vapor-solid-solid (VVSS) growth of the porous GaN crystals.

2. EXPERIMENTAL

2.1 Synthesis of GaN particles

Nanoporous GaN microparticles were deposited on Au- and Pt-coated silicon (100) substrates with an area of 1 cm?,
using a horizontal single zone split tubular furnace Thermolyne 79300. Gallium metal (99.99%) and ammonia
(>99.98%) were used as the Ga and N sources, respectively. A 20 nm layer of Au or Pt was deposited on the Si
substrates using a RF sputtering process (AJA International) at a power of 150 W and a pressure of 3 mTorr. The coated
substrate was then placed 2 cm above the Ga source. The quartz tube of the furnace was degassed to a vacuum pressure
of 1 x 10 Torr, after which NH; was introduced through a mass-flow controller at a flow rate of 75 sccm and the
furnace heated to the reaction temperature of 1203 K at a rate of 100 K min™, while the pressure was kept at 15 Torr. The
reaction was continued at this temperature and pressure for 60 min under a constant flow of NH3. Growth was halted by
cooling to room temperature without NH5 flow, reducing the pressure to 1 x 10% Torr. Figure 1 shows a schematic
representation of the growth set-up used.

Si substrate

Quartz tube

Thermocouple

Gallium

Heaters

Figure 1. Growth set-up used to produce porous GaN layers on catalyst metal coated Si (100) substrates.
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2.2 Structural and morphological characterization

X-ray diffraction (XRD) spectra and imaging in 6-26 geometry of the as-grown sample were made using Cu Ka
radiation in a Bruker-AXS D8-Discover diffractometer equipped with parallel incident beam (Gobel mirror), vertical 6-6
goniometer, XYZ motorized stage and a General Area Diffraction Detection System (GADDS) HI-STAR detector with a
multiwire proportional counter of area 30 x 30 cm and 1024 x 1024 pixel density. Samples were placed directly on the
sample holder and the area of interest was selected with the aid of a video-laser focusing system. An X-ray collimator
system allows to analyze areas of 500pum. The X-ray diffractometer was operated at 40 kV and 40 mA to generate Cu Ka
radiation. We collected 2D XRD patterns covering a range of 20 between 20 - 85° at a distance of 15 cm from the
sample. The exposure time was 120 s per frame. Identification of the crystalline phases was achieved by comparison of
the XRD diffractogram with the ICDD database using Diffrac™ Evaluation software (Bruker 2007).

The nanoporous GaN microparticles deposited on the Si substrates as a porous layer were characterized morphologically
using a JEOL JSM 6400 scanning electron microscope (SEM). Before observation samples were coated with a thin layer
of gold with a Bal-Tec SCD004 spultterer.

2.3 Electrical characterization

Charge transport measurements through the porous GaN films were conducted using 2- and 4-probe measurements using
a dc-voltage course and an Agilent 34401A Digital Multimeter in a Peltier cell, thermostated to 295 K in a Faraday cage.
Liquid metal contacts were made using In-Ga eutectic blown into a sphere from a gold metallized short borosilicate
capillary tube ensuring good wetting (several um?) to the rough top-surface morphology of the porous GaN and avoid
electrical shorting to the underlying metallized silicon. Measurements were made in 2 probe, 4-probe and van der Pauw'?
geometry. Resistivity values were extracted from I-V curves in the high bias regime (series resistance) and also from 4-
point probe measurements.

3. RESULS AND DISCUSSIONS

3.1 Morphological characterization

Figures 2 (a) and (b) confirm that the porous GaN particles have a characteristic morphology consisting of faceted
hourglass crystals with a mean size of ~1.5 um. Crystal growth occurs progressively on the surface with individual
crystals ripening until a layer of porous GaN microparticles covers the surface as a porous layer. The GaN layers are
both microporous and mesoporous. The microporosity stems from the free space between particles (see Figure 2 (c)),
whereas the nanoscale mesoporosity comes from internal pore features within the particles, confirmed with time-
resolved focused ion beam (FIB) based tomography™. The particles obtained on the Si substrates coated with Pt showed
a higher degree of internal porosity than those grown from Au-coated Si substrates.
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Figure 2. SEM image of porous GaN particles grown on Si (100) substrates coated with (a) 20 nm film of Au and (b) 20 nm
film of Pt. (c) SEM cross sections showing interparticle porosity of the GaN layer.

We believe that the growth of these GaN nanoporous particles is assisted by a solid particle through the vapour—solid—
solid (VSS) mechanism, the main stages of which are: the Ga incorporation into the Au or Pt solid phase eutectic, the
formation of a Ga-Au or Ga-Pt alloy, the solubilisation of nitrogen on the Ga-Au(Pt) alloy, and finally the nucleation and
growth of GaN.

3.2 Structural characterization

The crystalline structure of the porous GaN particles deposited on Si substrates coated with Au and Pt was analysed
using X-ray diffraction. The XRD pattern shown in Figure 3 (a) for GaN grown on Au-coated Si substrates, confirms
crystalline wurtzite GaN growth with a predominant diffraction intensity from low-index crystal facets. The regions at
which the (400) diffraction peak of Si should appear (69.131°) has been excluded from the measurement to avoid
problems of intensity saturation. This allows observation of lower intensity reflections that are attributed to crystalline
SisN, and a crystalline Au-Ga intermetallic alloy of cubic Ga,Au. We believe that the SisN, formation is most likely due
to the reaction between NH; and silicon accelerated by the metallic catalyst. The formation of the Au-Ga crystalline
alloy, which occurs here above the solid-solution formation temperature of 923 K, confirms intermetallic seeding to form
GaN by reaction with NH3 through a vapor-solid-solid process. The uniform intensity of the Debye rings (along the
curved ring portions in Fig. 3b) collected for porous GaN confirms that there is no texturation of the layer of porous
crystals (see Figure 3 (b)). For porous GaN grown on Pt-coated substrates, similar results were obtained, although we
could not identify the formation of any specific crystalline Pt-Ga alloy, as can be seen in Figure 3(c) and (d).

Proc. of SPIE Vol. 8625



UNIVERSITAT ROVIRA I VIRGILI

NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Diposit Legal: T 1557-2014

| _[ T T T | T | T | T | _I | T T | T |
- (a) (90 eGaN - - (c)  (1071) ocan
- vGaAu | L (1010) i
gy (1010) - °
S L . 4 s Lk -
I I |
% B (1120) | 2
c ® 7]
O L Si (substrate) | c
2 , ) 3
= L an (220) e/ - E
v ¥ e(311) Lu; ..'_,-
| £ ]
W | W"‘\““r—‘ﬁ"'w—w‘ r\""")\(kjl*w-m"-ln-r*—
20 30 40 50 60 70 80 20 30 40 50 60 70 80

26 (degrees) _ 26 (degrees)

Figure 3. (a) XRD pattern for porous GaN deposited on Au-coated Si(100) showing the formation of crystalline GaN (ICDD
01-073-7289), Si;N, (ICDD 03-065-8613) and Ga,Au alloy (ICDD 01-071-6479). (b) Debye rings recorded with GADDS
detector indicating no texturation of the porous GaN layer. (¢c) XRD pattern for porous GaN deposited on Pt-coated Si(100)
showing the formation of crystalline GaN (ICDD 01-073-7289) and Si;N, (ICDD 03-065-8613). (d) Debye rings recorded
with GADDS detector indicating no texturation of the porous GaN layer.

3.3 Electrical characterization of Pt- and Au-contacted porous GaN

Figure 4 shows the I-V curves from the porous GaN catalyzed by Pt (Figure 4a) and also by Au (Figure 4b), with the
second contact placed on the underlying metal which was under heating to 1203K in NH3. The In(1)-V curves show only
slight asymmetry indicative of near ohmic, weak Schottky barriers of Pt and Au. Consistently, the conductivity of porous
GaN grown from Pt is higher than that grown from Au, in spite of the higher workfunction. The I-V curve of porous
GaN-Pt in Figure 5(a) shows the low-bias non-linearity consistent with a weak Schottky barrier. Both contacts are
described using the thermionic emission theory, acknowledging a high ideality factor for weak barriers. The Schottly
barrier height can still be estimated from:

| = I{exp(%j—l} (€

where I, = AA**T?%exp(-g¢% /kT)** where A** is the effective Richardson constant. The estimated Schottky barrier
heights using the theoretical value for the effective Richardson constant (26.4 A cm™ K) for Pt and Au contacted porous
GaN are 0.66 eV and 0.53 eV, respectively.

In spite of the higher porosity from Pt-grown porous GaN, the contact resistivity of the Pt contact is 2 — 4 x 10* Q cm?
while that of the gold contact is 6 — 9 x 10* Q cm? Thus the interface dominated the transport more than the
crystallinity or morphology of the porous microstructure, and effective ohmic contacts can form with n-type GaN. Two
terminal transport measurements (Figure 5b) acquired between the In-Ga ohmic contacts showed perfect ohmicity from
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which low contact resistivities were determined with variable intercontact separation using the TLM approach and found
to be in the range 1.7 — 4.4 x 10™* Q cm?, in spite of the multifaceted, porous morphology. Corresponding 4-probe
analysis gives sheet resistances for porous GaN films in the range 43-49 kQ/o, which is higher than compact thin film
forms as expected from a layer comprising microcrystals in intimate contact. The van der Pauw geometry measurements
confirm these values with an average of 43 kQ, independent of contact area on rough surfaces. The values, that match
those of MBE grown GaN thin films with Ti/Au alloy contacts after annealing to 973 K, are caused by the efficient
interface between the metal and the growing porous GaN®. Additionally, although annealing at 1173 K is known to initial
improve contact resistivities down to the 10 Q cm? with Ti/Al contacts, continued heating at this temperature for more
than 40 seconds results in a drastic increase in contact resistance®. The present method avoids this by the use of noble
metal contacts as catalysts for the GaN growth.
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Figure 4. In(1)-V curves for porous GaN grown from (a) Pt and (b) Au.
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Figure 5. (a) I-V curve for the porous GaN grown directly from Pt and (b) I-V curves from 2- and 4-probe measurements
using In-Ga ohmic contacts to porous GaN.
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Capacitance-voltage analysis was performed by scanning the applied potential at a rate of 10 mV s™* with a superimposed
AC signal with an amplitude of 15 mV at a frequency of 1 MHz to determine the capacitance of the porous GaN under
depletion conditions. For these porous GaN layers, this frequency was sufficient to sinusoidally vary the depletion region
width without unwanted contributions to capacitance from the dielectric SizN4 present on the Ga,Au interface. Gold
contacts made to the porous GaN formed a Schottky contact for the measurement. The 1/C2-V analysis in the framework
of the Mott-Schottky model, shown in Figure 6, confirms an n-type semiconductor with a donor concentration Np given
by the slope Np = 2C?/gee, corresponding to a net impurity concentration® in porous GaN of n = 1.6 x 10" cm® using a
dielectric constant ¢ = 8.9 for GaN. These low values for unintentionally doped n-GaN give a corresponding Schottky
barrier height from:

@%sn =€V, +6V, +KkT @)

where eVy; is the barrier height from the voltage intercept and eV, = Ec,— E, 0f 0.78 £ 0.1 eV and 0.62 = 0.1 eV for Pt-
GaN and Au-GaN respectively. The Fermi level energy with respect to the Pt and Au workfunction is markedly reduced
compared to standard values due to the formation of an interfacial alloy™ between Ga and those metals, whose work
function is less than the respective noble metal, giving lower Schottky barriers to carrier transport through the high grain-
boundary density GaN layer. This is also reflected in the carrier mobilities, which for a doping density of effectively
~10' cm®, the mobilities are only ~208 cm® V! s,
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Figure 6. AC current and corresponding depletion layer capacitance plotted as 1/C2— V for Pt and Au catalyzed porous GaN
layers.

For the low resistance contacts to a porous GaN layer either a low barrier Schottky contact forms with a graded band-gap
interface or a tunnel contact is formed. From XRD analysis, a crystalline SizN,4 dielectric layer forms when deposition is
performed on silicon, just prior to continued VSS porous GaN growth and is not likely from N out-diffusion from the
GaN. The GaN too, is not expected to decompose at 1203 K in NH; (it would at a slightly higher temperature in
vacuum)®’, but the Au and Pt melting points are close to this temperature. These metals solidify once the crystalline
intermetallic Ga,Au solid phase is formed. Oxide growth that would increase the resistivity of the contact is also
prevented. The intermetallic Ga,Au phase suggests a band structure that promotes transport by lowering the Schottky
barrier such as metal-induced gap states, rather than forming a definitive tunnel contact which shows ohmicity over a
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small potential range, so that a negative differential resistance regime caused by carrier effective mass increases and
reduction in mobility, is prevented. If tunnelling currents were to play a role and give high ideality factor consistent with
a very poorly rectifying contact, the multiple heterojunctions through which tunnelling currents can flow would be
required, and this is not the case for the ohmic and near-ohmic contacts to porous GaN.

4. CONCLUSIONS

In summary, porous GaN particles have been successfully grown as high surface area layers from Pt- and Au- coated
silicon substrates by a vapor-solid-solid process. The particles form as a layer of single-crystal particles with interparticle
and intraparticle porosity. Current-voltage and capacitance-voltage measurements show near-ohmic transport through
low-doped, polycrystalline (as a layer), porous n-GaN without alloy contacts or low work function metals. Metal-Ga
intermetallic alloy formation during vapor-solid-solid growth promotes thermionic emission-based low-resistance ochmic
transport through the porous layer and very low contact resistivities are possible to the faceted, rough n-GaN surface.
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Chemical Vapor Deposition of Porous GaN Particles

on Silicon
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Abstract: We present a technique for the direct deposition of nanoporous GaN particles on Si substrates
without requiring any post-growth treatment. The internal morphology of the nanoporous GaN particles
deposited on Si substrates by using a simple chemical vapor deposition approach was investigated, and straight
nanopores with diameters ranging between 50 and 100 nm were observed. Cathodoluminescence characteriza-
tion revealed a sharp and well-defined near band-edge emission at ~365 nm. This approach simplifies other
methods used for this purpose, such as etching and corrosion techniques that can damage the semiconductor

structure and modify its properties.

Key words: IlI-nitrides, chemical vapor deposition, nanoporous semiconductors, cathodoluminescence, fo-

cused ion beam, silicon technology

INTRODUCTION

The unique properties that porous semiconductor materials
exhibit compared to their bulk counterparts (Bressets et al.,
1992) have propelled the utilization of these materials in the
fabrication of enhanced devices for advanced microelectron-
ics, sensors, interfacial structures, and catalysis. The actual
application of these materials does, however, critically hinge
on the development of processing methods able to precisely
control the optical and electrical properties of the resulting
porous materials.

Porosification in semiconductors can be obtained by
anodization in a suitable electrolyte (Foll et al., 2006), which
depends on many parameters that require complex equip-
ment for their control. This, together with the fact that
many electrolytes are highly toxic and/or corrosive, provides
the motivation to develop new approaches to produce po-
rous semiconductors that overcome these limitations and
provide a “greener” technology. Chemical vapor deposition
(CVD) technology has also been used, in some cases, to
produce porous semiconductors. For instance, noncrystal-
line porous Si (Stoger et al., 1999), porous boron carbo-
nitride nanotubular fibers (Yin et al., 2005), and more
recently porous SiC (Zangooie et al., 2000) were fabricated
by this technique, but in any case these structures were
deposited on Si substrates.

Among all of these materials, wide band-gap semicon-
ductors, and especially GaN, are expected to potentially
contribute to the advancement of novel technologies in
magnetism, catalysis, and biotechnology (Féll et al., 2006).
Preexisting technologies for the fabrication of porous

Received September 9, 2010; accepted April 15, 2012
*Corresponding author. E-mail: joanjosep.carvajal@urv.cat
TCurrently at GE Global Research, Niskayuna, NY 12309, USA

GaN involve several costly post-growth treatments based
mainly in corrosion methods to induce the porosity in the
samples, such as electrolytic etching (Li et al., 2002), elec-
troless direct- and metal-assisted chemical etching (Diaz
et al., 2003; Qhalid Fareed et al., 2004), dry etching (Myn-
baeva et al.,, 2000), anodization processes (Pakes et al.,
2003), and inductively plasma etching through anodic alu-
mina films (Wang et al., 2004). Other methods used to
produce porous GaN include the thermal treatment of
GaAs layers in H, ambient (Ghosh et al., 2003), the trans-
amination of Ga,(NMe,)s in an aprotic solvent or its
pyrolysis under an ammonia atmosphere (Chaplais et al.,
2003; Chaplais & Kaskel, 2004), and the bombardment of
GaN layers by heavy ions (Kucheyev et al., 2000). Metal-
organic CVD has also been used to produce porous colum-
nar GaN on Al,O; substrates (Wohlfart et al., 2001). More
recently, we also produced porous GaN on BN substrates by
a simple CVD technique (Carvajal & Rojo, 2009).

Up to now, nanoporous GaN thin films have found
application as buffer layers or templates for heteroepitaxial
growth of lattice-mismatched materials with a low density
of defects (Mynbaeva et al., 1999; Ghosh et al., 2003; Qhalid
Fareed et al., 2004). Furthermore, the strong photoresponse
that this porous semiconductor exhibits (Mynbaeva et al.,
2001) makes it attractive for the development of sensors
and detectors operating in the visible and the ultraviolet
(UV) wavelengths of the electromagnetic spectrum.

Despite its interest, an additional major difficulty for
the practical application of porous GaN appears with the
lack of simple routes for its integration on the most com-
mon semiconductor technologies, based on silicon.

Here we present a new process of integrating nanopo-
rous GaN particles on Si substrates by using only a simple
chemical vapor deposition approach based on the direct
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reaction of gallium and ammonia catalyzed by Ni that does
not require any post-growth treatment to induce the
porosity. This is the first time that a nanoporous semi-
conductor has been obtained on Si substrates using this
technique. This approach is simpler and less costly than
preexisting technologies. Also, it does not use corrosive
electrolytes or toxic metallorganic compounds, allowing for
the generation of a green technology for the production of
porous GaN. In addition, this is the first time that integra-
tion of nanoporous GaN on silicon substrates has been
reported, to the best of our knowledge, facilitating the
application of this porous semiconductor to the general
optoelectronics industry.

