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Abstract

Long-term stability of perovskite-based X ray detectors under working condition
remains as the bottle-neck for technological purpose. Several effects are attributed to
the presence of mobile ions in these materials such as shielding of the internal electrical
field upon biasing and chemical interaction between intrinsic moving defects and
electrode materials. As a matter of fact, high and instable dark current levels found in
these devices are considered to be connected to ion migration upon polarization.
However, it is still unknown how ion displacement alters the electronic current level,
and which ionic transport parameters or ionic species determine the time-scale of the
current evolution. Therefore, new insights for carrier transport mechanisms, including
contact effects in addition to bulk conduction, is still needed due to the complex ionic-
electronic nature of this material. In this wok, different compositions of
methylammonium lead bromide (MAPbBr3) and methylammonium lead iodine
(MAPDI3) perovskites and structures (single- and micro-crystalline) are synthesized
and tested by the analysis of the resistance evolution by impedance spectroscopy (IS)
measurements and the investigation of current transient responses upon biasing. In
addition to electronic features, our analysis of ion diffusion mechanism (short-circuit
condition) and ion drift under an increasing electric field extracts values for the ion
diffusivity in the range of ~10® cm? s and effective ionic mobilities in the order of
~10° Vviecm? s, respectively. Additionally, dissimilar current responses are
encountered for the bromide-based perovskite samples and the iodine ones presumably
connected to the chemistry of the defect formation. Our findings corroborate the
existence of a coupling between electronic transport and ion kinetics that ultimately
establishes the time scale of electronic current. Since ion-originated modulations of
electronic properties constitute an essential peace of knowledge to progress into the
halide perovskite device physics, this thesis sheds light on the dark current issue by
helping to clarify the ongoing debate about potential processes governing detector
operation concerning long timescale functioning and current stabilization upon

polarization.
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Resumen

La estabilidad a largo plazo de los detectores de rayos X basados en materiales de
perovskita de haluro en condiciones de operacion, sigue siendo el cuello de botella
para fines tecnologicos. Varios efectos son atribuidos a la presencia de iones moviles
en estos materiales, entre ellos, el blindaje del campo eléctrico interno como resultado
de la polarizacién y la interaccion quimica entre los defectos internos en movimiento
y el material de los electrodos. En efecto, los altos niveles de corriente en oscuridad
de estos dispositivos se considera que estan relacionados con la migracion de iones
bajo el efecto del campo eléctrico. Sin embargo, aiun se desconoce como el
desplazamiento de iones altera el nivel de la corriente electrénica, asi como los
pardmetros de transporte ionico. Por lo tanto, alin se necesita un analisis apropiado
para los mecanismos de transporte que tengan en cuenta los mecanismos de contacto
ademas de la conduccion interna debido a la compleja interaccion idnico-electronica.
En este trabajo, se estudian diferentes composiciones de perovskitas y estructuras
(monocristalinas y microcristalinas) de yoduro de plomo y metilamonio (MAPDI3) y
bromuro de plomo y metilamonio (MAPbBr3). El andlisis de la evolucion de la
resistencias extraidas en estas muestras, se realiza por espectroscopia de impedancia
(IS) y la evaluacion de los transitorios de corriente a tiempos largos se estudia bajo el
efecto de un campo eléctrico creciente en oscuridad. Ademas de estudiar las
caracteristicas electrénicas de estos dispositivos, se profundiza en el mecanismo de
difusion y deriva de iones, el primero bajo condicion de cortocircuito (0 V-bias) y el
segundo bajo un campo eléctrico variable. Estos experimentos de difusion y deriva de
iones, permiten extraer valores para la difusividad de iones en el rango de ~ 10 cm?
sty para las movilidades ionicas efectivas en el orden de ~10° Vicm? s7,
respectivamente. Asimismo, en el analisis de los transitorios de corriente se encuentran
tendencias diferentes para las muestras de perovskita a base de bromuro en
comparacion con las de yoduro, lo que presumiblemente puede estar relacionado con
la quimica de la formacion del defecto. Es asi como nuestros hallazgos corroboran la
existencia de un acoplamiento entre el transporte electrénico y la cinética ionica que
finalmente establece la escala de tiempo de la corriente electrénica. Una mejor
comprension del mecanismo de modulacion de las propiedades electronicas
promovida por iones maéviles constituye un paso esencial para avanzar hacia una mejor

comprension de la fisica de los dispositivos de perovskita de haluro. Por lo tanto, esta
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tesis arroja luz sobre el problema de los altos niveles de corriente en oscuridad e intenta
aclarar el debate en curso sobre los procesos que rigen el funcionamiento del detector

en lo que respecta al funcionamiento a largo plazo y la estabilizacion de la corriente
bajo polarizacion externa.
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Chapter 1: Introduction