MATERIALS AND METHODS

Crystal Growth of the Nanoporous GaN Particles

We grew nanoporous GaN micron-sized particles by the
direct reaction of metallic Ga with ammonia in a tubular
CVD system (Carvajal & Rojo, 2009). We placed an excess
amount of pure metal Ga (99.99999%, metal basis) at the
bottom of the quartz tube of the furnace. One and two inch
(111)- and (001)-oriented silicon wafers were placed above
the Ga source at a vertical distance of 2.2 cm. Prior to their
introduction in the furnace, the substrates were cleaned for
5 min in boiling acetone, followed by 5 min in boiling
ethanol. In all these experiments we used Ni(NO;), as
catalyst that was crucial for the nucleation of the nanopo-
rous GaN micron-sized particles of Si substrates because we
observed that without the use of a catalyst GaN did not
form on the surface of the Si substrates. With temperature
and under a reducing atmosphere, Ni(NO;), reduces to Ni
and form droplets on the surface of the substrate. Ni has
been used as catalyst for the nucleation of GaN nanowires
on Si substrates through the vapor-liquid-solid mechanism
(Chen et al., 2001). The catalyst was deposited on the
surface of the substrate by dipping it in an ethanolic solu-
tion of Ni(NO;),. After that, ethanol was evaporated in air,
prior to the introduction of the substrates into the furnace.
Ammonia (99.999%, Spec Gas Inc., Ivyland, PA, USA) was
then introduced through a mass-flow controller at a rate of
75 sccm, and the furnace was heated up to the reaction
temperature (1073-1173 K) at a heating rate of 100 K/min.
Then, the furnace was kept at this temperature for 60 min
under a constant flow of NH;. The total pressure of the
system was kept at 15 Torr (2 kPa) during the experiments.
Finally, we cooled down the furnace to room temperature
while we stopped the ammonia flow.

The samples have been identified by indicating the
substrate on which they have been grown and the temper-
ature at which the reaction was developed. The flow of
NH;, the time of reaction, and the pressure of the sys-
tem were kept constant for all experiments, thus no infor-
mation about these parameters was necessary in the
identification of the samples. So, a sample labeled as Si-111-
1123 corresponds to a sample grown on a Si (111) substrate
at 1123 K.

Characterization

0-26 X-ray diffraction scans and imaging of the as-grown
samples were performed in a Bruker-AXS D8-Discover
diffractometer (Bruker, Karlsruhe, Germany) with parallel
incident beam (Gobel mirror) and vertical goniometer,
equipped with a collimator for the X-ray beam of 500 um
and a General Area Detector Diffraction System (GADDS)
detector.* Cu radiation was obtained from a copper X-ray
tube operated at 40 kV and 40 mA. Data were recorded in
three different steps with area detector by performing a
w-scan with a frame width of 15° in the 26 range 33-63°
with an integration time of 120 s/frame.

To analyze the pore shapes, lengths, and propagation
directions, we used focused ion beam (FIB)-based tomogra-
phy, i.e., serial slicing and imaging, with a Zeiss 1540 Cross
Beam microscope (Carl Zeiss, Oberkochen, Germany).
This dual beam system is equipped with a FIB column with
a Ga source and a high-resolution field emission electron
column. The FIB column is standing at 52° of the elec-
tron column, and the sample surface is perpendicular to the
ion column. The ion milling was performed using a 5 pA
beam current to minimize surface damaging and materials
redeposition.

Room temperature cathodoluminescence (CL) imaging
and spectroscopy were performed in a field emission scan-
ning electron microscope (Zeiss Supra 55) operating at
4 keV and 200 pA using a Gatan (Pleasanton, CA, USA)
MonoCL 2 system and a Hamamatsu (Hamamatsu City,
Japan) photomultiplier tube (R2228) over a scanned area of
4,000 um? All spectra were corrected for the monochroma-
tor and detector response and normalized to maximum
intensity.

RESuLTS AND DiscussioN

Crystal Growth of the Nanoporous GaN Particles

The resulting nanoporous GaN structures, deposited on the
surfaces of the Si substrates facing to the Ga source, were
characterized morphologically by scanning electron micros-
copy (SEM). The particles, with diameters between 200 nm
and 10 wm depending on the temperature of growth, showed
in all cases a prismatic shape resembling a hexagonal pyra-
mid with smooth lateral faces, but with pores from 30 nm
up to 1.5 um in diameter in their basal planes, in a similar
way to those obtained previously on nanoporous GaN de-
posited on boron nitride substrates (Carvajal & Rojo, 2009).
The walls between the smallest pores had thicknesses
<50 nm.

In general, the external morphology of the GaN nano-
porous particles indicates that the growth orientation is
parallel to the (0001) direction, with their basal (0002)
planes perpendicular to this direction, and their lateral faces
constituted by planes of the {1011} family.

aThe GADDS detector was 30 X 30 cm? with a 1024 X 1024 pixel
charge-coupled device sensor.
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Figure 1. SEM pictures of GaN nanoporous particles deposited on (a) Si-100-1143 and (b) Si-111-1143 samples,
showing the results obtained on two Si substrates with different crystallographic orientation, (100) and (111),

respectively. The SEM pictures show the plane of the samples on which porosity has been observed.

Figure 2. SEM pictures of GaN nanoporous particles obtained on samples (a) Si-111-1073, (b) Si-111-1143, and
(c) Si-111-1173, grown on Si (111) substrates at three different temperatures, ranging from 1,073 to 1,173 K.

Nanoporous GaN particles obtained on Si (100) and Si
(111) substrates showed similar features, with nanopores
only found on the basal (0002) planes, as can be seen in
Figure 1 for samples Si-100-1143 and Si-111-1143. In the
central parts of the basal planes, nanopores seem to coalesce
to form ridges. The degree of porosity in both cases is very
similar, although the diameters of the smallest pores ob-
served seem to be smaller in the particles obtained in Si
(111) substrates, especially in the areas near the edges of the
basal planes.

The size of the GaN particles and the induced porosity
seem to be highly dependent on the temperature used in the
growth process. Figure 2 shows scanning electron micro-
graphs of GaN nanoporous particles obtained on samples
Si-111-1073, Si-111-1143, and Si-111-1173. Although in
these samples we always obtained GaN nanoporous parti-
cles with a similar morphology, their sizes and the diam-
eters of the pores changed.

For instance, in sample Si-111-1073, small nanoporous
particles with sizes around 200 nm are obtained (see Fig. 2a).
These particles show the smallest nanopores observed in the
GaN particles analyzed. A large quantity of GaN nanowires
was obtained together with the nanoparticles.

In samples Si-111-1143 and Si-111-1173, GaN nanopo-
rous particles with sizes around 3 wm were obtained. These
particles are shown in Figures 2b and 2c. In these particles

we observed a tendency to the coalescence of the pores as
the temperature increased. Particles obtained in sample
Si-111-1143 show a large number of discrete pores (see
Fig. 2b), and only some pores in the center of the basal
plane of the particle started to coalesce forming ridges. The
tendency to the formation of these ridges increased with
increasing the temperature, and the particles obtained in
sample Si-111-1173 show several ridges originating from
the central part of the basal planes of the particles and
extending to the edges of these basal planes, distributed in a
star configuration (see Fig. 2c).

By X-ray diffraction we examined the crystalline struc-
ture of these nanoporous GaN particles deposited on Si
(100) and (111) substrates. Figures 3a and 3b show the
X-ray powder diffraction patterns obtained on these nano-
porous particles obtained on samples Si-100-1143 and Si-
111-1143, respectively. The regions at which the (111) and
(400) diffraction peaks of Si should appear (28.443° and
69.131°, respectively) have been excluded to avoid problems
of intensity saturation in the detector. In the two cases the
hexagonal wurtzite GaN phase was identified (JCPDS 00-
050-0792). While in the sample Si-100-1143 we obtained
only hexagonal GaN, in Si-111-1143, a second phase, corre-
sponding to Ga;Ni, alloy (JCPDS 01-071-8623), was also
identified. This alloy is formed by the reaction of the excess
of Ga with the Ni catalyst. However, the low intensity of the
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Figure 3. X-ray powder diffraction patterns of the obtained nanoporous GaN particles in (a) Si-100-1143 and
(b) Si-111-1143 samples obtained on two silicon substrates with different crystallographic orientation, (100) and (111),
respectively. X-ray diffraction images obtained with the area detector showing a partial view of the Debye rings detected
for nanoporous GaN particles in (c) Si-100-1143 and (d) Si-111-1143 samples obtained on the same two silicon
substrates with different crystallographic orientation presented in panels a and b.

peaks corresponding to this phase in comparison with the
intensity of the peaks of the wurtzite GaN phase indicate
that most of the Ga has reacted with ammonia to form the
nanoporous GaN structures. The identification of this Ga;Ni,
alloy in the samples indicates that Ni(NO;), decomposes
with temperature and is reduced under the experimental
conditions of the crystal growth process to form metallic
nickel, thus the catalyst under the reaction conditions is
metallic nickel and not Ni(NOs),. Figures 3¢ and 3d show a
partial view of the Debye rings for the Si-100-1143 and
Si-111-1143 samples, respectively, as have been observed in
the GADDS detector. These images show that for the ana-
lyzed area (50 X 50 mum) in each sample, the deposited
nanoporous GaN particles are not textured.

With a FIB attached to a scanning electron microscope,
we performed a cross-section analysis of the discrete nano-
porous GaN particles obtained in Si-111-1143. In this way
we analyzed the shape and the length of the pores, as well as
their direction of propagation inside of the GaN particles by
removing layer by layer the material closer to the lateral
surfaces of the GaN nanoporous particles. Nanopores were
always observed on the (0002) faces of these GaN particles.
The images recorded with the SEM revealed straight pores
with lengths as long as 3 wm, similar to the sizes of the GaN
particles, not interconnected among them, and not branched.
The diameters of the pores ranged from 50 to 100 nm, with
almost no variations in diameter with length. Figure 4

shows different images taken at different times on two
different GaN nanoporous particles, showing different steps
of the FIB milling and revealing different nanopores in the
particles. A schematic sketch of the morphology of these
particles has been included for a better understanding of
their crystallographic orientation. As can be seen in Fig-
ure 4a, the nanopores in the central part of the GaN
particles seem to follow an orientation parallel to the [0001]
crystallographic direction. However, the nanopores found
in the most external parts of the GaN particles (see Figs. 4b,
4e) seem to be parallel to the lateral faces of these particles,
following the [1011] crystallographic direction.

By comparing the images of the nanopores observed in
these GaN particles with those pores obtained previously in
GaN by other methods, we could find only two other
approaches in which straight nanopores in GaN could be
obtained: by Pt-assisted electroless etching (Diaz et al.,
2003) and by inductively plasma etching using anodic alu-
minum oxide films as etch masks (Wang et al., 2004).
However, these two techniques used different post-growth
approaches to induce the porosity and also presented sev-
eral drawbacks, such as the tendency of the pores to co-
alesce and form ridges (Diaz et al., 2003) or the generation
of short-length pores of the order of their diameters (Wang
et al., 2004).

The chemical composition of the as grown nanoporous
GaN particles was analyzed qualitatively by energy-dispersive
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(0002)
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Figure 4. Tomography images of two different GaN nanoporous particles obtained in Si-111-1143 by slicing them with
a FIB, and schematic sketches of the morphology of these GaN nanoporous particles obtained with the Shape software,
version 7.2, for a better understanding of the crystallographic orientation of the nanopores. Arrows indicate the position

of the pores observed on the samples.
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Figure 5. Energy-dispersive X-ray fluorescence spectrum of the
GaN nanoporous particles obtained in Si-111-1143 showing only
peaks corresponding to Ga and N, that arise from nonporous
GaN, and Sj, that arises from the silicon substrate.

X-ray spectrometry, revealing Si, Ga, and N, as shown in
Figure 5 for the Si-111-1143 sample. At the level of detec-
tion used in these experiments (1.0 wt%), nickel, used as a
catalyst, seems not to be incorporated in the GaN nanopo-
rous particles, although further analyses and characteriza-
tion will be required to confirm our hypothesis.

Figure 6 shows the results obtained in the characteriza-
tion of the nanoporous GaN particles obtained in Si-111-
1143 by CL. Figure 6a shows the CL spectra taken at room
temperature. Near band-edge emission was observed at

room temperature at around 365 nm (3.4 €V). CL studies
revealed a sharp and well-defined band-gap emission with a
full-width at half-maximum (FWHM) of 0.16 eV.

The band-gap emission observed in our nanoporous
GaN structures was located at a similar position to those
observed in nonporous GaN, and the bandwidth measured
at FWHM was also similar to those measured for non-
porous GaN by CL (Ponce et al., 1996; Yamane et al., 1998;
Yano et al., 1999; Aoki et al., 2000). When compared with
CL studies performed on porous GaN obtained by other
methods (Diaz et al., 2002, 2003), the band-gap emission we
observed is blueshifted by ~4 nm.

These results show that the porosity we are inducing on
these nanoparticles does not affect the near band-edge
emission of GaN and other possible emission at lower
energies because defects and vacancies are not present in
our structures.

The images recorded by CL show the parts of the
sample that contribute most to the emission of light de-
tected in the spectra. Figure 6b shows the CL image taken at
A = 364 nm, corresponding to the band-edge emission
region in the ultraviolet range of the spectrum, for the
Si-111-1143 sample. The bright spots in the image represent
high emission intensity regions, while dark spots represent
low emission intensity regions. The smallest features ob-
served in these images are of the order of 50 nm in diam-
eter. Since these samples are not flat, they are not limited by
diffusion length and interaction volume (50 nm at 4 keV for
GaN) and topography should be the major factor modulat-
ing the CL intensity. CL images revealed that luminescence
is not spatially homogeneous. A higher intensity of light
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Figure 6. Room temperature CL (a) spectra and (b) monochro-
matic image (1 = 364 nm) of nanoporous GaN particles obtained
in Si-111-1143 recorded at 4 keV and 200 pA. An enlarged image
of the selected region in panel b can be seen in panel c. The same
region under secondary electrons can be seen in panel d.

from edges of the rough basal plane that contains the
nanopores in the particles, when compared to their smooth
lateral surfaces, is observed. The secondary electron image
together with the CL image than can be seen in Figures 6¢
and 6d, respectively, in which the rough porous structure of
the basal plane of one of the nanoporous GaN particles can
be clearly seen, reveal that strong UV emission comes from
areas surrounding the pores of the structure, while the
pores coincide with dark spots in the images. The observed

CL contrast is most likely due to the presence of nonradia-
tive recombination channels around the pores, although
topography can also play a role (Cherns et al., 2001; Miya-
jima et al., 2001).

CONCLUSIONS

We present results obtained for the direct deposition of
nanoporous GaN particles on Si substrates through the
direct reaction of Ga with NH; at relatively high tempera-
tures. The advantage of this technique, compared to other
approaches used in the fabrication of porous GaN, is that it
does not require any post-growth treatment, such as etching
techniques that can damage the semiconductor structure
and modify its properties. The characterization performed
on these nanoporous GaN particles shows that the main
emission arising from these particles originates near the
band-edge at 365 nm with a sharp and well-defined peak.
This indicates that the nanoporosity induced in these parti-
cles during the growth process did not alter the emission
expected for nonporous GaN. The nanopores were straight,
and their diameters, ranging between 50 and 100 nm, were
constant all along the length of the pores.

With this approach we demonstrated that it is possible
to obtain porous GaN on Si substrates without applying any
post-growth treatment. This technique simplifies previous
methodologies used to generate porous GaN, and at the
same time reduces the costs of these processes. In this
technique porosity is generated during the crystal growth
process. The enhancement of emission we obtained from
the areas of the GaN particles surrounding the pores when
compared to nonporous areas encourages us to keep devel-
oping these structures for optoelectronic applications.
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Fabrication of p-type porous GaN on silicon and epitaxial GaN
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Porous GaN layers are grown on silicon from gold or platinum catalyst seed layers, and
self-catalyzed on epitaxial GaN films on sapphire. Using a Mg-based precursor, we demonstrate
p-type doping of the porous GaN. Electrical measurements for p-type GaN on Si show Ohmic and
Schottky behavior from gold and platinum seeded GaN, respectively. Ohmicity is attributed to the
formation of a GajAu intermetallic. Porous p-type GaN was also achieved on epitaxial n-GaN on
sapphire, and transport measurements confirm a p-n junction commensurate with a doping density of
~10" cm 3. Photoluminescence and cathodoluminescence confirm emission from Mg-acceptors in
porous p-type GaN. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821191]

Gallium nitride (GaN) is considered one of the most im-
portant wide band-gap semiconductors for a number of
applications in electronics and optoelectronics.’ In its porous
form, GaN has received particular interest due to beneficial
optical and electronic properties for gas sensors with high
sensitivity? and light-emitting diodes (LEDs) with high light
extraction efficiency.” The formation of p-type porous GaN
is particularly relevant® for the fabrication of junctions and
active regions for GaN-based LEDs with improved light
extraction efficiency and external quantum efficiencies by
gradation of the effective refractive index.” Porous GaN has
been typically fabricated by (photo)electrochemical and
chemical etching methods," predominantly a top-down
etching of epitaxial GaN, giving textured surfaces as a result
of pore coalescence and variations in etch rates for extended
etching times. A range of nanoscale III-N materials'®!" in
arrays and assemblies spanning emission from the blue to
red regions of the visible spectrum,'? and white light emit-
ting light emitting devices and multi quantum wells have
also been realized.'? The ability to form relatively uniform,
crystalline porous GaN layers over large areas without
unwanted surface damage through complex etching without
photolithographic masking or processing is challenging.
Previously, we reported the bottom-up growth of low-
resistivity, Ohmically contacted porous n-GaN in a single
growth step'* without the need for any secondary etching or
chemical treatment after growth to induce porosity.''®

Mg is the dopant most commonly used to generate
p-type conductivity in GaN. Mg substitution of Ga in the GaN
lattice is the shallowest acceptor which can be introduced in
sufficient concentrations to enable p-type conduction.

In this letter, we detail the growth of porous GaN on Si
and epitaxial GaN substrates on sapphire and evidence the
introduction of p-type character by Mg-doping. Porous GaN
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103, 112103-1

formation was conducted within a chemical vapor deposition
(CVD) system with growth on Si proceeding via the use of
either a Pt or Au catalyst layer. Electrical transport measure-
ments for the porous p-type GaN grown on Si from Au and
Pt show Ohmic and Schottky behavior, respectively, with the
former attributed to the formation of an Au/Ga intermetallic.
Porous p-type GaN growth was also achieved on non-porous
n-type epitaxial GaN and electrical transport measurements
were used to confirm the formation of a p-n junction com-
mensurate with the formation of p-type GaN. Additional evi-
dence for the formation of p-type GaN was also obtained
from low temperature photoluminescence (PL) data which
showed clear differences for the undoped and Mg-doped
samples.

GaN doped with Mg was produced through the direct
reaction of metallic Ga with NHj in a simple CVD system.
Nanoporous GaN microparticles were deposited on silicon
(100) substrates with an area of 1cm? coated with 20 nm
thick films of Au or Pt used as the growth catalyst in a hori-
zontal tubular furnace Thermolyne 79300 (see schematics in
Figure 1). Further details can be found elsewhere.'*'> Mg
doped samples were annealed in atmosphere of N, for
20min in order to break Mg-H complexes and activate the
p-type conductivity of porous GaN. The epitaxial GaN sub-
strates had n-type (doped with Si) conductivity. Mg-doped
porous GaN was also grown on epitaxial n-type GaN sub-
strates on sapphire. Gallium metal (99.99%), ammonia
(>99.98%), and magnesium nitride (99.95%) were used as
the Ga, N, and Mg sources, respectively, with the magne-
sium source placed 4 cm up-stream of the Ga source. The
porous GaN layers were imaged using a JEOL JSM 6400
scanning electron microscope (SEM). PL was excited by
244 nm emission (second harmonic of 488 nm line) from a
cw Ar-ion laser with power density of 2 W/cm?. PL spectra
were acquired using a Horiba iHR320 spectrometer equipped
with a Synapse CCD matrix. Samples were placed in an
evacuated chamber of a Janis closed-cycle helium cryostat

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4821191
http://dx.doi.org/10.1063/1.4821191
mailto:joanjosep.carvajal@urv.cat
mailto:c.odwyer@ucc.ie
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4821191&domain=pdf&date_stamp=2013-09-11

UNIVERSITAT ROVIRA I VIRGILT
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION:
Oleksandr Bilousov

Diposit Leghl2108-2 557Bjlgusov etal

CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.

Appl. Phys. Lett. 103, 112103 (2013)

S, Hexagonal GaN

20 30 40 50 60 70
20 (degrees)

3 - . : :
(f)
- 13 2t
<
2 E
5 ° 5 1
5 5
O-200 1°© o
-400 L L . . P L

3 2101 2 3 3 -2 -1 0 1 2 3

Applied Voltage (V) Applied Voltage (V)

FIG. 1. (a) Schematic presentation of porous Mg-doped GaN on Si with
Ga,Au and Pt-Ga intermetallic layer, (b) X-ray diffraction pattern of porous
Mg doped GaN on Si; SEM images of porous Mg-doped GaN grown on Si
substrates coated with (c) Au and (d) Pt and corresponding I-V curves for
(e) Au- and for (f) Pt-seeded GaN.

for PL measurements at different temperatures. Room tem-
perature cathodoluminescence (CL) imaging and spectros-
copy were performed in a field emission scanning electron
microscope (Zeiss Supra 55) operating at 5-10keV and
200 pA using a Gatan MonoCL 2 system and a Hamamatsu
photomultiplier tube (R2228) over a scanned area of
4000 um?. All spectra were corrected for the monochromator
and detector response and normalized to maximum intensity.
X-ray diffraction (XRD) measurements were made using Cu
Ko radiation in a Bruker-AXS D8-Discover diffractometer
operated at 40kV and 40 mA, equipped with parallel incident
beam (Gobel mirror), a General Area Diffraction Detector
System (GADDS), and a 500 um?” X-ray collimator system.
Figure 1(a) shows schematic presentation of porous
GaN on Si with Ga,Au and Pt-Ga intermetallic layers. The
XRD pattern shown in Figure 1(b) for Mg doped GaN con-
firms crystalline wurtzite GaN. Figures 1(c) and 1(d) confirm
that the porous GaN particles have a characteristic morphol-
ogy consisting of faceted crystals with a mean size of
~1.5 ym, similar to that observed in undoped samples.14 In
both cases, crystal growth occurs progressively on the sur-
face with individual crystals until a layer of porous GaN
microcrystals covers the surface as a porous layer.
Two-probe electrical measurements of the various Mg-
doped GaN samples were conducted using In/Ga liquid eutec-
tic contacts and a Biologic SP-50 potentiostat. An In/Ga
eutectic droplet was used as the Ohmic contact. Linear voltage
sweeps were obtained between the range of —3V and 3V
with a 50mV/s sweep rate. Figures 1(e) and 1(f) show I-V
curves taken from Mg-doped porous GaN grown from Au-
and Pt-coated Si (100) substrates, respectively. For samples

grown using an Au catalyst, a near Ohmic contact behavior
was repeatedly observed which is consistent with the forma-
tion of a Ga,Au intermetallic between the underlying substrate
and GaN material® in a similar way observed for undoped
porous GaN particles.'* However, for the GaN samples grown
using Pt as catalyst, the response was markedly different with
the profile indicating the formation of a Schottky contact. For
porous GaN specifically, the thickness is determined by the
size of the crystals and their assembly on the surface, which
results in a “rough” topology, with a high density of grain
boundary scattering centers. For electrical measurements, par-
ticle distributions'* confirm that both nearest neighbour dis-
tances and overall distribution of various nonspherical catalyst
material prevent the formation of a percolating conduction
layer beneath the GaN; the electrical characterization is of the
porous GaN polycrystalline layer. At room temperature, the
effective linearity of the I—V response measured for porous
GaN to high work function metals, with an intermetallic seed
layer between the metal and GaN, is maintained at high bias.
As stated earlier, the Pt-Ga alloy results in a Schottky contact
to the porous p-type GaN. The Schottky barrier height ¢j ,
(SBH) can be estimated from I = lyexp[(¢V — IR;)/kT — 1]
with Iy = AA™T?exp(— —q@y ,/kT), where A** is the effective
Richardson constant (26. 4Acm72K ) 7 The estimated
SBHs for Pt contacted porous p-GaN is 0.57eV. While a
small in-built potential also exists for the Au-contacted sam-
ple, the symmetry in the response at negative bias confirms
that the presence of the intermetallic Ga,Au at the GaN-Si
interface prevents a rectifying barrier. Also, as with uninten-
tionally n-type GaN growth we investigated previously,'* the
Pt-Ga contact to the GaN at the silicon interface results in an
order of magnitude higher current, but in the case of p-GaN,
the transport mechanism gives a non-linear, Schottky-type
response.

To further investigate the nature of the Mg-doped po-
rous GaN, it was grown on epitaxial n-type GaN substrates
(without the presence of catalyst layer) under the same con-
ditions. In this case, the porous crystals of GaN have a differ-
ent morphology as the porous GaN was found to be grown
oriented along the c-axis direction with respect to the epitax-
ial GaN on the substrate (Figures 2(a) and 2(c)). Figure 2(b)
shows I-V measurements taken between the underlying epi-
taxial n-type GaN substrate and the porous p-type GaN of
porous contacts; the clear p-n junction response confirms the
formation of p-type porous GaN confirmed by the asymmet-
ric diode response in Fig. 2(d) where a clear exponential I-V
relationship is found. The high bias resistance turn-over of
the porous p-type GaN occurs at ~1 V. At this voltage, the
exponential current increase results in high level carrier
injection across the junction as the voltage is increased, and
then follows a linear dependency on applied voltage above
1V (and is found to remain so up to ~5V in all cases), con-
sistent with an effective series resistance which is believed
to arise from the high density of inter-crystal contacts within
the porous GaN layer. These values are consistent with cor-
responding characteristic voltages found in uniform epitax-
ially grown GaN.'®

The barrier to the exponential current increase is found
to be much lower than the expected GaN diode response,
ie., Ey/q~2.16V. The knee voltage where significant
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FIG. 2. (a) Schematic presentation of porous GaN on epitaxial GaN sub-
strate. (b) I-V curve of the p-n junction formed between porous GaN doped
with Mg and n-type epitaxial GaN. (c) Top-view SEM image of the porous
GaN layer. (d) In /(V) curve of the porous p-GaN corresponding to the I-V
curve in (b).

current is seen is found to be in the range of E./6g—E./4q,
i.e., 0.36-0.54 V. This response has several features that
have been seen in InN and GaN nanowires arrays but not in
bulk or thin film GaN.'” However, the p-type nature of the
porous GaN is confirmed and in both cases, low reverse bias
leakage current are found for the porous assembly of GaN
crystals in the layer.

The effective hole density is estimated at 300K for the
porous GaN layer from np = NcNyexp(—E,/kT), where
Ne=43x10"T%*cm > and Ny =89 x 10°.7%?cm > are
the effective densities of states of the conduction and valence
bands, using the effective hole and electron masses for wurtzite
GaN at 300K.*° Using n=10""cm ™ for the epitaxial n-GaN,
we estimate the hole density for the porous p-GaN to be
~9 % 10" cm ™. From the Poisson distribution of space charge
distribution leading to the dependence of majority and minority
carrier densities across an abrupt, one-side junction, the barrier
potential Vg across the depletion region for the porous GaN
junction is estimated as Vp = kT/qIn(NpN,/n?) =09V,
where N, and N, are the donor and acceptor densities, respec-
tively, determined for the charge neutrality condition
p+NS) =n+Nj, and n>=2.8x 10" cm > is the intrinsic
doping density of GaN estimated by the e—h product above.
The value (at zero applied bias) is greater (E,/2.5¢) than the
knee voltage, although typically found for epitaxial GaN with
knee voltages in p-n junctions >2 V. This discrepancy is likely
due to a graded junction and similar to other nanoscale III-Ns
that show similar behaviour but for porous GaN does not seem
to be a dominant size effect (micron sizes crystals).

Cathodoluminescence investigations of the Mg-doping
of porous GaN was performed using two different quantities
of dopant precursor. Figure 3(a) shows SEM and CL images
of porous n-GaN crystals within the porous layer. Porous
GaN allows a considerable signal to be observed for the
band-edge emission compared with that at V,..=20 kv.2!

Appl. Phys. Lett. 103, 112103 (2013)
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FIG. 3. (a) Secondary electron (SE) and CL images of n-GaN crystals at
5kV. (b) SE and CL images of porous GaN with 2.5% and 15% Mg-
precursor at 10kV. (c) Cathodoluminescence spectra from Mg-doped porous
GaN crystals before and after Mg-doping. (d) Temperature-dependent PL
spectra of undoped and (e) Mg-doped GaN acquired after excitation at
325nm (3.8 eV). The inset shows the PL emission on a linear scale.

Typically, epitaxial or MBE grown GaN films suffer from
low intensities due to e-h pair formation at low voltages
which increases surface recombination that is non-radiative.
In this case of porous GaN, the emission is enhanced at the
high density of sharp edge surfaces found on the crystal and
thus throughout the porous film. Figure 3(b) shows a pair of
SEM and CL images of porous GaN doped with 2.5% and
15% Mg and their corresponding CL spectra (Fig. 3(c))
recorded at room temperature. In the spectra acquired at
an accelerating voltage, V.. = 10kV, a shift of the CL peak
is found in comparison to undoped GaN. The yellow-
luminescence (YL) seen from CL shows two contributions,
typically ascribed to pair recombination and deep level emis-
sion characteristic of doped p-type GaN. The near-band edge
emission is similar in both doped samples and not found in
undoped GaN, but lower in energy (397nm) than the
bandgap emission from GaN (the monochromator edge was
368 nm for Mg-doped CL).

PL measurements were performed on both Mg-doped
samples and undoped porous GaN to conclusively define
the p-type character of the crystals. Figures 3(d) and 3(e)
show PL spectra taken at 11, 150, and 300K at a constant
laser power density. We observe that the undoped GaN
crystal forming the porous layer exhibit expected band-
edge luminescence, blue-shifting from 3.43eV at 300K
to 3.46eV at 11K with a narrow FWHM of ~12meV.
Emission from high energy bound excitons sometimes
observed in epitaxially grown GaN (of any conduction
type) is not found in these samples. The capture of excitons
by deep energy centers often from localized states accom-
panying defects in epitaxial GaN films drastically limit
the radiative recombination near the band gap, which is
detrimental for device function. The near band-gap
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luminescence in Figure 3(d) is quite broad for undoped
GaN crystal forming the porous layer.”* None of the con-
stituent phases at the silicon interface (Pt, Au, their alloys,
etc.) contribute to the luminescence. The blue luminescence
is often attributed to recombination between a deep donor
and a Mg acceptor.”>** Broad emission near the band gap
typically results from tailing of the density of states due to
randomly distributed impurities, but the emission band-
width reduces at high doping densities. We find that the
near-band gap emission and band-edge emission equilibrate
in intensity at 150 K, but the band-edge emission dominates
at higher and lower temperatures.

The PL spectrum of the porous GaN crystals after acti-
vation of Mg conclusively demonstrates Mg incorporation as
an acceptor state in the GaN lattice, resulting in the p-type
character confirmed through I-V measurements in p-n junc-
tions. The room temperature band-edge emission is margin-
ally lower energy at 3.41eV compared with the n-type
material, but this emission is located at a consistent value of
3.46¢eV at temperatures down to 11 K with a narrow FWHM
of ~5meV. The band gap emission in both materials is over
an order of magnitude more intense at 11K compared with
150K. We do observe some emission at very high super-
bandgap energies of ~3.5eV, consistent with a free or
shallow-bound exciton. As the GaN is Mg doped and neither
Si nor shallow O donor-bound excitons are likely, we attrib-
ute this weak emission to acceptor bound excitons linked to
Mg incorporation. Deeply bound-exciton emission is not
observed from the substrate-GaN interface and no reduction
in band-edge energy is found due to bound excitons linked to
atomic vacancies.

The band-edge luminescence is followed by the donor-
acceptor pair (DAP) luminescence at 3.27 and 3.28eV at
150 and 11K, respectively. This DAP emission is not found
at 300K for the p-type porous GaN. This type of emission
has been previously observed and attributed to the formation
of a Mg complex or some native defect level. As expected
from Mg acceptors in doped GaN, we find the longitudinal
optical (LO) phonon replicas at 3.18 and 3.19eV at 150 and
11K, respectively, with several harmonics observable at
11K, indicating that the electronic quality of the doped GaN
crystals directly on Si matches that of epitaxially grown p-
doped GaN.?

Yellow luminescence (YL) in n-GaN is normally attrib-
uted to point defect Ga vacancies, impurities, such as oxygen
and carbon.”® YL is also present in Mg-doped GaN, as
observed in Figure 3(e). The marked intensity variation in
band-edge and YL as a function of temperature is seen on a
linear scale in the inset. Most probably, the YL arises from a
transition between the conduction band or shallow donors®’
and deep acceptor levels caused by crystallographic point
defects in the GaN crystals28 since we find that the YL emis-
sion profile and temperature-dependence is similar and char-
acteristic of both undoped and p-type GaN crystals
comprising the porous GaN layer. The YL is weakly
temperature-dependent and is not found to vary considerably
due to Mg incorporation into the lattice.

In summary, we have shown that high structural and
electronic quality p-type GaN can be grown as single crys-
tals directly on Si and also on epitaxial GaN substrates on

sapphire as a porous layer. On Si, vapor-solid-solid growth
catalyzed by either Au or Pt allows GaN growth with the
direct formation (in the case of Au) of an Ohmic intermetal-
lic contact, without unwanted effects of interfacial resistive
oxide formation nor the need for post-deposition annealing
steps to introduce Ohmicity. Self-catalyzed growth of po-
rous p-type GaN is also demonstrated to be possible on sap-
phire and grows with a similar porous morphology. P-n
junction measurements of porous GaN and epitaxial GaN
show that Mg incorporation from the precursor results in p-
type conduction character. The overall method of using
intermetallic as Ohmic contacts could also be applied to
simultaneously grow and contact nanoscale II-N com-
pounds and nanoscale arrays of p-n junctions for optoelec-
tronic devices, and on epitaxial GaN, this extends to p-n
junctions of porous crystalline assemblies that are strongly
c-axis aligned with the underlying opposite conduction type
GaN substrate. Porous III-N materials with rational doping
also have great potential for wide band-gap biosensors.
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ABSTRACT: Porous GaN polycrystalline layers with n-type
conduction characteristics were catalytically grown from Mg films
formed by decomposition of a Mg,N; precursor typically employed
for activating p-type conduction in GaN. After being exposed to
oxygen, the Mg film oxidized to a polycrystalline high-x oxide between

I
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Bl INTRODUCTION surface area, chemically stable applications requiring wide band

Gallium nitride (GaN) and its alloys have proven to be
important as wide band gap semiconductors for a number of
applications in electronics and optoelectronics.' In their porous
and nanostructured forms, GaN,> InGaN,> and InN* have
attracted particular interest in the past decade because of
beneficial optical and electronic properties for optoelectronics,
gas sensors with high sensitivity, light-emitting diodes (LEDs)
with high light extraction efficiency,’ wide-band gap bio-
sensors,”’ and high-electron mobility transistors for high-
frequency and high-power devices. Nanoscale analogues of III—
N materials have been investigated to probe exotic optical and
high-mobility transport® effects particularly for photonics
applications.”'® The wide band gap of GaN can minimize the
generation of charge carriers because of undesirable back-
ground optical or thermal excitations but also allow for
electroluminescent color-tuning from the ultraviolet to the
infrared in multiple-quantum well (MQW)"" or nanowire'?
heterostructures.

Porous semiconductor materials such as Si,">~'° III—Vs,16 and
GaN'”'® have been typically fabricated by (photo)-
electrochemical and chemical etching19 methods, giving
textured surfaces as a result of pore coalescence and variations
in etch rates for extended etching times. Controlling the degree
of porosity in a functional layer of GaN is more difficult to use
than top-down etching in relieving an array of nanostructures,
for example. Alternative methods for introducing porosity into

high-quality, doped GaN are advantageous for several high-

-4 ACS Publications  © 2014 American Chemical Society
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gaps, such as biosensors with optically active regions. Because
of the wide band gap nature of the material (3.5 eV for GaN
compared to 1.12 eV for Si), it is extremely stable to a
temperature increase, and electronic devices can be operated at
temperatures up to 500 °C. Usefully, there is no effective
uniform wet chemical etchant for GaN, making it chemically
stable in almost any liquid environment.

In recent years, considerable research and development effort
into chemical and biosensors”® was driven by a high demand
for biosensors®’ that can be used in glucose monitoring,
infectious disease biomarking, and cancer diagnosis, which use
capacitance and electrical properties of semiconductors.”* Wide
band gap sensors are being developed for point-of-care
applications, and in particular,® transistor-based sensors hold
great promise for application in medical science in addition to
optoelectronics.* In transistor geometry, device physics can be
married to sensor requirements to offer improvements in
precision and stability and faster response times and, with large
surface areas such as those provided by porous semiconductors,
can be made sensitive to minute quantities of analyte.”**~2¢ To
do this, the transistors use variations in the effective barrier
height caused by the material or liquid being analyzed on the
surface of the device. These devices are typically high-electron
mobility transistors (HEMTs) and benefit from a high two-
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dimensional electron gas (2DEG) mobility and saturation
velocity.”” The conducting 2DEG channel of AlGaN/GaN
HEMTs, for example, is extremely sensitive to charge alteration
from adsorption of analytes or species as it is designed close to
the surface of the device.