Chapter 1. Introduction

1.1 Style and motivation

The structure of this thesis is based on a journal article compilation style. This
format implies that the thesis must be divided into several chapters. These chapters are
based on a collection of published articles addressing the main aspects of the work
carried out. The methodological framework is developed in Chapter 1 reviewing the
general properties of radiation detectors. In addition, the main objectives of the thesis
are proposed addressing the structural features and optoelectronic properties of
perovskite-based X-ray detectors. At the end of the chapter, the main advantages and
disadvantages of these devices are presented and compared to the current conventional
technologies. Next, Chapter 2 describes a critical overview of the existing literature
related to the field of perovskite based-X ray detectors, more specifically, the origin of
the dark current and the processes that affect the long-term current operation stability.
Chapter 3 summarizes the experimental conditions, measurement protocols and the
instrumentation setup used during the course of the research. Chapter 4 to 8 show the
achieved results with partial conclusions in the structure of the final version of the
manuscript prior to publication (pre-print version) and the corresponding statement of
contribution. Finally, in a general conclusion’s chapter all findings are reviewed, and
future outlooks are addressed.

Radiation detection is of great interest for broad applications such as: therapeutic,
diagnostic healthcare, industrial inspection, and scientific research. The last decade
of intense research activity on lead-halide perovskites materials, firstly, in solar cells
and light emitters devices, and recently as promising candidate for high-performance
X-ray detectors have levered the outstanding optoelectronic properties of these
materials.*® Although many efforts have been made to discern the origin of the
chemical and electrical instability related to moisture and oxygen exposure on the one
hand,”® and defect-induced ion migration,®* which results in large instable dark
current.*?> There is still some debate on how ion migration governs the electronic
current for the long-term operational stability of the radiation detector. Consequently,
it is essential to further develop our understanding of fundamentals physics and device
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Chapter 1: Introduction

structuring. This research work studies the influence of mobile ions in the dark current
level in perovskite materials of different structure and crystallinity. The results in this
thesis extend our understanding of the defect chemistry and prove a framework for the
development of perovskite detectors with high dark resistivity and with long-term
operational stability.

1.2 Objectives
The following points are the primary objectives of this project:

i. Developing a well-controlled growth method and determining growth rates to
obtain high quality single crystals of MAPbBr3 perovskite.
ii. Design, fabrication, structural and optical characterization of micro and single
crystalline perovskite devices based on MAPbIz and MAPDbBr3 for X-ray detection.
iii. Exploring the electrical performance and dark current stability of single-
crystalline and micro-crystalline perovskites devices of MAPbIz and MAPbBr3
perovskite.
iv. Investigating the ion migration in perovskite devices of MAPblz and MAPbBTr3

and its role in the long-term dark current stability.
1.3 Radiation detection

In general terms, radiation is the emission or transmission of energy in the form of
waves or particles through a material medium. The traditional unit of radiation energy
is the electron volt (eV), and relates the kinetic energy gained by an electron by its
acceleration through a potential difference of 1 V.1® One of the many approaches used
to classify different types of radiation is in terms of ionizing and nonionizing radiation.
Nonionizing radiation is electromagnetic radiation with wavelength of about 10 nm or
longer. This group includes radiowaves, microwaves, visible light, and ultraviolet light
(See Figure 1.1). On the other hand, ionizing radiation has the ability to ionize an atom
or a molecule (a process by which an atom acquires a negative or positive charge by
gaining or losing electrons) of the medium and includes the rest of the electromagnetic

spectrum (X and vy rays) with wavelength between A~ 0.01-10 nm.
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lonizing radiation is generated in nuclear reactors, energy accelerators, in medical
research and nuclear medicine.® 617 However, naturally occurring radioactive
materials (NORM) are also observed in the environment with very low activity
concentrations of the radionuclides in rocks and soil.'® Moreover, technologically
enhanced naturally occurring radioactive materials (TENORM) which are those
natural radioactive material, in which the radionuclide concentration increases to
levels above natural sources as a result of human activity have been studied in

biochemical, geological, and environmental sciences for decades.*®
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Figure 1.1. Electromagnetic spectrums in the range of the electromagnetic radiation frequencies
with their respective wavelengths. lonizing radiation possess the shorter wavelength and the higher

energies to ionize atoms.