Such sensors can also benefit from the large surface areas of
high-quality GaN and related materials, but mass production
would also benefit from lower-cost routes to upscaled device
manufacture. We previously produced porous GaN through the
direct reaction of metallic Ga with NH; in a simple chemical
vapor degosition (CVD) system on sapphire and Si
substrates.”®* Metal catalysts are typically used to initiate
growth through either a vapor—liquid—solid (VLS) or vapor—
solid—solid (VSS) mechanism® when using molecular beam
epitaxy (MBE) and chemical vapor deposition (CVD), where
the catalyst can influence the growth without necessitating any
secondary etching or chemical treatment after GaN growth to
induce porosity.

Reports of Schottky diodes based on porous GaN have
shown good performance for hydrogen gas sensing applica-
tions,>'* and this can be extended to three-terminal devices. In
larger surface area GaN-based devices, electrochemical etching
techniques were used, some of which can provoke surface
damage or electronic surface state variations that can lead to
changes in barrier heights in some cases.

For thin-film transitors (TFTs) and metal oxide semi-
conductor (MOS) HEMTs, high-x dielectrics can help reduce
the operating voltage and increase drain current density and
transconductance using a high-mobility 2DEG. High-x growth
with porous III-N systems has not been investigated, and the
route for channel dielectric magnesium oxide (MgO) is a
candidate of high-k gate dielectrics (x = 9.4—9.8)> because of
its good isolation** and chemical inertness. Additionally, using
bottom-up catalytic growth processes for III—Ns, Mg
precursors are typically used to create p-type conduction
characteristics after lattice incorporation and thermal activation
of these acceptors.

In this paper, we present a new method of fabrication of
MOS diodes based on metal-catalyzed large surface area porous
GaN layers with a MgO high-x dielectric layer located between
the metallic electrode (Ga—Pt or Ga,Au-based intermetallic
Ohmic contacts) in a single bottom-up catalytic growth step.
Electrical measurements demonstrate the influence of the
growth mechanism, so that near-ohmic contacts can be made to
n-type porous GaN layers using alloyed interlayer contacts. Mg-
based precursors were deposited in such a way as to seed a Mg
film under the porous GaN, which was oxidatively crystallized
to MgO without affecting the conduction type or composition
of the GaN layer. Charge transport measurements allowed us to
demonstrate the fabrication of a Ga,Au/MgO/GaN/In—Ga
large surface area MOS diode.

B EXPERIMENTAL SECTION

Synthesis and Catalyzed Growth of the Porous GaN Layer.
For the synthesis of porous GaN nanostructures by chemical vapor
deposition (CVD), a horizontal single-zone split tubular furnace
(Thermolyne 79300, Thermo Fisher Scientific Inc.) with a built-in
temperature controller was used. Nanoporous GaN doped with Mg
was grown as micrometer-sized particles by the direct reaction of
metallic Ga with ammonia in a tubular CVD system, using gallium
metal (99.99%), ammonia (>99.98%), and Mg;N, (99.5%) as the
sources of Ga, N, and Mg, respectively. These particles were deposited
on Si(100) wafers. A 20 nm layer of Au or Pt, acting as a catalyst in the
reaction, was deposited on the Si substrates using a RF sputtering
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process (AJA International) at a power of 150 W and a pressure of 3
mTorr. The coated substrate was then placed 2 cm above the Ga
source. The Mg;N, powder, with a 0.025:1 weight ratio respect to Ga,
was placed 4 cm upstream of the Ga source. The quartz tube of the
furnace was degassed to a vacuum pressure of 1 X 107> Torr.
Afterward, ammonia was introduced through a mass-flow controller,
and the furnace was heated to the reaction temperature at a flow rate
of 75 sccm and the furnace heated to the reaction temperature of 1203
K at a rate of 100 K/min. The reaction was continued at this
temperature for 60 min under a constant flow of NH;. Growth was
halted by cooling the samples to room temperature without NH; flow,
reducing the pressure to 1 X 1072 Torr.

Structural, Morphological, and Compositional Character-
ization. X-ray diffraction (XRD) patterns in the 6—26 geometry of the
as-grown sample were made using Cu Ka radiation in a Bruker-AXS
D8-Discover diffractometer equipped with a parallel incident beam
(Gébel mirror), a vertical #—0 goniometer, an XYZ motorized stage,
and a General Area Diffraction Detection System (GADDS) HI-STAR
detector with a multiwire proportional counter with a 30 cm X 30 cm
area and 1024 X 1024 pixel density. Samples were placed directly on
the sample holder, and the area of interest was selected with the aid of
a video-laser focusing system. An X-ray collimator system allows
analysis of 500 pm areas. The X-ray diffractometer was operated at 40
kV and 40 mA to generate Cu Ko radiation. We collected 2D XRD
patterns covering a range of 26 between 20° and 85°. Identification of
the crystalline phases was achieved by comparison of the XRD
diffractogram with the ICDD database using Diffrac™™ Evaluation
(Bruker, 2007).

The nanoporous GaN microparticles deposited on the Si substrates
as a porous layer were characterized morphologically using a JEOL
JSM 6400 scanning electron microscope (SEM). Before being
observed, samples were coated with a thin layer of gold with a Bal-
Tec SCD004 sputterer.

The transmission electron microscopy (TEM) specimens were
prepared in the conventional way via mechanical polishing and
dimpling down to a few micrometers followed; the electron
transparency was next obtained using Ar* jon milling at S keV. The
accelerating voltage was systematically decreased to 0.7 keV in the final
stage to reduce the jon beam damage. The observations were made
with a JEOL-2010FEG TEM instrument operating at 200 keV, and
simultaneously, energy dispersive X-ray spectroscopy (EDS) has been
used to determine the local composition in GaN(Mg).

Electrical Characterization. Charge transport measurements
through the porous GaN films were conducted using two- and four-
probe measurements using a dc voltage course and an Agilent 34401A
Digital Multimeter in a Peltier cell, thermostated to 295 K in a Faraday
cage. Liquid metal contacts were made using In—Ga eutectic blown
into a sphere from a gold metallized short borosilicate capillary tube
ensuring good wetting (several square micrometers) to the rough top-
surface morphology of the porous GaN and avoid electrical shorting to
the underlying metallized silicon. Resistivity values were extracted
from I-V curves in the high-bias regime (series resistance) and also
from four-point probe measurements. Diode measurements of the
GaN/MgO system were made in symmetrical vertical two-probe
measurements.

B RESULTS AND DISCUSSION

Vapor—Solid—Solid Growth of Porous GaN on Silicon.
The growth of the GaN nanoporous particles was assisted by a
solid particle through the vapor—solid—solid (VSS) mecha-
nism, the main stages of which are the incorporation of Ga into
the Au or Pt solid phase eutectic, the formation of a Ga—Au or
Ga—Pt alloy, the solubilization of nitrogen in the Ga—Au(Pt)
alloy, and finally the nucleation and growth of GaN.*® Panels a
and b of Figure 1 confirm that the porous GaN particles grown
without additional Mg vapor have a characteristic morphology
consisting of faceted hourglass crystals with a mean size of ~1.5
um. Crystal growth occurs progressively on the surface, with

dx.doi.org/10.1021/cm4037023 | Chem. Mater. 2014, 26, 1243—1249
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Figure 1. SEM image of porous GaN particles grown on Si(100)
substrates coated with (a) a 20 nm film of Au and (b) a 20 nm film of
Pt. (c) Mechanism of the creation of MgO/GaN layers of the MOS
diode by subsequent catalytic VSS growth during CVD.

individual crystals ripening until a layer of porous GaN
microparticles in the form of single-crystal truncated bipyr-
amids™ covers the surface as a connected porous layer, which
was confirmed with time-resolved focused ion beam (FIB)-
based tomography.*®

Using Mg;N,, typically used for Mg doping of GaN, a layer
of crystalline MgO is formed between the silicon surface and
the porous GaN, depending on the initial concentration of the
Mg precursor. Two different Mg;N, concentrations, 0.015 and
0.025 weight ratios with respect to Ga, were used. When a
concentration of 0.015 was used, Mg-doped porous GaN was
formed.”® On the other hand, for a concentration of Mg;N of
0.025, Figure 2 shows the XRD pattern for the resulting
multilayer deposition. The XRD pattern shown in Figure 2a for
the MgO/GaN layer grown on Au-coated Si substrates
confirms crystalline wurtzite GaN growth with a predominant
diffraction intensity from low-index crystal facets. The uniform
intensity of the Debye rings (along the curved ring portions in
Figure 2a) confirms that there is no texturation of the layer of
porous crystals, as confirmed by the SEM images shown in
panels b and d of Figure 2.

We find that the deposit formed with a higher concentration
of Mg;N, also contains crystalline MgO, oxidatively crystallized
because of the presence of Mg during incorporation at the
growth stage of the porous GaN. The porous GaN single
crystals formed in both cases are identical to those grown in the
absence of the Mg precursor, and they also retain their
unintentionally n-doped conduction because we did not anneal
this sample to activate the p-type conduction.

In GaN nitride thin films, TEM investigations have pointed
out that they can contain numerous crystallographic defects
such as dislocations,>”*® inversion domains,* and basal*® and/
or prismatic stacking faults.*' These defects form because of the
large lattice and thermal mismatches that exist between GaN
and the most used substrates such as sapphire,*” silicon
carbide,®” or silicon,” when the growth is conducted by MBE
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Figure 2. (a) XRD pattern for porous crystalline wurtzite GaN
(P63mc) grown on Si(100) using a high concentration of Mg;N, (the
inset shows Debye rings). The Si(400) diffraction peak has been
excluded to avoid intensity saturation. (b) SEM image of the Mg-
catalyzed porous GaN grown on Si. (c) XRD pattern for porous
crystalline wurtzite GaN (P63mc) grown on Si(100) using a low
concentration of Mg;N, (the inset shows Debye rings). (d) SEM
image of the Au-catalyzed Mg-doped porous GaN grown on Si.

or metalorganic vapor phase epitaxy (MOVPE). In such
instances, the layers are almost monocrystalline with very highly
textured domains and XRD shows in-plane or out-of-plane full
width half-maxima in the range of 200—300", but they also may
exhibit large angle grain boundaries.** In our case, the aim was
to fabricate porous films, and this was confirmed by the TEM
analysis, which showed that the polycrystalline MgO is located
under the porous GaN, despite being present at initial stages of
the seeding-mediated growth of the GaN itself. The large
quantities of the Mg-containing precursors preferentially form
this layer rather than doping the GaN lattice. This is in contrast
with what has been observed when a smaller amount of Mg;N,
is used, in which case, only the polycrystalline layer of porous
GaN is observed. Mg is detected in those GaN microcrystals
with a tendency to have a higher Mg concentration in the
crystals deposited in the latter stages that are located at the top
of the polycrystalline layer. As shown in Figure 3a, the porous
GaN layer doped with Mg grown on a Si(100) substrate and
obtained with a high concentration of Mg;N, typically exhibits
four different regions. EDS analysis was used to estimate the
Mg content as indicated in Figure 3a for 12 positions and Table
1. The four regions are characterized by changes in contrast
that may be related to the variable Mg content (and thus
scattering) in each of the marked regions. Region I corresponds
to the Si substrate. In Region II, around point 1, there is good
adhesion to the Si, and the layer has a dark contrast, with a Ga
content of 26.7% and a Mg content of 73.3%. However, the
phase formed in this region does not exhibit diffraction as an
intermetallic crystal, and therefore, it likely corresponds to a
Mg—Ga alloy as is the case with Ga—Pt reactions during GaN
growth.”® In region III (points 2—4), the contrast is very light,
agreeing with the low (~1.5—3%) measured content of Ga and
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Figure 3. (a) TEM micrograph of the porous GaN layer doped with Mg grown on a Si(100) substrate obtained when a high concentration of Mg;N,
was used. Each of the four layers indicated in Figure 1 is marked. (b) TEM micrograph of the porous GaN layer doped with Mg on a Si(100)

substrate obtained using a low concentration of Mg;N,.

Table 1. EDS Content of Mg and Ga in the Final MOS
Diode Layers and Mg-Doped GaN“

obtained when a high concentration of Mg;N, was used. As one
can see, this layer is also porous, with more or less elongated
and good quality crystallites throughout the layer thickness.

priion  ME@E) Gy potion  wpE) G The EDS analysis corresponding to 10 separate locations of this
EDS Content of Mg and Ga in the MOS Diode Layers sample, also listed in Table 1, indicates that the content of Mg

1 733 26.7 7 117 97.8 presents a slight increase toward the layer surface.
2 98.5 1.5 8 7.9 92.1 The following mechanism is proposed for the uninterrupted
3 970 3 9 95 90.5 CVD growth of the interfacial high-x MgO layer on an Ohmic
4 97.3 27 10 8.9 9Ll intermetallic with catalytic growth of GaN as a MOS diode,
S 79 921 1 7.9 92.1 summarized in Figure 1. First, an intermetallic layer of Ga, Mg,
6 11 89 12 8.1 9L9 and the metallic catalyst (Au or Pt) used for a solid eutectic
EDS Content of Mg and Ga in Mg-Doped GaN phase identified in region I in Figure 2 forms layer II. At higher
1 13 98.7 6 22 778 temperatures, a second layer formed almost entirely by Mg is
2 L5 985 7 25 97.6 deposited on the intermetallic layer. This layer quickly oxidizes
: 19 98.1 8 18 982 to polycrystalline MgO by reaction with O, when the furnace is
4 39 e o 18 082 opened, forming layer IIL. Finally, the growth of nanoporous

5 2.6 97.4 10 14 98.6

“The measurement points relate to those numbered in Figure 3.

the Mg content of ~97—98%, which indicates that a new phase
rich in Mg is formed, and as oxygen was also detected in our
EDS analysis, this phase most probably corresponds to a Mg—
O oxide. The area exhibits a very poor crystalline state as well as
high porosity, which is in agreement with the light contrast in
this bright field micrograph; its thickness is ~1 ym, although
with a large roughness at the top and at the bottom. Toward
the surface, region IV (points S—12) consists of a polycrystal-
line phase that is rich in Ga (90.5—97.8%), while the Mg
content remains ~7.9—11.7% from grain to grain. This area
corresponds to Mg-doped GaN made of individual grains with
a mean thickness of ~0.5 um for each of them. A close
examination shows that the crystallographic relationships
between these grains are very random, with no specific
orientation connection, and even spacing as can be seen in
positions 6 and 9 in Figure 3a. Therefore, this doped GaN top
layer is also porous. TEM energy dispersive X-ray analysis,
shown in Figure 3a, confirms the interfacial location of the
MgO between the silicon substrate and intermetallic seed layer,
and the porous GaN at the surface.

When the GaN layer was grown using a low concentration of
Mg;N, (Figure 3b), only two regions were observed. Region I
corresponds to the Si substrate, and region II, totally detached
from the Si substrate, corresponds to Mg-doped GaN, with a
thickness of ~4.5 um, a value substantially larger than that
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GaN particles doped with Mg (layer IV) should proceed on the
top of this Mg layer, Mg acting as a catalyst for the formation of
this porous layer, because it appears not to be in contact with
the catalyst with which we coated the substrate. Because no
residual Mg or MgO is found on the unintentionally n-doped
GaN after it had been heated and exposed to oxygen when the
furnace was opened, the growth of the porous GaN particles
proceeds through the vapor—solid—solid (VSS) mechanism,
consistent with that observed without the deposition of the Mg-
containing material.”®

Figure 4 shows the I-V curves from the porous GaN
catalyzed by Au (forming Ga,Au). The I-V curves show only
slight asymmetry indicative of nearly ohmic, weak Schottky
barriers. Consistently, the conductivity of porous GaN grown
from Pt was separately shown to be higher than that grown
from Au.”® The intermetallic layer contacts are described using
the thermionic emission theory, taking into account a high
ideality factor for weak barriers. The Schottky barrier height
@3, (SBH) is estimated from the equation I = I, exp[(qV —
IRg)/kT — 1], where I, = AA**T? exp[(—q@},)/ (kT)], where
A¥* js the effective Richardson constant (26.4 A cm™ K™2).%
The SBH for Au-catalyzed porous n-GaN is estimated to be
0.66 eV. It is worth noting that the n-type contacts were
effectively ohmic as deposited and did not need any
postdeposition annealing to induce this effective ohmicity.
For porous GaN, and also for GaN grown on Mg-based films,
the effect of an interfacial oxide was considered. The barrier
height of an untreated metal/GaN diode can be altered by a
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Figure 4. (a) I-V and dI/dV curves for porous n-GaN with a MgO
dielectric layer, and from a Au-seeded porous GaN layer on silicon. (b)
Ln(I)—V curve for the ohmic Au-seeded GaN contact and the MgO/
GaN diode.

(photo)electrochemical etching treatment that yields defective
GaN surface and interfaces and is described by the equation
@pn = @b, + A@, where @y, represents the barrier height
without the interfacial layer and A¢ is the additional barrier
due to the oxide. Ag is considered to be a tunneling barrier of
the form Ag = [(2kT)/h](2my)Y/?5, where f is Planck’s
constant, m is the tunneling effective mass, y is the mean
tunneling barrier, and 6 is the thickness of the interfacial oxide.
Ag was found to be in the range of 0.18—0.25 eV for Pt- and
Au-based intermetallic contacts with n-GaN.*® This corre-
sponds to a maximal native oxide thickness of ~2.7 nm on
untreated GaN and would increase the overall effective barrier
height. Microscopy and transport measurements thus confirm
the growth of porous catalyzed GaN is mostly free of influential
surface contaminants.

The MgO/GaN porous layers formed on silicon exhibit
diode behavior consistent with a MOS system. Figure 4 shows
I-V curves across the device using an In—Ga euctectic to
ohmically contact both the silicon substrate and the porous
GaN. A rectifying diode response is found in the presence of
the MgO, compared to the ohmic response between the
intermetallic termination porous n-GaN and the substrate. We
assumed that the net current is due to the thermionic emission
current because the metal—semiconductor—metal contact now
contains a dielectric at one interface, mimicking a Schottky
contact with series resistance and an interfacial layer.
Additionally, this is confirmed by forward bias voltages of V
> 3kT/q, which is the case for this MOS diode. The downturn
to linearity in the current after ~0.25 V confirms a series
resistance, Rg, that most likely originates from the MgO and
porous n-GaN, as opposed to either of the metal contacts that
are confirmed to be ohmic in nature. At a higher bias (>0.25
V), Rg dominates, which can be seen from the differential
conductance dI/dV curve in Figure 4a.