lonizing radiation includes subatomic particles and electromagnetic waves: alpha
(n), beta (B) and neutron particles and X and gamma (y) rays. The mechanistic
understanding behind the interaction of radiation (energy losses) as it moves through

matter will depend on the radiation nature, energy, and material composition.®

1.3.1 Radiation sources and interaction with matter

One of the main properties of radioactive sources is their ability to penetrate through
material’s bulk. Each type of radiation interacts with matter in varying ways and each
interaction holds a certain probability of occurring. Starting from o particles (large
subatomic fragments consisting of 3He) that lose energy rapidly and interact with the
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electrons or nucleus of the atoms in a material.?° Monoenergetic o particles are highly
ionizing and have low penetration depth, therefore can be shielded with a piece of
paper (Figure 1.2). On the other hand, B particles (equivalents to electrons) are
subatomic particles ejected from the nucleus of some radioactive atoms. The two forms
of beta decay are the B~ and B* decay producing electrons and positrons respectively
with a continuous spectrum of energy. Depending on the particle energy, they may
travel up to about ~1 m in air and ~1 mm in tissue, thus they need to be shielded with
aluminum, steel or plastic (Figure 1.2), which reduce the intensity of the radiation
exponentially.'® 2 Remarkably when fast electrons interact with matter, part of their
energy is converted into electromagnetic radiation in the form of bremsstrahlung
(braking radiation). This last process is important in the production of X-rays from

conventional X-ray tubes.8 20
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Figure 1.2. Interaction of ionizing radiation with matter. Penetration and ionization ability

depends on the particle energy.

Finally, gamma radiation is characterized by not having mass nor charge and it is
emitted by excited nuclei in their transition to lower-lying nuclear levels. y-photons
can travel longer distances in air and are often shielded by using materials with a high
electron density, like Pb. y-photons can be stopped in living tissue causing ionizations
in the stopping tissue. Depending on the energy range, three different processes may

occur when photons interact with matter: photoelectric effect (E,< 0.1 MeV),

Compton effect or Compton scattering (0.1< E,, <1 MeV) and creation of a pair of

4
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electron and positron (£, > 1.022 MeV), this process is represented in Figure 1.3. In
the photoelectric effect, photons are absorbed in the material while in the Compton
effect part of the energy of the photon is absorbed and the scattered photon moves on
with lower energy. The pair formation happens when high energy photons interact
with the nucleus and produces a pair of particles, an electron and positron. These two
particles have the same mass, each equivalent to a rest mass energy of 0.51 MeV.16:2
Today’s modern radiation detectors have been designed based on those principles
between interaction radiation-matter and ionization mechanisms. For the purpose of
this thesis, in the next section, the general properties of radiation sensors specifically
design for X-ray detection, are presented. Other types of radiation-matter interactions

are not discussed because they are not part of the main objectives of the dissertation.

hv'

@ Photoelectron

Figure 1.3. Representation of the main process of the interaction of y-photons with matter.

1.3.2  General properties of radiation detectors

Radiation detectors rely on the measurement of the interaction of radiation with
matter, because the probability of a charged particle going through a material without
any interaction is zero.'® The main function of a detector is to produce a signal for
every particle entering across the compound and most of the signal at the output of
detectors is a current pulse. Overall, from the interaction of a single particle/radiation
guantum with the detector, a charge may appear within the detector at initial time and
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this charge must be collected to form the basic electrical signal. By imposing an

electric field, the charge can be collected, and the positive and negative pair created

flow in opposite directions.'® The time required to fully collect the charge varies from

one detector to another. Therefore, for efficient detection, sensors used in radiation

spectroscopy must have certain properties including:

>

Energy resolution: is the parameter related to the detector response function to
the energy of the detected particle or photon. In spectroscopy terms, it is
conventionally defined as the full width at half maximum (FWHM) divided by
the location of the peak centroid. The energy resolution R is expressed as a
percentage (%).

Spatial resolution: is the term referred to the number of pixels that are used to
construct a digital image. For imaging application, a high spatial resolution is
important in helping to discriminate between structures that are located within
a small proximity to each other. The spatial resolution on a Flat Panel X-ray
Detectors (FPD) is measure by the Modulation Transfer Function (MTF).
Detection efficiency: is the factor related to the number of pulses counted per
number of neutrons or photons incident on the detector N/ Ny. The detection
efficiency € is a measure of the percentage (%) of radiation that a given detector
detects from the overall yield emitted from the source.

Detective Quantum Efficiency (DQE) is the parameter used to describe the
combined effects of the signal (related to image contrast) and noise
performance of an imaging system. The ideal detector would have a DQE of 1
(DQE 100% at all spatial frequencies), meaning that all the radiation energy is
absorbed and converted into image information.

Sensitivity: is the factor based on how efficiently radiation is converted into a
useable signal. A highly sensitive detectors should improve the signal to noise
ratio, resulting in superior measurement performance. Sensitivity is usually
expressed as UC Gyair ‘cm™ (1 Gy is the absorbed dose and is equal to 1 J/kg
in the international System of Units (SI)).

Counting Speed: is the time separation between two separate pulses. This

parameter can be an issue when many pulses hit the detector per unit time and
6
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for accurate counting measurements, sometimes, correction for these losses

must be included.® 22

Todays’ standard commercial X-ray systems consists of either amorphous silicon
backplane, photodiodes stacked with Csl scintillators and Flat Panel X-ray Detectors
(FPD) or in solid-state conductors such as a-Se on Si backplane and CdTe. However,
some limitations are reported in terms of sensitivity-resolution trade-off.2-2* The next
section briefly describes different approaches used to convert X-ray radiation into an
electrical signal presenting a new material for the radiation detection to overcome
today’s limitations in terms of detector efficiency, spatial resolution, scalability and

cost effectiveness.