Effective ohmic contacts can form with n-type GaN,
suggesting that the resistivity dominates transport through an
alloyed interface that promotes ohmic transport.”® When a
high-x MgO layer is introduced, the series resistance markedly
increases at much lower voltages. The MgO/n-GaN sandwich
effectively has an altered electron affinity with respect to the
In—Ga top contact. The overall series resistance, R, to which
the sheet and contact resistivities contribute can also be
determined from diffusion and thermionic emission theory
summarized for a barrier-dominated diode. For the Ga,Au

1247

intermetallic contact, the response in Figure 4b is symmetric
(ohmic). The current system behaves as a diode but utilizing an
ohmic contact formed by the intermetallic under the MgO
layer, biased by the underlying silicon substrate. In the presence
of the intermetallic bottom contact, the transport is effectively
ohmic at the MgO interface. As the top contact with n-GaN is
also ohmic, the diodic response in Figure 4b is dominated by
differences in affinity between the MgO and the n-GaN (doped
at ~10' cm™3). The series resistance can also be obtained from
the differential resistance through its proportionality to the
current according to
) X Rg+ —

kT(
Ry + —
q ql (1)

Figure Sa shows the differential resistance dV/dI as a
function of the inverse of the current, plotted according to eq 1.

v nkT
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Figure S. (a) Differential resistance (dV/dI) as a function of current
for the MgO/porous GaN diode. (b) Ln(I)—V curve and voltage
dependence of the ideality factor for the diode.

Although it does not allow deconvolution of the contribution of
the specific grain boundary resistance to the flow of current
through the porous layers, the series resistance is estimated to
be in the range of 5—6 k€2 for the MgO/porous GaN sandwich;
dV/dI approaches Ry at the higher currents, but as seen in
Figure Sb, the series resistance also includes likely tunnelling
effects as the ideality factor is strongly voltage dependent and
quite high in the higher-current and higher-bias regions.
Further work is underway to identify the mechanism
contributing to such high ideality factors, which are indicative
of several mechanisms, including tunnelling current through
multiple heterojunctions. Porosity complicates the transport
mechanism, increasing shunt and series resistances.** One
possibility is a strong contribution by Poole—Frenkel (P—F)
tunneling, and surface leakage. In the former, electron—hole
transport processes are accommodated by lowering of the
barrier when the carriers interact with the trap states in the
MgO layer, especially because electron microscopy confirms
that its morphology is not continuous. These recombinative
states are likely to have a high density in a thick MgO film with
a graded MgO composition at the interface with GaN (lower)
and also with the silicon substrate (higher Mg concentration),
as determined by elemental concentrations within the MgO
layer at either interface. Variations in the interfacial
composition are known to strongly affect Schottky and P—F
leakage current in MOS structures."’

Thus, charge transport measurements through this system
conducted using two- and four-probe measurements and
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confirm the fabrication of a porous GaN diode, catalyzed by Mg
that subsequently undergoes oxidative crystallization to form a
MgO high-k dielectric layer. The MOS diode-like response was
confirmed via composition, microscopy, and electrical transport
analyses. Ohmic transport is found in the absence of a second
oxide semiconducting layer between the intermetallic and the
porous n-GaN. The porous GaN layer retains a morphology
and conduction type similar to those of porous GaN catalyzed
using Au or Pt on silicon. The method may be extended to
growing nanoscale III—N materials and alloys using metals that
are not typically employed for contacting, to give the ohmic
response and MOS-based systems on silicon substrates for
chemically inert, large surface area electrically continuous
transistors and diodes for capacitive (bio)sensing.

B CONCLUSIONS

In summary, porous GaN crystals have been successfully grown
as large surface area layers from Pt- and Au-coated silicon
substrates by a vapor—solid—solid process. The particles form
as a layer of single-crystal particles with interparticle and
intraparticle porosity. Current—voltage and capacitance—
voltage measurements show nearly ohmic transport through
weakly doped, polycrystalline (as a layer), porous n-GaN
without alloy contacts or low-work function metals. Metal/Ga
intermetallic alloy formation during vapor—solid—solid growth
promotes thermionic emission-based low-resistance ohmic
transport through the porous layer, and a very low contact
resistivity is possible with the faceted, rough n-GaN surface. By
depositing Mg in a manner similar to deterministic p-type
doping of GaN, we formed a similar porous GaN. The Mg film
is subsequently oxidized to polycrystalline MgO underneath the
porous n-GaN layer, resulting in a high-x dielectric oxide that
allows the single-step formation of a porous GaN/MgO MOS
diode. The development of porous GaN augers well for new
electronic and optoelectronic devices with improved external
quantum efliciencies, the incorporation of phosphors for LEDs,
and large surface area biosensing based on capacitor or
transistor function.
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Porous GaN crystals have been successfully grown and electrically
contacted simultaneously on Pt- and Au-coated silicon substrates as
porous crystals and as porous layers. By the direct reaction of metallic
Ga and NH3 gas through chemical vapor deposition, intermetallic metal-
Ga alloys form at the GaN-metal interface, allowing vapour-solid-solid
seeding and subsequent growth of porous GaN. Current-voltage and
capacitance-voltage measurements confirm that the intermetallic seed
layers prevent interface oxidation and give a high-quality reduced
workfunction contact that allows exceptionally low contact resistivity.
Additionally, the simultaneous formation of a lower workfunction
intermetallic permits ohmic electron transport to n-type GaN grown
using high workfunction metals that best catalyze the formation of porous
GaN layers and may be employed to seed and ohmically contact a range
of III-N compounds and alloys for broadband absorption and emission.
Additionally, we show how a porous GaN rectifying diode can be formed
by oxidatively crystallizing Mg typically employed for p-doping GaN, as
a layer formed under porous structure resulting in a high-k
polycrystalline MgO dielectric.

I ntroduction

Gallium nitride (GaN) is considered one of the most important wide band-gap
semiconductors for a number of applications in electronics and optoelectronics (1). In
its porous form, GaN has received particular interest in the last decade due to beneficial
optical and electronic properties for gas sensors with high sensitivity (2), and light-
emitting diodes (LEDs) with high light extraction efficiency (3). Porous GaN has been
typically fabricated by (photo)electrochemical and chemical etching methods (4-7),
giving textured surfaces as a result of pore coalescence and variations in etch rates for
extended etching times.

We produced porous GaN through the direct reaction of metallic Ga with NH3
in a simple chemical vapor deposition (CVD) system. Metal catalysts are typically used
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to initiate growth through either a vapour-liquid-solid (VLS) (8) or vapor-solid-solid
(VSS) (9) mechanism when using molecular beam epitaxy (MBE) and chemical vapor
deposition (CVD), where the catalyst can influence the growth, e.g. colloidal gold
nanoparticles can initiate the growth of GaN nanowires. Using this procedure we have
been able to deposit micrometer size nanoporous GaN particles directly onto boron
nitride (BN) (10) and silicon (11) substrates without necessitating any secondary
etching or chemical treatment after growth to induce porosity. Furthermore, by using
this technique we have demonstrated that it is possible to deposit porous GaN directly
onto Si substrates in a single growth step (12). The only requirement, when depositing
such porous particles on silicon substrates is that it is necessary to use a metal catalyst
to induce the crystal growth of GaN.

The development of porous GaN augers well for new electronic and
optoelectronic devices with improved external quantum efficiencies, the incorporation
of phosphors for LEDs, and high surface area sensing. However, the electrical
properties of porous GaN and their correlation to its growth, have been scarcely
reported in the literature.

In this paper, we report the successful growth and simultaneous electrical
contacting of nanoporous GaN grown using high work-function Au- and Pt-coated
silicon substrates, through the direct reaction of Ga and NH3 in the CVD system. Au
and Pt acted both as catalyst for the synthesis of porous GaN and as electrodes for the
electrical characterization of the porous layers. The electrical measurements
demonstrate the influence of the growth mechanism so that near-ohmic contacts can be
made to n-type porous GaN layers using high work-function metals (Au and Pt) which
also form intermetallic seed layers to support vapor-solid-solid (VSS) growth of the
porous GaN crystals. Lastly, p-type Mg dopants were deposited in such a way as to
seed a Mg film under the porous GaN, which was oxidatively crystallized without
changing the dopant type from n- to p-type, resulting in a single step top-down n-
GaN/high-k poly-MgO diode.

Experimental
Synthesis of porous GaN particles

Nanoporous GaN microparticles were deposited on Au- and Pt-coated silicon (100)
substrates with an area of 1 cm?, using a horizontal single zone split tubular furnace
Thermolyne 79300. Gallium metal (99.99%) and ammonia (>99.98%) were used as the
Ga and N sources, respectively. A 20 nm layer of Au or Pt was deposited on the Si
substrates using a RF sputtering process (AJA International) at a power of 150 W and
a pressure of 3 mTorr. The coated substrate was then placed 2 cm above the Ga source.
The quartz tube of the furnace was degassed to a vacuum pressure of 1 x 10”2 Torr, after
which NH3 was introduced through a mass-flow controller at a flow rate of 75 sccm
and the furnace heated to the reaction temperature of 1203 K at a rate of 100 K min™!,
while the pressure was kept at 15 Torr. The reaction was continued at this temperature
and pressure for 60 min under a constant flow of NH3. Growth was halted by cooling
to room temperature without NH3 flow, reducing the pressure to 1 x 102 Torr.

Nanoporous GaN doped with Mg was grown as micron-sized particles by the
direct reaction of metallic Ga with ammonia in a tubular CVD system, using gallium
metal (99.99%), ammonia (>99.98%) and Mg3N:2 (99.5%) as the Ga, N and Mg sources,
respectively. The MgsN2 powder, with a 0.025 to 1 weight ratio respect to Ga, was
placed 5 cm up-stream of the Ga source.
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Structural and morphological characterization

X-ray diffraction (XRD) spectra and imaging in 0-26 geometry of the as-grown sample
were made using Cu Ka radiation in a Bruker-AXS D8-Discover diffractometer
equipped with parallel incident beam (Go6bel mirror), vertical -0 goniometer, XYZ
motorized stage and a General Area Diffraction Detection System (GADDS) HI-STAR
detector with a multiwire proportional counter of area 30 x 30 cm and 1024 x 1024
pixel density. Samples were placed directly on the sample holder and the area of interest
was selected with the aid of a video-laser focusing system. An X-ray collimator system
allows to analyze areas of 500um. The X-ray diffractometer was operated at 40 kV and
40 mA to generate Cu Ka radiation. We collected 2D XRD patterns covering a range
of 20 between 20 - 85° at a distance of 15 cm from the sample. The exposure time was
120 s per frame. Identification of the crystalline phases was achieved by comparison of
the XRD diffractogram with the ICDD database using DiffracP™ Evaluation software
(Bruker 2007).

The nanoporous GaN microparticles deposited on the Si substrates as a porous
layer were characterized morphologically using a JEOL JSM 6400 scanning electron
microscope (SEM). Before observation samples were coated with a thin layer of gold
with a Bal-Tec SCD004 sputterer.

Electrical characterization

Charge transport measurements through the porous GaN films were conducted using 2-
and 4-probe measurements using a dc-voltage course and an Agilent 34401A Digital
Multimeter in a Peltier cell, thermostated to 295 K in a Faraday cage. Liquid metal
contacts were made using In-Ga eutectic blown into a sphere from a gold metallized
short borosilicate capillary tube ensuring good wetting (several pm?) to the rough top-
surface morphology of the porous GaN and avoid electrical shorting to the underlying
metallized silicon. Measurements were made in 2- and 4-probe arrangements.
Resistivity values were extracted from /-7 curves in the high bias regime (series
resistance) and also from 4-point probe measurements. Diode measurements of the
GaN/MgO system were made in vertical 2-probe measurements.

Results and Discussion
Vapor-solid-solid growth of porous GaN

Figures 1(a) and (b) confirm that the porous GaN particles have a characteristic
morphology consisting of faceted hourglass crystals with a mean size of ~1.5 um.
Crystal growth occurs progressively on the surface with individual crystals ripening
until a layer of porous GaN microparticles covers the surface as a porous layer. The
GaN layers are both microporous and mesoporous. The microporosity stems from the
free space between particles (see Figure 2 (c)), whereas the nanoscale mesoporosity
comes from internal pore features within the particles, confirmed with time-resolved
focused ion beam (FIB) based tomography (11). The particles obtained on the Si
substrates coated with Pt showed a higher degree of internal porosity than those grown
from Au-coated Si substrates.

The growth of these GaN nanoporous particles is assisted by a solid particle
through the vapour-solid-solid (VSS) mechanism, the main stages of which are: the Ga
incorporation into the Au or Pt solid phase eutectic, the formation of a Ga-Au or Ga-Pt
alloy, the solubilization of nitrogen in the Ga-Au(Pt) alloy, and finally the nucleation
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and growth of GaN (see Fig. 1). HRETM analysis of such structure shows that they are
single crystal in nature, with structure defect comprising internal pores within the
crystals.

Ga NH3 \\ Au(Pt) + GaN

—

(d)

Figure 1. (Top) Mechanism of growth of the GaN nanoporous particles through the
VSS process. SEM image of porous GaN particles grown on Si (100) substrates coated
with (a) 20 nm film of Au and (b) 20 nm film of Pt. (¢) SEM cross sections showing
interparticle porosity of the GaN layer. (d) Schematic of the porosity inherent in the
GaN film.

The crystalline structure of the porous GaN particles deposited on Si substrates
coated with Au and Pt was analysed using X-ray diffraction. The XRD pattern shown
in Fig. 2(a) for GaN grown on Au-coated Si substrates, confirms crystalline wurtzite
GaN growth with a predominant diffraction intensity from low-index crystal facets. The
regions at which the (400) diffraction peak of Si should appear (69.131°) has been
excluded from the measurement to avoid problems of intensity saturation. This allows
observation of lower intensity reflections that are attributed to crystalline SisN4 and a
crystalline Au-Ga intermetallic alloy of cubic Ga:Au. We believe that the SizNs
formation is most likely due to the reaction between NH3 and silicon accelerated by the
metallic catalyst.

The formation of the Au-Ga crystalline alloy, which occurs here above the solid-
solution formation temperature of 923 K, confirms intermetallic seeding to form GaN
by reaction with NH3 through a vapor-solid-solid process. The uniform intensity of the
Debye rings (along the curved ring portions in Fig. 2b) collected for porous GaN
confirms that there is no texturation of the layer of porous crystals (see Figure 2 (b)).
For porous GaN grown on Pt-coated substrates, similar results were obtained, although
we could not identify the formation of any specific crystalline Pt-Ga alloy.
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Figure 2. (a) XRD pattern for porous GaN deposited on Au-coated Si(100) showing
the formation of crystalline GaN (ICDD 01-073-7289), SisN4 (ICDD 03-065-8613) and
GazAu alloy (ICDD 01-071-6479). (b) Debye rings recorded with GADDS detector
indicating no texturation of the porous GaN layer.

Electrical characterization of Pt- and Au-contacted porous GaN

Figure 3 shows the /-V curves from the porous GaN catalyzed by Pt (Figure 3a) and
also by Au (Fig. 4b), with the second contact placed on the underlying metal which was
under heating to 1203 K in NH3. The /-7 curves show only slight asymmetry indicative
of near ohmic, weak Schottky barriers of Pt and Au. Consistently, the conductivity of
porous GaN grown from Pt is higher than that grown from Au, in spite of the higher
workfunction. The /-V curve of porous GaN-Pt in Fig. 4(b) shows the low-bias non-
linearity consistent with a weak Schottky barrier. Both contacts are described using the
thermionic emission theory, acknowledging a high ideality factor for weak barriers. The
Schottky barrier height can still be estimated from.

I=1, {exp(%j - 1}
(1)

where Io = AA**TPexp(-q¢°sn/kT)"> where A** is the effective Richardson constant.
The estimated Schottky barrier heights using the theoretical value for the effective
Richardson constant (26.4 A cm™ K2) for Pt and Au contacted porous GaN are 0.66 eV
and 0.53 eV, respectively.

In spite of the higher porosity from Pt-grown porous GaN, the contact resistivity
of the Pt contact is 2 — 4 x 10* Q cm? while that of the gold contact is 6 — 9 x 10 Q
cm?. Thus the interface dominated the transport more than the crystallinity or
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morphology of the porous microstructure, and effective ohmic contacts can form with
n-type GaN.

<
fo)

o
w

Current (nA)
o
o

O
w

Applied Voltage (V)

Figure 3. I-V curves for porous GaN grown from (a) Pt and (b) Au.

Two terminal transport measurements (Fig. 4a) acquired between the In-Ga
ohmic contacts showed perfect ohmicity for transport through the porous GaN layer
only, from which low contact resistivities were determined with variable intercontact
separation using the TLM approach and found to be in the range 1.7 —4.4 x 10* Q cm?,
in spite of the multifaceted, porous morphology. Corresponding 4-probe analysis gives
sheet resistances for porous GaN films in the range 43-49 kQ/o, which is higher than
compact thin film forms as expected from a layer comprising microcrystals in intimate
contact. The values, that match those of MBE grown GaN thin films with Ti/Au alloy
contacts after annealing to 973 K (16), are caused by the efficient interface between the
metal and the growing porous GaN (10). Additionally, although annealing at 1173 K is
known to initial improve contact resistivities down to the 10° Q cm? with Ti/Al
contacts, continued heating at this temperature for more than 40 seconds results in a
drastic increase in contact resistance (16). The present method avoids this by the use of
noble metal contacts as catalysts for the GaN growth. It is worth noting that the n-type
contacts were effectively ohmic as deposited and did not need any post-deposition
annealing to induce this effective ohmicity; such linear I-V behavior is not found with
Au contacts, and the intermetallic seed layer interface is critical for removing the
transport Schottky barrier (17).

For the low resistance contacts to a porous GaN layer either a low barrier
Schottky contact forms with a graded band-gap interface or a tunnel contact is formed.
From XRD analysis, a crystalline Si3N4 dielectric layer forms when deposition is
performed on silicon, just prior to continued VSS porous GaN growth and is not likely
from N out-diffusion from the GaN. The GaN too, is not expected to decompose at 1203
K in NH3 (it would at a slightly higher temperature in vacuum)'’, but the Au and Pt
melting points are close to this temperature. These metals solidify once the crystalline
intermetallic Ga2Au solid phase is formed. Oxide growth that would increase the
resistivity of the contact is also prevented.
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Figure4. (a) I-V curve for the porous GaN grown directly from Pt and (c) [-V curves
from two- and four-probe measurements using In-Ga ohmic contacts to porous GaN.

The intermetallic Ga2Au phase suggests a band structure that promotes transport
by lowering the Schottky barrier, rather than forming a definitive tunnel contact which
shows ohmicity over a small potential range. The intermetallic formation at the
interface that allows the growth of the GaN effectively acts as an intermetallic ohmic
contact at the semiconductor interface, and the method may be extended to growing
nanoscale III-N materials and alloys using metals that are not typically employed for
contacting, to give ohmic response.

Single step high-k MgO/porous n-GaN diode formation
When doping these nanoporous GaN with a high concentration of Mg using Mg3N2 as

precursor, a layer of crystalline MgO is formed in between the Au- or Pt-electrode and
nanoporous GaN. Fig. 5 shows the XRD pattern for the resulting deposition.
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Figureb5. (a) XRD pattern for porous crystalline wurtzite GaN (P63mc) doped with Mg

grown on a Si(100) substrate using Ni(NO3)2 as catalyst, with inset of Debye rings. (b)
SEM images of the Mg-GaN particles deposited on Si.
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We find that deposit also contains crystalline MgO, oxidatively crystallized
from the Mg presence during incorporation at the growth stage of the porous GaN. From
Fig. 5b, that the single crystals remain nearly identical those grown in the absence of
the Mg precursor, and separate data shows that they also retain their unintentionally n-
doped character.

TEM analysis confirms that the polycrystalline MgO is located under the porous
GaN, in spite of being present at initial stages of the seeding mediated growth of the
GaN itself. The high quantities of the Mg-containing precursors preferentially forms
this layer rather than doping the GaN lattice. The Mg concentration from TEM energy
dispersive X-ray analysis, shown in Fig. 6, confirms the interfacial location of the MgO
between the silicon substrate/intermetallic seed layer, and the porous GaN.

# Mg G # Mg | Ga
(b) % % % | %

1 733 | 26.7 7 11.7|97.8

2 98.5 1.5 8 7.9 192.1

3 97.0 3 9 9.5 [90.5

4 97.3 2.7 10 8.9 [91.1

5 7.9 92.1 11 7.9 192.1

6 11 89 12 8.1 |91.9

Figure 6. (a) TEM image of porous GaN layer doped with Mg grown on a Si(100)
substrate. (b) EDX content of Mg and Ga in the pores particles. The measurement points
(#) relate to those numbered in (a).

Figure 7 shows I-V curves across the device using an In-Ga euctectic to
ohmically contact both the substrate and the porous GaN. The GaN layer in this case
was grown using a Au seed layer. A rectifying diode response is found in the presence
of the MgO, compared to ohmic response between the intermetallic termination porous
n-GaN and the substrate (18,19). We assumed that the net current is due to thermionic
emission current since the metal-semiconductor-metal contact now contains a dielectric
at one interface, mimicking a Schottky contact with series resistance and an interfacial
layer. Additionally, this is confirmed by forward bias voltages of V' > 3kT/q, which is
the case here. The downturn to linearity in the current after ~0.25 V confirms a series
resistance, Rs most likely originates from the MgO and porous n-GaN, as opposed to
either of the metal contacts which are confirms to be ohmic in nature. At higher bias
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(>0.25 V), the Rs dominates, as can be seen from the differential conductance dZ/dV
curve in Fig. 7a.

Effective ohmic contacts can form with n-type GaN, as shown earlier,
suggesting that the resistivity dominates transport through an alloyed interface that
promotes ohmic transport. When and high-k MgO layer is introduced, the series
resistance markedly increases at much lower voltages. The MgO/n-GaN sandwich
effectively has an altered electron affinity with respect to the contact In-Ga top contact.

The overall series resistance, Rs, to which the sheet and contact resistivities
contribute can also be determined from diffusion and thermionic emission theory
summarised for a Schottky type diode in Eq. (1). In the presence of the intermetallic
bottom contact, the transport is effectively ohmic. As the top contact to n-GaN is also
Ohmic, the diodic response stems from affinity differences between the MgO high-k
oxide and the GaN semiconductor. The series resistance can also be obtained from the
differential resistance through its proportionality to the current according to

d_V[Rk_T{l/_IDRE @
dl g |1/1,-1 gl
(a) 4 T T T T (b) 1() E T T . T T E
Au-GaN 12,0 g ' :
3 LI(V) i )
_ | di(V)/dv 15 ~ S ]
22t 22
5 "Es :
£ 1 2 5
0 e : ]
_ E 10.0 _ ]
_1 I | L i 1 | ! OIO‘I L I
2 -1 0 1 2 2 1 0 1 2
Applied Voltage (V) Applied Voltage (V)

Figure 7. (a) I-V and d//dV curves for Au-seeded porous n-GaN with a MgO dielectric
layer. (b) In(/)-V curve for the diode.

Figure 8a shows the differential resistance d}/d/ as a function of applied of the
inverse of the current in the high current region, plotted according to Eq. 2. Although it
does not take account of specific grain boundary effects, the series resistance is
estimated to be in the range 5-6 kQ for the MgO/porous GaN sandwich. For the
transport through the MgO/porous n-GaN stack, dV/d/ approaches Rs at the higher
currents, but as seen in Fig. 8b, the series resistance also includes likely tunnelling
effects as the ideality factor is strongly voltage dependent and quite high in the higher
current and higher bias regions. Further work is underway to identify mechanism
contributing to such high ideality factors which in Schottky junctions are indicative of
several mechanisms including tunnelling current, through multiple heterojunctions.
Porosity complicates the transport mechanism, increasing shunt and series resistances

21).
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Charge transport measurements through this system were conducted using 2-
and 4-probe measurements and confirm the fabrication of a porous GaN diode with an
in-situ grown crystalline MgO high-k dielectric layer. For Au-seeded porous n-GaN,
Ohmic transport is found in the absence of a second oxide semiconducting layer
between the intermetallic and the porous n-GaN, as shown in Figs 3 and 4. Further work
is in progress to determine the direct effect of porosity on the reverse bias current
mechanisms, and optimization of the diode response from Pt-seeded intermetallic-
mediated porous GaN growth based on detailed investigations of the influence of the
porosity on contact and sheet resistivity, and performance as a chemically inert, high
surface area field effect transistor for sensing.

R R VI VR PR T (b) : T T T 12
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Figure8. (a) Differential resistance (d}7/d/) as a function of current for the MgO/porous
GaN diode. (b) In(/)-¥ curve and the voltage dependence of the ideality factor for the
diode.

Conclusions

In summary, porous GaN particles have been successfully grown as high surface area
layers from Pt- and Au-coated silicon substrates by a vapor-solid-solid process. The
particles form as a layer of single-crystal particles with interparticle and intraparticle
porosity. Current-voltage and capacitance-voltage measurements show near-ohmic
transport through low-doped, polycrystalline (as a layer), porous n-GaN without alloy
contacts or low work function metals. Metal-Ga intermetallic alloy formation during
vapor-solid-solid growth promotes thermionic emission-based low-resistance ohmic
transport through the porous layer and very low contact resistivity is possible to the
faceted, rough n-GaN surface. By depositing Mg in a manner similar to deterministic
p-type doping of GaN, a thin Mg films that is oxidized to polycrystalline MgO, is
formed underneath the porous n-GaN layer, resulting in a high-k dielectric oxide that
allows the single step formation of a porous GaN/MgO diode.
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Abstract

LEDs with enhanced light extraction efficiency and sensors with improved
sensitivity have been developed using porous semiconductors. Here, the growth of
porous GaN epitaxial layers oriented along the [0001] crystallographic direction on
Al,O3, SiC, AIN and GaN substrates is demonstrated. Lattice mismatch between the
substrate and the porous GaN layer directly affects the structure and porosity of the
porous GaN layer on each substrate. Deposition of unintentionally doped n-type porous
GaN on non-porous p-type GaN layers allow for the fabrication of high quality
rectifying p-n junctions, with potential application in high brightness unencapsulated
GaN-based light emitting diodes and in high surface area wide bandgap sensor devices.

Introduction

I11-N semiconductors, such as GaN, have a wide range of applications principally
due to its wide direct band gap, being the most used materials for solid state lighting,
both as LEDs and laser diodes , with emission in the UV and visible spectral ranges,
being essential for the production of white light.""! They present also interest for high
temperature/high power electronics because of their large band gap, high thermal
stability and excellent physical properties.?

In its porous form GaN is particularly interesting for developing optoelectronic
devices with improved efficiency, such as LEDs with enhanced light extraction
efficiency. This is due to the multiple reflections on the lateral walls of the pores and an
“effective” reduced refractive index®* that alleviates the high refraction index contrast
between GaN, or other semiconductors, and air.*®! They are also interesting for their
use in (bio)sensors, with improved sensitivity induced by the larger surface area of the
porous structures.[’®! Another attractive application of porous GaN is its use as a buffer
layer to reduce the structural defects in non-porous GaN grown on foreign substrates, by
reducing the stress due to the lattice mismatch.%

However, porous GaN has been typically fabricated by (photo)electrochemical and
chemical etching methods.**™! These methods generally suffer from a lack of control
over the size, morphology and distribution of the pores, making the fabrication of
optoelectronic devices difficult. Furthermore, the use of these techniques might induce
unwanted interface states and surface contamination and defects that can affect
properties of the crystals, negatively affecting the performance of the systems based on
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them. Also, one has to take into account that anodization processes, to generate the
required porosity, demand complex equipment for their control, and in general many of
the electrolytes are highly toxic and/or corrosive. In the specific case of porous GaN, the
ability to form relatively uniform, crystalline porous GaN layers over large areas
through complex etching processes without photolithographic masking is
challenging.[*4

We have previously shown that it is possible to produce nanoporous GaN
microparticles in a simple chemical vapor deposition (CVD) reactor,™ without the
need of additional etching or chemical treatments after growth for generating the
porosity. The porosity in these particles is only present on the (0001) face. Recently, we
demonstrated that these nanoporous GaN particles can be also grown on silicon
substrates using a metallic catalyst, obtaining porous particles with a low density of
defects.l*®*"1 However, the result is a polycrystalline porous GaN film with dual
porosity (intraparticle and interparticle), where the porous particles, are not
crystallographically oriented. In spite of this, electronically, GaN retains a clean surface
with low presence of deep levels,[*® which is useful for applications requiring a high
surface-to-volume ratio.

Here we show the possibilities of growing grains oriented along the [0001]
crystallographic direction, so that all the pores would be aligned along the same
direction through the directional effect provided by the substrate on which porous GaN
is grown. The substrates for the oriented growth of nanoporous GaN were sapphire
(which is the most widely used substrate for GaN deposition), SiC (also one of the most
used substrates for GaN production), and commercial AIN and GaN epitaxial layers,
since they have the same crystallographic structure and thus induce reduced lattice
mismatches. The obtained porous films are characterized morphologically, structurally,
electrically and optically. When growing on p-type non-porous GaN films, a clear p-n
junction response was obtained, demonstrating the potential for functional devices
based on epitaxial GaN and CVD grown porous GaN multilayers.

Materials and Methods

Nanoporous GaN thin layers were grown on different substrates by the direct
reaction of metallic Ga with ammonia in a tubular CVD reactor, using gallium metal
(99.999%) and ammonia (99.99%), as Ga and N sources, respectively. Metallic Ga was
introduced into the system in the form of droplets in a quartz crucible.

The substrates used were Al,O3 (0001), SiC (0001), and commercial AIN (0001)
and GaN (0001) thin films grown on sapphire (0001) substrates. The substrate was
placed 1.7 cm above the Ga source. Prior to their introduction in the furnace, the
substrates were cleaned with ethanol. No catalyst was used in this case, in contrast when
nanoporous GaN polycrystalline films were obtained on Si substrates by the same
method; ") therefore, the reaction was self-catalyzed.

The quartz tube of the furnace was degassed to a vacuum pressure of 1 x 107
Torr. Ammonia was then introduced through a mass-flow controller at a flow rate of 75
sccm, while the pressure was set at 15 Torr and the furnace was heated up to the
reaction temperature of 1203 K. Then, the furnace was kept at constant temperature for
60 min under constant NH3 flow and pressure, while the chemical reaction took place.
When the reaction was finished, the furnace was cooled down to room temperature
\2/vhile the ammonia flow was stopped, thus the pressure of the system dropped to 1 x 10°

Torr.
The nanoporous GaN layers deposited on the different substrates were characterized
using a JEOL JSM 6400 scanning electron microscope (SEM).



UNIVERSITAT ROVIRA I VIRGILI
NANOPOROUS GAN BY CHEMICAL VAPOR DEPOSITION: CRYSTAL GROWTH, CHARACTERIZATION AND APPLICATIONS.
Oleksandr Bilousov

Diposit Legal:

T 1557-2014

The (0001) surface morphology of the porous films was visualized by Atomic Force
Microscopy (AFM) using an Agilent 5500 microscope in the tapping mode, using Si
tips with a diameter of 10 nm and oscillating at a resonance frequency of 75 kHz.

Rocking curves of the thin films were recorded using a Bruker-AXS D8-Discover
diffractometer equipped with parallel incident beam (Go6bel mirror), vertical 6-6
goniometer, XYZ motorized stage and a General Area Diffraction Detection System
(GADDS). Samples were placed directly on the sample holder and the area of interest
was selected with the aid of a video-laser focusing system. The X-ray diffractometer
was operated at 40 kV and 40 mA to generate Cu Ka radiation. The GADDS detector
was a HI-STAR (multiwire proportional counter of 30 x 30 cm with a 1024 x 1024
pixel). The rocking curves covered an omega angle of 6° from 120 frames, and were
recorded at a step size of 0.05° and 15 s of exposition time per frame.

Two-probe electrical measurements of porous GaN samples were conducted using
In/Ga liquid eutectic contacts and a Biologic SP-50 potentiostat. An In/Ga eutectic
droplet was used as the Ohmic contact. Linear voltage sweeps were obtained between
the range of -3 V and 3 V with a 50 mV/s sweep rate.

Cathodoluminescence (CL) imaging and spectra (at both room temperature and 80
K) and EBIC measurements at RT were carried out in a field emission scanning electron
microscope (Carl Zeiss-LEO 1500) operating at 10 kV. For CL measurements, a
XiCLOne mono-CL2 system from Gatan was used, the detection being done with a
charge-coupled device camera.

For EBIC measurements, the electrical current generated by the electron beam was
collected and amplified by a low noise current amplifier (MODEL DLPCA-200,
FEMTO Messtechnik, Germany). These measurements conditions allowed spatial
resolutions of the order of few hundred nanometers.

Results and discussion

Morphological characterization of the porous GaN films. Figure 1 shows the SEM
top view images of the nanoporous GaN films obtained on the different substrates used
in this work. Prior to the experiments, we expected porous GaN layers to grow oriented
along the c-crystallographic direction, since all our substrates belong to the hexagonal
system and are oriented perpendicular to the [0001] direction. However, the
morphology, grain structure and the crystallographic orientation of the films depends
strongly on the lattice mismatch between the substrate and GaN.

We calculated the two-dimensional lattice mismatch from the expression to have
an estimation of the biaxial stress of the samples: ']

I L S(Lhkil) - S(Shkil))/ S(Shkil)] x 100 Eqg. 1

where S(Shki,)and S(Lhki,) are the areas calculated from the periodicity vectors of the

substrate and the layer, respectively, for the (0001) plane. Table 1 summarizes the
lattice parameters used to calculate the lattice mismatch and the obtained values for the
different substrates. The sign of the lattice mismatch indicates if the films are under
either compressive or tensile strain when grown on a particular substrate. A negative
lattice mismatch means that the plane of the substrate is larger than that of GaN, in this
case the porous layer should be under tensile strain. A positive lattice mismatch means
that the surface area of the (0001) plane of the substrate is smaller than that of GaN,
thus the porous films suffer from compressive stress.
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As it can be seen in Table 1, sapphire offers a negative lattice mismatch with
GaN, while SiC and AIN result in positive lattice mismatch. The lattice mismatch
calculated for the films grown on GaN is zero.®?! Thus, the porous GaN layer grown
on sapphire should be compressed, whereas those layers obtained on SiC and AIN
should be stretched. Furthermore, the absolute value of the lattice mismatch calculated
for GaN/Al,O3 is larger than for GaN/SiC and GaN/AIN, and can be arranged in the

following order from bigger to smaller: 5o > f 35> foomn > Frowon -
The lattice mismatch between GaN and the substrate can be also estimated by
the difference between the c-axis parameters of the substrate and the thin film,

according to the following equation, although it only takes into account the uniaxial
stress:

frooon = [{Cl - /C_r.']

where ¢® and c" are the ¢ cell parameters of the substrate and the layer, respectively. If
this methodology is used, the lattice mismatch between sapphire and GaN is reduced to
-11%, while the rest of the calculated lattice mismatches do not change substantially.

Table 1. Lattice mismatch, calculated for the (0001) plane, between GaN and the
different analyzed substrates

Lattice parameters Lattice mismatch, %
Substrate a (A c(A) fiwi) .
Sapphirel*! 4.75 12.99 -55.1 -11.16
6H-SiCl*”] 3.07 10.05 7.7 7.7
AINFEA 3.11 4.98 5.1 5.1
GaN™! 3.19 5.18 0 0

Porous GaN obtained on Al,O3; appears in the form of a continuous layer of
randomly oriented GaN particles, with porosity present on the (0001) face (see Figure
1a), as observed previously on Si and BN substrates.!*® In spite of such porosity, an
ordered coverage of the surface of the substrate is apparent at low magnifications (see
inset in Figure 1a).

In the case of SiC (0001), the smaller lattice mismatch and the similar thermal
expansion coefficients with GaN, results in porous GaN growing as a quasi-continuous
layer with porous GaN particles aligned along the [0001] crystallographic direction and
pores on the (0001) GaN face (see Figure 1b). However, crystal grains do not tend to
coalesce during growth, and individual particles are still evident in the image.

On AIN, a c-oriented continuous quasi-porous GaN layer similar to that on SiC is
obtained, but with a different morphology. Individual particles are not evident;
however, the pores have and higher dispersion of shapes. Interparticle porosity in this
case is favoured, while negligible intraparticle porosity (within each crystal) is found, as
is the case for other growth regimes (see Figure 1c).["

Similar results to those obtained on AIN were obtained on GaN (0001) thin films on
sapphire (see Figure 1d).
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Figure 1. SEM images of porous GaN films obtained on (a) Al,O3; (0001), (b) SiC
(0001), (c) AIN (0001) and (d) GaN (0001) thin films on sapphire.

2.

2um

The porous GaN epitaxial layers (grown via CVD) obtained on GaN (0001) coated
sapphire (0001) substrates were further investigated to follow the evolution of the
morphology of the pores and the growth rate with reaction times between 15 and 60
min. Figures 2(a-c) shows the top-down SEM images of porous GaN obtained. These
micrographs show that by increasing the reaction times the diameters of the pores
increases. The sample obtained at 15 min showed the highest degree of porosity, while
the sample obtained after 60 min of reaction showed the lowest degree of porosity. This
evolution of the pores with time seems to suggest that a coarsening of the pores is
happening as the reaction time increases. Especially in the case of the CVD porous GaN
obtained at 15 and 30 min, they have the appearance of a perfectly c-oriented
continuous porous GaN layer, and the aspect of a true epitaxial porous layer. These
results obtained on GaN (0001) coated sapphire (0001) substrates suggest that by
decreasing the reaction time on the epitaxial growth of CVD porous GaN on AIN, also
porous epitaxial layers would be obtained.