1.3.3  Technologies for X-ray detection

Detectors are classified according to how X-ray radiation is converted into electrical
pulses. In most operating X-ray detectors systems, the X-ray photons are first
converted into visible light by means of a scintillator material (Figure 1.4, left panel),
which in turn requires a photodetector to convert the visible light to an electric charge.
22,2526 This process is called indirect conversion and the X-ray to light conversion in
the scintillation layer will present a trade-off between the detector efficiency, which
needs thick layers to efficiently absorb X-rays, and the spatial resolution for which thin
layers are necessary to reduce optical cross talk. Alternatively, a simplest approach is
to convert X-ray radiation directly into an electrical signal, as this requires a simpler
system configuration providing higher spatial resolution (Figure 1.4, right panel),
these detectors use direct readout by means of a thin-film transistor array. The process
of direct conversion enables a high spatial resolution but some of the available
materials as amorphous selenium (a-Se), suffers from poor detector efficiency due to
its low atomic number and low absorption for high X-ray energy ranges. The next
section addresses some of the advantages and disadvantages of the two different

modalities for X-ray detection.
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1.3.3.1  Current technologies for fast and efficiency X-ray detection:

indirect conversion vs direct conversion

Indirect conversion using scintillation crystals as Cesium lodide (Csl), converts X-
rays into visible light at a first stage system.?” The use of a two-stage techniques for
conversion may entail that light is converted at a second stage into an electric charge
by means of an amorphous silicon photodiode array. On the other hand, the conversion
process of the X-ray beam by direct conversion come up in one step and using an X-
ray photoconductor. One example of an X-ray photoconductor can be a-Se, this
material directly converts in one stage X-ray photons into electric charges.?-2°
Discerning between the most reliable configuration is not easy although the indirect
conversion technology developed in the 80’s is now well established, and no

significant further technological improvement is expected to occur any longer.

Indirect conversion Direct conversion

hv i

scintillator / photoconductor

Visible light O "« r N ]

V+ 4_@ electron-hole pair =
photodiode | | | 11 | 4
Connector pins

pixel array pixel array

Figure 1.4. Schematic draw of the process of conversion of X-rays into light in a scintillator-
based detector (indirect conversion) and into electrical signal in a semiconductor detector (direct

conversion).

Therefore, direct conversion has been developed as a suitable alternative in
comparison with the conventional indirect ones. The advantages of modern direct
converters are numerous: a high effective atomic number that leads to excellent photo-
absorption efficiency, high resistivity >10 MQ cm of the material, being a suitable
choice when employed for room temperature applications.®® Furthermore, they are

compatible with compact size and high spatial resolution. Moreover, the low leakage
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current (dark current) found on these devices is associated to an excellent energy
resolution.'® % As far as disadvantages is concerned, charge trapping?® has been found
to promote undesirable effects when the material is employed in high X-ray
applications. Therefore, continuous improvement is required in the optimization of all
the technical factors for X-ray detection and imaging acquisition. The improvement of
both the detector efficiency and the spatial resolution is a crucial point through the
increment in the signal-to-noise ratio (SNR). In X-ray imaging and detection of small-
low-contrast structures those positive features enable a precise and early diagnosis

with an accurate management of the patient’s dose.®
1.3.3.2 Scintillation detectors

The “ideal” material used as scintillator (indirect convertors) should possess a high
scintillation efficiency to convert the kinetic energy of charged particles into detectable
light and a linear conversion (light yield must be proportional to the energy deposited).
In terms of light collection, the material must be transparent to the wavelength of its
own emission to collect fast signal pulses and the decay time of the induced
luminescence should be as short as possible. The material should also have a good
optical quality and must be compatible with processes for large size with the purpose
of designing a practical detector. Lastly, the index of refraction should be ~ 1.5 (like
glass) to permit efficient coupling of the scintillation light to a photomultiplier tube or
other light sensor.

Figure 1.5 shows the bandgap energy of some iodide-based commercialized
scintillators that have been popular for many years thanks to their small bandgaps and
high light yields. The light yield is defined as the number of photons (Np) in
scintillation per 1 MeV energy radiation absorbed by scintillator.* 32

Despite many years of improvements, nonproportionality of scintillators is one of
the important limiting factors for improving energy resolution. Therefore, the use of
direct semiconductor materials has emerged as a suitable alternative for increasing the

energy resolution.
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Figure 1.5. Light yield versus the bandgap energy Eg of different scintillators detectors with
theoretical limit (dashed line). Reprinted with permission.®? Copyright 2022, Springer International
Publishing