To know the thickness of the CVD porous GaN epitaxial layers obtained on GaN
(0001) coated sapphire (0001) substrates, cross sectional-images of the samples were
recorded by SEM, as shown in Figures 2(d-f), corresponding to 15, 30 and 60 min of
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reaction time, respectively. These cross-sectional micrographs clearly show the sapphire
substrate, the non-porous GaN film with a thickness of ~5 um, and the CVD porous
GaN layer. The interface between the non-porous GaN film, and the CVD porous GaN
layer are well defined and abrupt, which is the consequence of the change in density
(material quantity) of the two layers. The thickness of the CVD porous GaN layer
increases with reaction time, from ~0.5 um at 15 min to 1.7 um at 60 min.

Non-porous GaN Non-porous GaN Non-porous GaN

Sapphire S Um Sapphire S Um Sapphire S Hm

Figure 2. Top views and cross-sectional SEM images of the CVD porous GaN epitaxial
layers obtained on GaN (0001) thin films coated sapphire (0001) substrates obtained
after (a), (d) 15 min, (b), (e) 30 min, and (c), (f) 60 min reaction time.

AFM in tapping mode was used to visualize more in detail the CVD porous GaN
layers, see Figure 3a. The porosity is evident in the image, and pores of different
diameters are observed. Two profiles of the surface of the sample, corresponding to the
lines indicated in Figure 3a, are shown in Figure 3b to describe the typical diameters of
the pores, ranging from 200 to 300 nm.
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Figure 3. (a) AFM image and (b) profiles of the CVD porous GaN epitaxial layer
grown for 30 min on non-porous GaN film coated sapphire (0001) substrates, taken at
the locations highlighted in (a), showing the typical diameters of the pores.

Structural characterization of the CVD porous GaN epitaxial layer. The rocking
curves corresponding to the (0004) XRD reflection of both the CVD porous GaN
epitaxial layer and the non-porous GaN film are shown in Figure 4. For the non-porous
GaN film the measured FWHM is 0.428°, while for the CVD porous GaN epitaxial
layer the FWHM is 0.419°. The reduction in the FWHM for the porous layer indicates
the good structural quality of the epitaxial porous layer compared to epitaxially grown
non-porous GaN films.

Furthermore, the rocking curve maximum is centered at 72.902° for the non-
porous GaN film, as shown in Figure 3, while that of the CVD porous GaN epitaxial
layer is centered at 73.082°. This shift indicates a slight relaxation of the porous layer.
The reduction of the structural strain in the direction perpendicular to the plane of the
sample can be determined by using the following expression:?®!

A€ | = (Cstrained — Crelaxed)/Crelaxed
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Were Csrained IN OUr case accounts for the ¢ parameter of the non-porous GaN grown on
sapphire, and Crelaxeq for the ¢ parameter of the CVVD porous GaN layer, calculated both
from the analysis of the rocking curves. Accordingly, a reduction of the strain
perpendicular to the (0001) plane of 0.21% can be estimated. This strain reduction
stems from the benefit of internal porosity and the fact that the CVD porous GaN is
grown on a native substrate, while the non-porous film is obtained on sapphire.

N Non-p;orous (I3a|\| fnn; I Poro'us GaNlepitaxiéI layer |
[ FWHM = 0,428 FWHM = 0,419
—~ | Peak=72902" Peak = 73,082 °
3
2
gl
x
7]
c 1
Q
et
£
i 1 " [l " [l i
72,0 72,5 73,0 73,5 74,0

o (degrees)

Figure 4. Rocking curves of porous GaN epitaxial layer grown on non-porous GaN
films on sapphire.

Cathodoluminescence characterization. Figure 5 shows SEM and corresponding
panCL images recorded for the non-porous and CVD porous GaN films. The panCL
image of the non-porous sample, Figure 5a, shows the typical granular luminescence
emission pattern of GaN,"! due to the high concentration of dislocations (>10° cm™) in
these layers. In the corresponding SEM image, some porosity is apparent, likely related
to the thermal treatment to which the substrate has been exposed during the growth
process. The panCL image of the CVD porous sample, Figure 5b, shows a more
uniform distribution of the luminescence. It is also important to note that the presence of
the pores does not quench the luminescence arising from the porous GaN. In fact, when
we compare this image with the corresponding SEM image, the pores (that can be
clearly seen in the SEM image) are not visible in the CL image, with the exception of
the larger pores, for which a dark contrast can be observed in the CL image.

Figure 5c¢ shows the panCL image recorded at the border between the non-
porous and the CVD porous GaN films. From this image it is clear that the extraction of
light from the porous GaN is more efficient than from the non-porous film, related to
the high quality of the CVD porous GaN epitaxial layer. Also, one can consider the
beneficial effect of multiple reflections that the light generated by the sample suffers at
the walls of the pores, which allows limiting the total reflection imposed by the
refractive index contrast between GaN (2.29)!*®! and air to be overcome. The CL spectra
recorded in both regions are also shown in Figure 5c. The spectrum recorded for the
non-porous film corresponds to the typical CL spectrum of a p-type GaN, with the
donor-acceptor pair (DAP) luminescence located at 3.28 eV (378 nm), and a
longitudinal optical (LO) phonon replica at 3.19 eV (388 nm). The spectrum recorded
for the CVD porous GaN epitaxial layer exhibits the expected band-edge luminescence
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of n-type GaN, located at 3.40 eV (364 nm), with a FWHM of ~57 meV. Apart from
this, a broad yellow luminescence (YL) band, normally attributed to point defects (Ga
vacancies) and impurities such as oxygen and carbon®! was also observed. For
instance, in porous GaN deposited on Si by CVD, we observed the YL associated with a
transition between the conduction band and a deep acceptor level, since its emission
energy was independent of temperature.*” In the present case, we also observed an
spatial variation in the intensity of the band-edge and YL bands, depending on the
probed point along the sample. This can be attributed to different effects, such as an
inhomogeneity in the distribution of impurities or defects in the GaN structure, but also
to changes in the light extraction associated with the geometrical features of the pores.
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Figure 5. SEM and panchromatic CL images of (a) GaN on sapphire and (b) porous

GaN. (c) Panchromatic CL image recorded at the border between porous and non-
porous GaN, and CL spectra recorded at these two layers.
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Electrical characterization. To further demonstrate the potential of the CVD
porous GaN layers, we have grown them on a Mg-doped non-porous GaN film on
sapphire. When such a structure is grown, a p-n junction is formed, as revealed by the
non-linear 1-V curve typical of a diode behaviour, as shown in Figure 6a. I-V curves
were acquired between the underlying non-porous p-type GaN film and the porous GaN
epitaxial layer. The clear p-n junction response confirms the formation of
unintentionally doped n-type porous GaN. Microscopic examination (not shown here)
confirms a clean interface without oxides or contaminants.

100 ———————T7————

Porous n-GaN
on epitaxial p-GaN
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Figure 6. (a) I-V curve of the p-n junction formed from unintentionally doped CVD
porous GaN epitaxial layers grown on non-porous p-type GaN films on sapphire. (b)
SEM and (c) EBIC images of a CVD porous n-type GaN layer grown on a p-type non-
porous GaN film on sapphire.
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The high bias resistance turn-over of the porous n-type GaN occurs just above 1 V. At
this voltage, high level carrier injection occurs across the p-n junction at higher applied
bias, and is found to increase linearly with voltage above ~3V.2%3! These values are
consistent with the corresponding characteristic voltages found in uniform epitaxially
grown GaN. In the case of CVD porous n-type GaN on non-porous p-type GaN films,
current flow through the junction varies exponentially when the p-type material is
positively biased. The turn-on (knee) voltage for the p-n junction is characteristically ~
Eqg4q — Ey/2q, i.e. 0.5 — 0.68 V. This response presents several features already
observed in InN, GaN and other p-n juction nanowires arrays. Low reverse bias leakage
currents are found for the porous assembly of GaN crystals in the layer. Assuming an
abrupt, one-side junction by comparative analysis to coherent GaN films, the barrier

ra

_ Hlu(wﬂ.-\-;q)

B = =

potential Vg is estimated as T\ n J =072V, where Np =10 cm™ and N,
= 10" cm™ are the donor and acceptor densities of the porous n-type GaN and the
epitaxial p-type GaN of the p-n junction, respectively.

The measurements allow us to infer several important aspects for non-porous
and CVD porous GaN interfaces and p-n junctions. Firstly, microscopic characterization
has ruled out oxide or interfacial contaminants that would alter the effective barrier.
From Fig. 2, we can also conclude that the interface between the CVD porous and the
non-porous GaN layers is well-defined and thus no significant tunnelling barrier exists
either at the GaN-GaN interface or on the surface of the GaN with the Ohmic contact.
Secondly, rectification arising from Schottky diodes contributions to transport are ruled
out, since separate measurements'’ on the n-type GaN porous layer with In-Ga contact
(that includes considerations of the transport mechanism variations facilitated by
intermetallic interfaces) and those from p-type GaN contacts including measurement
with epitaxial n- and p-type layers, conclusively show Ohmic behaviour. The porous p-
n junction here dominates the I-V curve response. Finally, measurements from several
separate p-n junction tests exhibited similar I-V response.

In order to corroborate the satisfactory p-n junction behaviour of the CVD
porous n-type GaN layer grown on a p-type non-porous GaN film on sapphire, EBIC
measurements were also performed. Figure 6(b,c) shows the SEM and corresponding
EBIC image of a region of the sample. No dark features are observed in the EBIC
image, which means homogeneous carrier recombination. In particular, the pores do not
act as traps for the charge carriers generated by the electron beam. Only some contrast
could be observed for the bigger pores. This demonstrates the good performance of the
formed p-n junction, proving the possibilities of the (0001)-oriented porous GaN layers
obtained by CVD for the development of practical electrical and optoelectronic devices.

Conclusion

We have investigated the growth of porous GaN epitaxial layers on Al,O3, SiC, AIN
and GaN substrates. The results show that the lattice mismatch between the substrate
and the porous GaN layer plays an important role in achieving a continuous layer
formed by discrete porous microparticles. The lattice mismatch was found to influence
the degree of porosity. The undoped porous GaN epitaxial layer grown on non-porous
GaN films on sapphire probed to be n-type. When grown on a non-porous p-type GaN
layer, it allows for the fabrication of a p-n junction of excellent junction characteristics,
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with potential application in high brightness unencapsulated GaN-based light emitting
diodes and in wide bandgap sensor devices.
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Abstract

Porous GaN based LEDs produced by corrosion etching techniques demonstrated
enhanced light extraction efficiency in the pass. However, these fabrication techniques
require further post-grown processing steps, which increases the price of the final
system. Also, the penetration depth of these etching techniques is limited, and affects
not only the semiconductor but also the other elements constituting the LED when
applied to the final device. In this paper we present the fabrication of fully porous GaN
p-n junctions only by growth means, using a sequential chemical vapor deposition
(CVD) process to produce the different layers that will form the p-n junction. We
characterized their diode behavior from room temperature to 673 K, and demonstrated
their ability as current rectifiers, thus proving the potential of these fully porous p-n
junctions for diode and LEDs applications. The electrical and luminescence
characterization confirm that high electronic quality porous structures can be obtained
by this method, and we believe this investigation can be extended to other IlI-N
materials for the development of white light LEDs, or to reduce reflection losses and
narrowing the output light cone for improved LED external quantum efficiencies.

Introduction

Modern society is experiencing an ever-increasing demand for energy to power a
vast array of electrical and mechanical devices. A significant amount of the energy
consumed is used for lighting purposes. For instance, this demand is ~17% of the total
energy consumed in the USA in 2011. Thus, any approach that can reduce energy
consumption is important. In this context, the development of light emitting diodes
(LEDs) incorporating at least one porous component, with improved light extraction
efficiency, is being explored intensively.!” However, up to now, only partially porous p-
n junctions have been analyzed for this purpose.

Despite the wide interest of porous semiconductors in view to their peculiar
electrical, optical, and mechanical properties for applications in many fields, from
electronics to optoelectronics,® from photovoltaics!® to biomedicine and environment
monitoring,” fabrication of totally porous p-n junctions has been scarcely investigated
and restricted almost exclusively to porous Si or 111-Vs produced by anodization. The
rectifying behavior of entirely porous p-n junctions is, from a theoretical point of view,
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compatible with that of a high-density of randomly distributed elemental mesoscopic p-
n crystalline junctions operating in parallel.’®! Also, it has been pointed out that
conventional planar non-porous diode structures exhibit a number of inherent
deficiencies that result in relatively low energy-conversion efficiencies, a problem that
might be overcome by completely porous p-n junctions.!? In fact, a ten-fold
enhancement of efficiency compared to that of the usual planar non-porous devices has
been demonstrated for totally porous Si p-n junctions in betavoltaics, and it has been
postulated that significant efficiency gains might be expected also in photo detectors
and solar cells fabricated using completely porous p-n junctions.!”

The use of fully porous p-n junctions might be especially important for enhancing
the light extraction of LEDs. It has been demonstrated that the induction of a porous
structure in the LED device can lead to an enhancement of the light extraction
efficiency of the device.™ In fact, the induction of partially porous p-n junctions in
GaN-based LEDs has lead to different improvements of the light extraction efficiencies.
For instance, an increase of 12% of the internal quantum efficiency and 23% higher
optical power has been reported on a GaN diode including a photonic crystal structure
in its n-type component,”” while an increase by 70% on the optical output power has
been demonstrated for a LED with a photonic crystal structure selectively grown on p-
type GaN.P?! Using nanotextured p-type GaN, a 46% higher Ii?ht output than in a
standard LED with unpatterned p-type GaN has been reported.”’ Furthermore, it has
been postulated that if the porous structure, forming a photonic crystal structure, crosses
the active region of the LED, i.e. the p-n junction thus forming an entirely porous ﬁ)-n
junction, the increase in light extraction efficiency could be enhanced even further.®! A
light output power improvement as high as 94% has been demonstrated for such
structures fabricated by chemical etching, in which porosity affected even the ITO
electrode.?

Recently, we have demonstrated that it is possible to produce nanoporous GaN by
crystal growth methods during chemical vapor deposition (CVD), and without the need
of any post-growth treatment to induce porosity.! We have also demonstrated that we
can produce both n-type and p-type porous GaN by this methodology with a high
density of charge carriers (~10" cm™) and even forming low resistivity Ohmic contacts
with high work function metals such as Au or Pt.”!

In this paper, we present the fabrication of fully porous p-n junctions by using
nanoporous GaN produced by CVD, and compare their performance with partially
porous p-n junctions fabricated using the same methodology, in which only the n-type
or p-type GaN layers are porous. We characterized their diode behavior at high
temperatures, and demonstrated their ability as current rectifiers, thus proving the
potential of these fully porous p-n junctions for diode and LEDs applications.

Epitaxial nanoporous GaN thin layers were grown by CVD through the direct
reaction of metallic Ga with ammonia in a tubular reactor on non-porous GaN (0001)
thin films (~ 3um thick) grown by metalorganic vapour phase epitaxy (MOVPE) on
sapphire (0001) substrates. After degassing the quartz reactor to a vacuum pressure of 1
x 10 Torr, ammonia was introduced through a mass-flow controller at a flow rate of 75
sccm, while the furnace was heated to 1200 K. The growth lasted for 30 min at the
constant flow of NH3 and temperature. After growth, the furnace was cooled down to
room temperature and the NH3 flow was stopped, reducing the pressure inside the
reactor to 1 x 107 Torr. Figure 1 shows a schematic description of the process. We used
either n-type or p-type non-porous GaN (0001) thin films deposited on sapphire (0001)
as substrates, depending on the experiment and the p-n junction to be formed (Fig.
l1a,b). Mg-doped samples were grown to produce p-type nanoporous GaN films (Fig.
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1b). These samples after growth were annealed in a N, atmosphere at 973 K for 20 min
in order to break the existing Mg-H complexes and activate the p-type conductivity of
the porous GaN layers.*% Fully porous p-n junctions were fabricated in a two crystal
growth step process (Fig. 1c). First, an undoped n-type porous GaN layer was grown on
non-porous GaN(0001). Second, another porous Mg-doped p-type GaN layer was
grown on the top of the porous n-type GaN layer as represented in Figure 1, under the
same reaction conditions.

AN
CVvD
!!!!!!!!!!/’

(@)

>

Figure 1. Schematic representation of the formation process of partially and fully
porous GaN p-n junctions by CVD.

In this way, three types of porous GaN diodes were prepared: (i) undoped n-type
porous GaN on non-porous p-type GaN (hereafter porous n-p diode), shown
schematically in Figure 2(a); Mg-doped porous p-type GaN on non-porous n-type GaN
(hereafter porous p-n diode), shown schematically in Figure 2(b); and Mg-doped porous
GaN on undoped porous n-type GaN (hereafter fully porous p-n diode), shown
schematically in Figure 2(c).

Figure 2 shows also top-view SEM images of the porous GaN layers. All porous
GaN layers reveal a high degree of porosity with a large number of pores. Despite being
grown under the same conditions, the porous p-type layers tend to show larger diameter
pores when compared to those observed on the n-type porous layers. This is especially
significant for fully porous GaN p-n diodes. The pores observed in the p-type layer are
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significantly wider than those on the n-type layer prior to the second growth step that
might be related to the corrugation of pores due to a lower decomposition temperature
of Mg-doped GaN,* which would be accentuated by the presence of the pores. High
magnification images of the porous structures for n-type and p-type GaN layers can be
seen in Figure S1 in Supporting Information.

In all cases, however, the porous GaN layers are grown oriented along the c-
crystallographic direction, matching the crystallographic orientation of the non-porous
epitaxial GaN thin-films used as substrates. Pore hollows are always parallel to this
direction.

iy
AR

Figure 2. (a) Porous n-type GaN grown on non-porous epitaxial p-type GaN, (b) porous
p-type GaN grown on non-porous epitaxial n-GaN, and (c) porous p-type GaN grown
on porous n-type GaN corresponding to the fully porous diode. Insets show schemes of
the structure of the partially and fully porous diodes.

X-ray rocking curves corresponding to the (0004) reflection were used to analyze
the influence of structural strain on porous GaN p-n junction diodes, as shown in Figure
3. Figure 3(a) shows the rocking curves corresponding to the porous n-p diode, and
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defines the response of the epitaxial p- and n-type GaN substrate for comparison, with
FWHM of 0.428° and 0.419° for the non-porous and porous layers, respectively,
indicating a good orientation of the porous material along the c-crystallographic
direction and that the crystalline quality of the porous layer is comparable to the non-
porous film, or even better. The peak positions are 72.902° and 73.082° for the non-
porous and porous layers, respectively, indicating a slight relaxation of the porous layer
when compared to the non-porous one. The magnitude of the relaxation can be
estimated according to the following expression:*?