1.3.3.3 Semiconductor detectors

Semiconductor (SeC) detectors (direct convertors) offer a great energy resolution,
good absorption, and high sensitivity. As a result of the interaction of X-rays with the
semiconductor material, electrons are excited from valence bands to high energy
states. Those high energy electrons are rapidly thermalized to conduction band
minimum generating pairs of electrons and holes for a given incident radiation event.
The motion of the electron-hole pairs (EHP) as a result of the bias voltage, generates
the basic electrical signal from the detector.!® The energy needed to produce an EHP
in a SeC is typically about 2-10 eV, which is considerably less than that required to
produce ionizations in air, therefore, a relatively large number of charge carriers is
produced for each photon absorbed. Many SeC detectors are operated under high
electrical field values, producing saturated velocities on the order of 107 cm/s. Then,
for a typical SeC detector of ~ 0.1 cm thickness, the charge collection times will be
close to 10 ns, so this kind of detector is considered one of the fastest responding of
all radiation detector types.3! *3 SeC X-ray detectors have two types of work modes:
current mode and voltage mode. The first configuration is commonly used for dose
rate measurement or imaging contrast applications. In contrast the voltage mode is

applied to photon counters or energy spectroscopy of X-ray. The analysis of the
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electrical response for a radiation detector is a complicated process; one of the central
parameters to study transport and collection of carriers is the product of carrier
mobility and carrier lifetime (uz), which represents the mean distance drifted by the
carrier per unit electric field before the carrier disappears by recombination or trapped
by defects.®*

Conventional technologies of direct conversion of X-rays, are based on silicon®®
and germanium elements.>® The resolution energy of these detectors is better than the
scintillation ones but deep impurities acting as recombination center can be found.
Additionally, structural defects such as vacancies or interstitials defects tend to behave
as acceptors or donors leading to charge carrier losses within the crystal lattice. For
hard X-rays experiments, SeC materials of high atomic number are required and
today’s most common materials used are Gallium arsenide (GaAs), Cadmium
Telluride (CdTe) and Cadmium Zinc Telluride (CZT).*” Table 1.1 summarizes some
of the benefits and drawbacks of the conventional technologies for X-ray detection. In
the case of the carrier lifetime product, it has been reported a values of uz ~ 1 cm? V1
for Si detectors®-3 while for CZT*%*! and a-Se sensors,?* #2 values oscillate between
10°t0 102 cm?V1and 107 to 10° cm?V? respectively.

Table 1.1 Summary of the advantages/disadvantages of the state-of-the-art materials
involved in X-ray detection

Scintillation counters Semiconductors detectors
(indirect conversion) (direct conversion)
Advantages Disadvantages Advantages Disadvantages

Usually needs to

High sensitivity be cooled (thermal

Hygroscopicity?’ High atomic

1t\y25 31,43
capacity numbers noise)®
Very good .
. . .. . Usually requires
Possible high precision Poor low-energy energy resolution verv hiah ourit
and counting rates?8 gamma response. and fast y g 26 44y
response materials®

Spectroscopy (intensity
of the flashes Liquid scintillators are

are proportional to the relatively cumbersome
energy of the radiation)3

Large Crystals
(total absorption Higher prices
detector)
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Major challenges for the development progress of these materials are therefore
linked to the crystal uniformity and the defect dynamics affecting the sensor
performance. At the end, some requirements must be fulfilled to efficiently collect
electric charges in a practical SeC-based radiation detector. The next two sections
focus on some of this critical means that needs to be considered in order to obtain

reliable data.

1.3.3.3.1 Electrical contacts and leakage currents

Electrical contacts allow electrical current to be collected from the detector.
Depending on the final application, different electrodes can be selected such as
nonrectifying (ohmic contacts) or blocking electrodes. The work functions of the
contacts will control the open-circuit potential, establishing the fundamental operating
mechanisms within the device.?® 3% % To collect charge at the outer electrodes, an
applied voltage of typically hundreds or thousands of volts is imposed across the
device'® and if non-injecting electrodes are used, then, the steady state leakage current
can be reduced.* In an X-ray measurement the configuration of the radioactive source
and shielding elements are also crucial. The linear attenuation coefficient (u,) is the
magnitude that describes the fraction of attenuated incident photons in a

monoenergetic beam per unit thickness of a material.*®
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Figure 1.6. Example of the electrical response to X-rays. a) Comparation between the different
linear attenuation coefficient of some benchmark materials as a function of photon energy. b) Dynamic
X-rays response under X-rays with 150 kVp accelerating voltage (80 V bias). Noted the current
exhibits a fast box-like response to X-rays Reprinted with permission.*” Copyright 2021, Wiley Online

Library.
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Figure 1.6 shows the (u,) of different materials used for ionizing radiation
detection together with the dynamic response of the measured photocurrent in a
conventional microcrystalline perovskite sample under X-rays at 150 kVp with dose
rates ranging from 8 to 66 uGy s * and 80 V applied bias.*’

In an X-ray detector, the dark current under bias should be negligibly small. This
parameter can be related to both the bulk or surface of the detector and should
preferably not exceed the 10-pA mm™2, depending on the application it can affect the
resolution and reliability of the device. In fact, for medical applications, the leakage
current must not go over ~ 10 nA to prevent resolution losses.* A small dark current
implies that the contacts to the SeC should be non-injecting, and the rate of thermal
generation of carriers from various defects or states in the bandgap should be
negligibly small. However, if any hysteretic behavior is observed during the
characteristic j-V measurements a more detail inspection has to be performed.*®*° In a
radiation detector based on metal halide perovskites (Section 1.3.4) this hysteretic

behavior will depend on the scan rate, and the sweep direction of the applied bias.

13332 Reverse biasing

In SeC-based radiation detectors achieving a low dark current may be challenging.
In pulse mode radiation detectors are connected to external voltages sources to make
a successful charge carries collection process.*® Common procedures of measurement
are based in p-n junction using rectifying elements. In that configuration the flow of
current will present a large resistance in one direction compared to the opposite one.
By applying a reverse direction pulse, the device will conduct less dark current
showing an improved temporal stability of the material and a lower detection noise.®
17.50 previous reports shown how by using a combination of low work function metals
as Ga (¢ = —4.1 eV) and a large work function as Au (¢ = —5.1 eV) the final device
configuration Ga/CsPbBrs/Au presents a low reverse leakage current density (Figure
1.7), of only 10 nAcm™ under reverse bias at a high electric field (—200V,
corresponding to 2000 V cm1).*3-** Other options of low-work function materials can
be Al, Ga,Cr and In, but also organic polymeric layers, fullerenes or inorganic electron

extraction layers such as ZnO, TiO2, and MoOg3 and metal salts (LiF).>
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Figure 1.7. Band diagrams a Ga/CsPbBrs/Au detector under large reversed electric fields. Note
that the +, — and ¢, and ¢,, represent the forward and reversed bias and Schottky barrier for electron

and hole at the semiconductor—metal interface, respectively. Reproduced with permission.* Copyright

2020, Springer Nature.
1.3.4  Emerging Technologies for radiation detection

Future applications of an improved X-ray detection sytems may be extended to
other emerging family of semiconductors. Indeed, for effective absorption of X-rays,
materials with heavy elements and high average atomic numbers must provide
absorbing layers with high dark resistivity, low defect density and high carrier
mobility—lifetime (uz) product to maximize the collection efficiency of the ionized
charges. In the field of SeC devices for X-ray detection, high-purity germanium
(HPGe) consitute the gold standard in terms of high-spectral-resolution applications.
However, its superior semiconductor properties are affected if low temperatures of
liquid nitrogen (-196°C) are not used to minimize leakeage current due to its small
bandgap energy.®® Amongst single-crystalline semiconductors CdzZnTe, is well-
known. This material is grown around 800°C increasing the possibility of thermal
stress cracking in the SCs and raising the cost of the crystal growth.?” Fortunately, a
next generation of solid-state semiconductors devices based on metal halide
perovskites materials has been develop presenting high crystalline, reasonable defect
tolerance and excellent long carrier lifetime.?” As perovskite compounds present
outstanding optoelectronic properties they have revolutionized almost all fields of
material science and industry (Figure 1.8). The unprecedented progress from

fundamental properties to device engineering is still driving extensive research and
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development efforts, from solar cells,>>>3 light emitters devices,> to key materials in
fuel cells®® and electrodes for water electrolyzers.® > In the next section we will
introduce metal halide perovskites materials as a new class of raw material for X-ray

imaging and ionizing radiation detectors.

Solar cells L 7 7/ Fuel cells

y
E H
s l!‘.-r_

‘ Pb-halide perovksite

Electrodes °MM . . 4
Ca 9 [het %

) S LEDs
i ———
e e y
H - 4

[ \ : ‘ /// //
S Xray [
~ imaging

Figure 1.8. Example of the versatility and numerous applications of perovskite materials in
different fields. From light emitting devices to sensor and X-ray detectors Adapted with

permission.?” Copyright 2022, Springer Nature.
1.3.4.1 Perovskite materials for radiation detection

Perovskite-structured materials were discovered in the 1830s but only in the last
decades their rich physical properties have been deeply explored.’%8 Recent reports
have evidenced the outstanding performance of metal halide perovskites, specifically,
the Pb-based ones, in the field of radiation detection. They present a strong stopping
power (high Z number, Z (Pb) = 82) and radiation hardness. In addition, their long
charge carrier diffusion lengths (>10 pm) and low trap densities (10° —101° cm™)
allows to maximize the product of the charge mobility and carrier lifetime by
minimizing the bulk/surface defect density and promoting a good charge collection
efficiency.? >0 Additionally, Pb-perovskites-based X-rays detectors can be prepared
with low-cost raw materials using non sophisticated preparation methods from

solution.3 6162 |n the next section we elucidate the relationship among the chemical
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structure, device composition, device architecture, charge-carrier transport properties,
and long-term operation mechanism. In the last section, we discuss the state-of-art for
preparing single and micro crystals samples of Pb-halide perovskites with different

compositions.
1.3.4.1.1 Chemical properties of Pb-halide perovskite compounds.