AEJ_ = (Cstrained— Crelaxed)/crelaxed Eq. 1

WEere Cstrained @Nd Crelaxed are the c crystallographic parameters of the non-porous p-type
and porous n-type GaN layers, respectively, determined from the rocking curves.
Accordingly, a reduction of the strain along the [0001] direction of 0.24% was
estimated, which stems from the benefit of internal porosity (for details, see Table S1,
Supporting Information).

Figure 3(b) shows the rocking curves corresponding to the porous p-n diode. The
relaxation of the p-type porous layer is 0.46%, almost twice that achieved in the porous
n-p diode, indicating the beneficial strain relief offered by the porous sub-surface.*® In
that case, FWHM is slightly higher for the porous layer, but of the same order of that
obtained for the non-porous layer, indicating that the crystalline quality of these two
films is similar. The relaxation of the porous p-type layer is larger than the one observed
for the porous n-type layer, which might be related to the wider size of its pores (see
Figure 2(b)), giving additional compliance to the layer to accommodate on the substrate.

Finally, the fully porous GaN diode exhibits equal FWHM in their rocking curves
for the two porous layers and of the same order to that of the non-porous n-type GaN
film (see Figure 3(c) and Table S1). Thus, the crystalline quality of the three films is
closely similar. The relaxation calculated for these porous layers is 0.04 % for the n-
type porous layer grown on the non-porous n-type GaN film, while that of the p-type
porous layer grown on the porous n-type layer is 0.07%. In both homo and
heterojunctions, relaxed porous layers are epitaxially grown on either porous or
continuous thin films. The minimum strain is found between the non-porous and the
porous n-type GaN layers.
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Figure 3. Rocking curves of (a) the porous n-p, (b) porous p-n and (c) fully porous
diodes.

Figure 4 shows SEM and panchromatic cathodoluminescence (panCL) images, as
well as CL spectra recorded for all the layers forming the fully porous p-n diode. The
SEM image of the non-porous n-type GaN film shows a smooth surface, while the
panCL image shows the typical granular luminescence pattern of GaN, due to the
distribution of clusters of dislocations in the material.[***! The CL spectrum recorded
for this layer shows the near-band gap emission (NBE) located at ~355.6 nm and a
donor-acceptor pair (DAP) luminescence at ~377 nm, which characteristically results
from point defects and/or impurities.!*®

The panCL image of the porous n-type GaN layer shows a different distribution of
the luminescence emission, that could be related to the porous morphology, even if
there is not a full correlation between the pores revealed in the SEM image and the
panchromatic image contrast (see Figure 4b). The spectrum recorded for this layer
exhibits quite a broad NBE luminescence, corresponding to n-type GaN, peaking at
~362 nm. A yellow luminescence (YL) band centered at ~580 nm, normally attributed

to point defects (Ga vacancies) and/or impurities, such as oxygen and carbon*” is also
present.
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Figure 4: Top-view SEM and panCL images taken in the same region of the sample of
(@) non-porous n-type GaN film, (b) porous n-type GaN layer and (c) porous p-type
GaN, corresponding to the fully porous p-n diode. Insets show magnified areas of the
pictures. CL spectra recorded for (d) non-porous and porous n-type GaN, and (e) bright
and dark areas observed in the panCL image shown in (c). Inset in the graph is a
magnification of the same spectra to show the features observed in the two spectra.
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Figure 4c shows the SEM and the corresponding panCL image of the top layer of
the fully porous p-n diode (porous p-type GaN). The pores are not visible in the panCL
image, similar to what is observed in the porous n-type layer. High intensity regions
correspond to porous GaN micron-size particles that grow on the top of porous layer,
but with a different crystallographic orientation. The CL spectra shown in Figure 4e
correspond to the high and low intensity emission regions observed in the panCL image,
with the NBE of GaN at ~358 nm, the DAP band at ~379 nm and a longitudinal optical
(LO) phonon replica at ~388 nm. These features correspond to the typical CL spectrum
of p-type GaN. The spectrum recorded in the high intensity region, corresponding to a
GaN micron-size particle grown on the porous layer, has a much lower DAP intensity
emission relative to the NBE emission. This effect is likely related to a different Mg
doping incorporation of the GaN porous layer and GaN micron-size particlesi*® or to a
different crystallographic orientation of the two regions,*® which can also be
responsible for changes in the incorporation of the Mg impurities.

SEM and corresponding panCL cross-section images of the totally porous p-n
diode were recorded, as shown in Figure 5. The cross-sectional SEM micrograph clearly
shows the non-porous GaN film and the porous GaN layers grown by CVD. In the
panCL image, the dark lines observed in the non-porous GaN correspond to the
threading dislocations crossing the substrate layer. The thickness of the porous GaN
layers determined from SEM is ~2.1 um, corresponding to the two porous layers, the
Mg-doped porous p-type GaN and the undoped porous n-type GaN layer, each with a
thickness of ~1 um. Although the interface between these two porous layers is less
discernible in the SEM image, it appears clear in the panCL image, where porous n-type
GaN appears dark while porous p-type GaN appears bright. This can be related to a
higher concentration of charge carriers in the Mg-doped porous p-type GaN layer (~10*
cm™) when compared to the undoped porous n-type GaN (~10™ cm™), as previously
consigned.’®) The thickness of the two porous layers is proved to be similar in the
panCL image. Figure 5¢ shows the CL spectra recorded for the different layers in the
cross section view. In the case of the non-porous n-type GaN film, a strong emission at
~355 nm is observed similar to the one recorded in top-view (see Figure 4a). In the case
of porous p-type GaN only the DAP emission related to the Mg doping is observed,
with no emission from NBE, indicative of the incorporation of substitutional Mg for an
efficient p-type doping of this layer. The difference with the CL spectrum recorded in
top-view (see Figure 4e) indicates that in that case the NBE emission observed in the
porous layer really arises from the non-porous GaN substrate. Concerning the porous n-
type GaN layer, nearly no CL signal was detected, in agreement with the low intensity
detected in the top-view configuration (see Figure 4d). The appearance of the yellow
band, not observed for the non-porous substrate, confirms that the cross-sectional
spectrum corresponds to the porous layer.
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Figure 5: (a) Cross-sectional SEM and (b) corresponding panCL images of the fully
porous GaN diode. (c) CL spectra recorded for non-porous GaN and Mg-doped porous
GaN.

Photoluminescence (PL) measurements in top view were also performed on both
Mg-doped porous GaN and undoped porous GaN layers corresponding to the totally
porous GaN p-n junctions at different temperatures from 11 K to 300 K at a constant
laser power density. Figure 6a shows PL spectra for undoped porous GaN. It exhibits
the expected band-edge luminescence with a Varshni-like temperature redshift!*® from
3.43 eV at 300 K to 3.46 eV at 11 K and a narrow FWHM of ~12 meV at 11 K. Broad
emission near the band gap typically results from the density of states tailing due to
randomly distributed impurities. This broad emission near-band gap and band-edge
emission equilibrate in intensity at 100 K and the broad emission near-band gap slightly
dominates at 120 K. However, the band-edge emission dominates at other temperatures.

Figure 6b shows PL spectra for the Mg doped porous GaN. The room temperature
band-edge emission appears at lower energy (3.41 eV) when compared to the undoped
porous GaN. At temperatures down to 11 K, however, this emission is blue-shifted and
located at a value of 3.46 eV with a narrov FWHM of ~5 meV. The band gap emission
in both, undoped and Mg doped GaN, is over an order of magnitude more intense at 11
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K as compared to room temperature. We observe some structure in the high energy side,
at ~3.5 eV, probably associated with a bound exciton.’”) As the GaN is Mg doped and
no Si nor shallow O donor-bound excitons are expected to be incorporated in the
samples according to the synthesis conditions, we attribute this weak emission to
excitons bound to Mg acceptors. The band-edge luminescence is followed by the DAP
luminescence, located at 3.27 and 3.28 eV at 150 and 11 K, respectively. The DAP
emission disappears at high temperatures. As expected from Mg acceptors in doped
GaN, we find the LO phonon replicas at 3.18 and 3.19 eV at 150 and 11 K, respectively,
with several harmonics observable at 11 K, indicating the good electronic quality of the
p-type porous GaN layer obtained by CVD.[?2) Another broad band at ~420 nm (blue
band) is also clearly observed at 300 K, disappearing as the temperature decreases
(~200 K). This type of emission has been previously observed?® and attributed to the
formation of a Mg complex or some native defect level.

YL in n-type GaN is often attributed to Ga vacancies and impurities, such as
oxygen and carbon,™*! although it is not likely that these impurities are present in the
samples through the growth process used. YL is also present in Mg-doped p-type
porous GaN and can arise from a transition between the conduction band or shallow
donors.” The YL has weak temperature dependence and is not found to vary
considerably due to Mg incorporation into the lattice when compared to the undoped
sample.

150K

v, eV hv, eV
3.5 3 25 2 3,5 3 25 2

n-type undoped —— 300K 120K 7
280 K 100K
260 K 80 K
240K 60 K
220K 40K
200K 30K A
130 K 20K
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I oL arb. un.
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Figure 6. Temperature-dependent PL spectra of undoped (a) and Mg-doped GaN (b)
porous layers corresponding to the fully porous GaN p-n junction (Aex = 325 nm).

Electrical characterization of the three types of porous GaN diodes is shown in
Figure 7. Diodes comprising non-porous and porous GaN, and also fully porous p-n
GaN junction exhibited characteristic 1-V curves with strong rectification. Figure 7a
shows the I-V curve corresponding to the porous n-p diode. The high bias resistance
turn-over of the porous n-type GaN occurs just above 1 V. When the non-porous p-type
GaN is positively biased, current flow through the p-n junction varies exponentially.
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The barrier to the exponential current increase is found to be much lower than the
expected GaN diode response, i.e. E¢/q. The turn-on voltage for this p-n junction lies in
the range ~ Eg/4q — Eg¢/2q, i.e. 0.5 - 0.68 V. In the case of the porous p-n and the fully
porous GaN diode the turn-on voltage is found to be even lower, in the range Eg/4q —
Ey/6q (see Figure 7b and 7c). In all cases the diode behavior is confirmed and low
reverse bias leakage currents were found for these porous GaN structures. Moreover, the
current at a fixed value of the forward voltage in the fully porous diode is found to be
three orders of magnitude higher than that measured in the partially porous diodes,
indicating a low resistivity for porous GaN layers and its promising perspectives for
LEDs applications.

The electron density for unintentionally doped porous n-type GaN is estimated
to be 1.6 x 10 cm® ¥ The effective hole density for porous p-type GaN at 300 K is
estimated using the effective hole and electron masses of wurzite GaN to be ~9 x 10®
cm®.P® Taking into account the values of donor and acceptor densities of non-porous n-
type GaN and p-type GaN of Np = 10 cm™ and N = 10" cm™, respectively, and the
corresponding values mentioned above for porous n-type GaN and p-type GaN, we can
estimate Vg for the porous n-p diode as 0.72 V, for the porous p-n diode as 0.9 V, and
for the totally porous diode as 0.71 V.

Based on these measurements we should mention some important aspects for
porous GaN p-n junctions. Microscopic characterization confirms well-defined interface
between the porous and the non-porous GaN layers (see Figure 5) and thus no
significant tunnelling barrier exists either at the GaN-GaN interface or on the surface of
the GaN / Ohmic contact. Also, microscopic characterization excludes any interfacial
contaminants that would alter the effective barrier. The measurements were repeated
from different points on several separate p-n junction diodes and they exhibited similar
I-V response, which augers well for high surface area diodes and parallel arrays of
devices from completely porous p-n junctions over large areas.*

11
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Figure 7. 1-V curves of the fully porous diode. Inset shows the I-V curves recorded for
the porous n-p and porous p-n diodes. (b) I-V curves of the porous n-p GaN diode
recorded at T =298 — 673 K.

Figure 7b shows the I-V curves recorded for the porous n-p diode at different
temperatures ranging from 298 K to 673 K, confirming that we are dealing with a
rectifying diode in all p-n junctions. The forward and reverse bias currents of the diode
increase with the increase of temperature, thus accounting for an increase of the number
of charge carriers across the barrier height. The turn-on voltage for this junction is
characteristically ~E¢/4q — E¢/2q at room temperature. With the increase of temperature,

12
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this low knee voltage is reduced even further consistent with a thermionic process with
greater carrier velocities at higher temperatures. At the highest temperatures the high
bias resistance turn-over of the porous n-p diode occurs at very low potentials (~0.4 -
0.5 V), but the built-in potential Vy = (kT/q)In(NaNp/ni?) is overcome through
tunneling. At all temperatures (at least to 673 K) the rectifying characteristics of the
porous GaN diodes are preserved, and no breakdown voltage was observed even at 10 V
at673 K.

The fully porous GaN p-n junction diodes, and those comprising porous n- or p-
type GaN on non-porous epilayers, all exhibited stable rectification. Figure 8 shows
current rectification achieved at reverse bias and forward bias (> than knee voltage)
recorded for the fully porous p-n diode (see Figure S2 in Supplementary Information for
current rectification in partially porous diodes) at a bias polarity switch frequency of 0.1
Hz at room temperature. The I-t characteristics recorded at £0.4 V does not show clear
rectification behavior, since this voltage is below or on the limit of the turn-on voltage
of the porous GaN diodes. At +1 V, +2 V, +3 V and %5 V voltages all diodes
demonstrate rectifying behavior. The highest leakage voltage and the lowest
rectification ratio is observed at £5 V. Also, porous GaN diodes demonstrate very stable
values of current with time at both, forward and reverse bias. The stability confirms that
for porous p-n junctions using a single porous layer deposited on an epitaxial
continuous GaN film, or from a porous layer grown on another porous layer, a
remarkable stability in rectification is maintained. Porous GaN films can exhibit
random porosity (compared to arrays of nanostructures), but their ease of deposition
over large areas without dominating leakage currents is promising for wideband gap
applications, including sensors.

120 -
60 -
<
£
—_ 0
o
= 0.4V and -0.4V
2 -60 - 1V and -1V
O 2V and -2V
3V and -3V
1204 5V and -5V
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Figure 8. Rectifying characteristics of the fully porous diode at different voltages in the
range 0.4 -5V.

Taken as a whole, the detailed investigation presented here demonstrates that
completely porous high quality p-n junctions of porous n-type and porous p-type GaN
can be grown over large areas by sequential chemical vapour deposition. The electrical
and optical characteristics confirm high electronic quality GaN growth for porous layers

13
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when compared with non-porous epitaxially grown GaN, even when overgrown with
opposite conduction type porous layer to form porous/non-porous p-n junction diodes.
We believe this investigation can be extended to other I11-N materials such as InN and
AIN to span the visible spectrum, and as a route towards porous, graded index I1I-N
materials as a basis for white light LEDs incorporating other colour centers, or for
reducing reflection losses and narrowing the output light cone for improved LED
external quantum efficiencies. High surface area diodes by this route do not require
complicated core-shell architectures in nanostructure arrays and may be viable routes to
chemically stable wide bandgap (bio)sensors.

Experimental Section

Fabrication of partially and totally porous GaN diodes. Nanoporous GaN thin
layers were grown on commercial non-porous GaN thin films with complementary
electrical conductivity produced on sapphire (0001) substrates. The porous films were
grown by the direct reaction of metallic Ga with ammonia in a tubular CVD system,
using gallium metal (99.999%) and ammonia (99.99%), as Ga and N sources,
respectively. To produce porous p-type GaN, Mg was introduced in the furnace in the
form of magnesium nitride (99.95%), placing it 4 cm up-stream of the Ga source. The
substrate was placed 1.7 cm above the Ga source. Prior to their introduction in the
furnace, the substrates were cleaned with ethanol. When the substrate and the Ga and
Mg precursors were introduced in the furnace, the quartz tube of the furnace was
degassed to a vacuum pressure of 1 x 107 Torr. Ammonia was then introduced through
a mass-flow controller at a flow rate of 75 sccm, while the pressure was set at 15 Torr
and the furnace was heated up to the reaction temperature of 1203 K. Then, the furnace
was kept at constant temperature for 60 min under constant NH3 flow and pressure,
while the chemical reaction took place. When the reaction was finished, the furnace was
cooled down to room temperature while the ammonia flow was stopped, thus the
pressure of the system dropped to 1 x 102 Torr. After growth, the samples containing
porous Mg-doped GaN were annealed at 973 K in N, atmosphere for 20 min in order to
break Mg-H complexes and activate the p-type conductivity in porous GaN.

Morphological and structural characterization of porous GaN. Nanoporous GaN
layers deposited on GaN (0001) substrates were characterized morphologically using a
JEOL JSM 6400 scanning electron microscope (SEM). Rocking curves were recorded
using a Bruker-AXS D8-Discover diffractometer equipped with parallel incident beam
(Gbbel mirror), a vertical 6-0 goniometer, a XYZ motorized stage and a General Area
Diffraction Detection System (GADDS). Samples were placed directly on the sample
holder and the area of interest was selected with the aid of a video-laser focusing
system. The X-ray diffractometer was operated at 40 kV and 40 mA to generate Cu Ka
radiation. The GADDS detector was a HI-STAR (multiwire proportional counter of
30x30 cm? with 1024x1024 pixels). The rocking curves covered an omega angle of 6°,
collected through 120 frames at a step size of 0.05° and 15 s of exposition time per
frame.

Cathodoluminescence and photoluminescence characterization. CL measurements
were carried out in monoCL2 system from Gatan attached to a field emission scanning
electron microscope (FESEM) (Carl Zeiss-LEO 1500) operating at 10 kV. The
measurements were carried out at 80 K. The detection for panCL images was done with

14
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a photomultiplier tube (PMT), and the CL spectra were recorded with a Peltier cooled
charge coupled device (CCD) detector. PL was collected exciting the samples with the
244 nm line (second harmonic of 488 nm line) from a cw Ar-ion laser with a power
density of 2 W/cm? PL spectra were acquired using a Horiba iHR320 spectrometer
equipped with a Synapse CCD matrix. Samples were placed in an evacuated chamber of
a Janis closed-cycle helium cryostat for temperature-dependent PL measurements.

Electrical characterization. Two point electrical measurements of partially and
totally porous GaN diodes were conducted using In/Ga liquid eutectic contacts and a
Biologic SP-50 potentiostat. An In/Ga eutectic droplet was placed on top of the porous
GaN material with the other contact placed directly on the non-porous epitaxial n- or p-
type GaN, in the case of the partially porous diodes, or on the porous n-type GaN layer
in the case of the totally porous diode. Linear voltage sweeps were obtained in the range
between -3 V and 3 V with a 50 mV/s sweep rate and of -10 V and 10 V with a 50 mV/s
sweep rate for temperature-dependent measurements. Diode rectification measurements
were conducted in the range between +0.4V and +5V voltages for forward and reverse
bias. The measurements were repeated with contacts on various points of each sample to
ensure repeatability.
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