As shown in Figure 1.9 the chemical formula of perovskites compounds is ABX3
in which A is a cation (it can be inorganic or organic), B is a metal ion and X is an
anion that bonds to both A and B cations. The A cations are usually larger than B
atoms, forming the “ideal” cubic structure in which A is surrounded by a BXs
octahedra.® Numerous distortions can happen in the structure because of the cation
size and the flexibility of the bonding angles.>® % Nonetheless, very stable structure
can be formed by controlling the composition and via phase transition engineering.
The versatility of the chemical composition offers countless possibilities, tuning the

chemistry of the constituents will dictate the ionic radii of the atoms in the structure.

‘ A = cations: MA*, FA*

= 3 A 24 2+
© B = metal ions: Pb?*, Sn

. X = halide ions: I', Br

Figure 1.9. a) General ideal crystal structure of a generic perovskite materials. Adapted with
permission.5 Copyright 2014, Nature Publishing Group b) Image of the top view of a perovskite

compound by Laser Scanning Microcopy showing a nonhomogeneous morphology of the surface.

The tolerance factor, also known as the Goldschmidt factor, ¢, specifies the atoms
that can fit in the perovskite structure without compromising the lattice stability. t;

can be calculated from the ratio of the ionic radii as:®
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_  (rgtry)
fe = V2 (rg+ry) (1.1)

Where 1, 15 and ry are the ionic radii of the A cation, B-site metal, and X anion,
respectively.

The acceptable tolerance factor range for Pb-halide perovskite compounds goes
from 0.8 to 1, in fact, below 0.8 and above 1, perovskite structure will lose symmetry
and will get distorted. In Figure 1.10 one can observed the tolerance factor value

calculated for different perovskite compositions.

MASnI, FAPbBr,
FASnl,

MAPbDBr, FASnBr,

1 Tolerance factor tg

0.95
MAPbI; MAPbCl, MASnI, FAPbCl, FASnCl

Figure 1.10. Tolerance factors values (t;) of various halide perovskites. Adapted with

permission.% Copyright 2016, The Royal Society of Chemistry.

As can be noted all lead-free perovskite presented a distortion factor 0.92 < t;

< 0.95 which is still acceptable for the lattice stability. Also of importance is the
geometrical elements known as the octahedral factor p = "B /Tx’ when p > 0.42, the

structure is stable, and a balanced close packed cubic perovskite can be designed.
1.3.4.1.2 Structural and defect features of metal halide perovskite

The family of halide perovskites (X = CI" , Br, I" ) presents remarkable
semiconducting properties which make them suitable for a wide range of
optoelectectronic applications. The cation B in the structure is typically a bivalent
metal from the carbon group (group 14) of the periodic table usually: Pb?*, Ge?*and
Sn?*. Amongst these three metals, lead (Pb2") offers the better performance in
optoelectronic devices, being relatively stable in air against oxidation.>3 67 \We next
present the intrinsic properties of Pb-halide perovskites, specifically the atomic

interactions, creation of defects and its role for device performance.
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A series of stability issues have been found in these devices. Most studied
perovskites are microcrystalline and during the synthesis process, defects and grain
boundaries are formed which cause significant carrier losses, due to the formation of
recombination sites.%® Other example of its peculiar properties is the hysteresis. The
hysteresis is observed when measuring the current of the solar cell under a voltage
sweep at a constant velocity and the forward and reverse scans do not match. This
phenomenon has been connected, among other reasons, to ion migration and the
modification of electronic barriers at the interface.®®"* Hysteretic currents have been
related to typical capacitive charging and discharging effects,’? electrode
polarization®” or can be connected to the nature of contact materials, degradation
reactivity effects at the electrodes or excess ions as interstitial defects in the case of
the non-capacitive currents.”>’® Another remarkable feature is the ferroelectric
behavior observed in these compounds, the existence of dipole-like structure has been
found to affect the material symmetry and the charge carrier extraction.’®’” The large
dielectric constants’® has also been also explored in halide perovskites, many reports
found these features to be a result of the microstructural networks’ or even induced
by structural fluctuations of the perovskite cell, and the rotation of the polar CH3NHs"
cation.® Moreover, their ambipolar characteristic and high charge carrier mobilities
has been also examined for halide perovskite transistor applications.?! It has been
stated that crystallographic defects in MHPs do not form deep level traps,'% 8283 and
dominant intrinsic defects create only shallow level trap.8* Certainly, they exhibited
superior defect tolerance which make them ideal for optical and electrical
measurements.>” On the other hand, semiconductors based on lead-halide do not
require high-temperature and high vacuum processing compared to traditional
inorganic semiconductor devices.®® The next section discusses how the optoelectronic

properties of MHPs can be altered by halide substitution in the structure.

1.3.4.1.2.1 MAPDbIszvs MAPbBr3

Methylammonium lead iodide (MAPDI3) has been the benchmark system for many

years and several reports showed its versatility as light absorber together with its
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exceptional charge transport properties.®® 8% However, its poor environmental
stability has brought the development of alternative compositions.!! 888 Because the
stability of metal halide perovskites is composition-dependent, methylammonium lead
bromide (MAPDBTI3) has been extensively studied.l %0 991 Theoretical calculations
predict a stronger Pb—Br bond for MAPbBr3 that might increase the halide ion defect
formation energy.!' There are numerous structural distinctions between both
compounds: (i) at room temperature, the tetragonal 14/mcm phase is described for
MAPDI3z while a cubic perovskite structure phase Pm3m is registered for MAPbBr3
(see Figure 1.11a) (ii) using the Goldsmith factor and the ionic radius of 2.2 A and
1.96 A, for I and Br respectively, a more favorable cubic structure is predicted for
Br-based® (iii) the long-term environmentally stability for MAPBrs under higher
electric fields has shown great potential for perovskite radiation detectors®® %2 (iv) the
different band gap energies 1.5 and 2.3 eV for MAPbIz and MAPBr3 respectively.
Figure 1.11b shows the higher bandgap of MAPBr; compared to MAPDI3
perovskite, hence Br-based devices showed a lower power conversion efficiency when
the compound is used in a solar cells and light emitting devices.®**®* In terms of optical
properties the light emission peaks in a photoluminescence measurements (PL
experiments) appears around 550-580 nm and 780-800 nm for bromide and iodide-

base material, respectively..

-3.6
3) b) -3.7
S
o
. :
A &
£ =
-5.4
MAPbDI, MAPDbBTr; -5.9

Figure 1.11. a) Distorted tetragonal perovskite structure of MAPbI; at room temperature and
cubic perovskite structure of MAPbBr3 at room temperature. Red: polyhedron [PbXs 2]~ (X =1,
Br); green sphere: CH3NH; = MA. Adapted with permission® Copyright 2013, American
Chemical Society (b) The conduction band (CB) and valence band (VB) of MAPblsand MAPDBr3.
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Moreover, it is important to mention that some degradation mechanisms have
been reported for MAPDI3 caused by ion migration of the iodine vacancies (lower
activation energy and reduced diffusion coefficient).!> 8 Realizing this difference
in halide migration is a crucial step in understanding the enhanced stability of
MAPbDBr3 versus MAPDI3,

1.34.1.3 Optoelectronic properties of Pb-halide perovskites

So far, we have shown how the chemical composition dictates the crystal structure
and stability of Pb-halide perovskites. However, some of the most attractive properties
of these materials rely on tunning its bandgap. The color of halide perovskites can be
tuned from the visible to the near-infrared (NIR) region.*>® Depending on the
perovskite composition a stronger light emission is observed in PL measurements.
Chloride perovskites show a violet-blue emission, bromide samples exhibit a well-
known green emission and iodide samples display deep-red close to NIR emission.>
Pb-halide perovskites, as direct bandgap semiconductors®” are efficient charge-
transport layers for multifunctional optoelectronic devices. In a radiation detector, the
charge carrier transport properties are commonly evaluated by the mobility-lifetime
(utr) product. Enhancing the carrier mobility and charge transport properties by
suppressing the formation of deep-level defects plays a vital role on these devices.%
Therefore, charge carrier dynamics has been extensively studied. The diffusion
coefficient (D) and carrier mobility(u) (See equation 1.2), which are related through
the Einstein relation, are the main parameters extracted in free carrier dynamics

report587' 99-101
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(1.2)
where g is the electronic charge, kg is the Boltzmann constant and T is the

temperature. Another important parameter is diffusion length Lp which is related to

the carrier mobilities as Lj :RBZ’”: (D1)Y/? where 7 is the carrier lifetime.’2 As

predicted from the last relation a high mobility and long lifetime of charge carriers
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implies a long Lj, which is an important requirement for perovskites to be an efficient
charge transport layer.> Diffusion length can be quantified (on the order of 1-100 pm)
by time transient methods?®® and carrier mobilities can be determined by a range of
techniques such as: Hall effect,'%41% space-charge limited-current (SCLC),1%61% THz
frequency measurements,'® etc.

As it has been demonstrated,?” 4 47 199 ynlike traditional semiconductors,
perovskite possesses a superior defect tolerance, most crystallographic defects in
halide perovskites do not form deep levels due to its unique band structure and ionic
lattice. Moreover, halide perovskites benefit from low-cost wet chemistry techniques
at relatively low temperatures without affecting their remarkable optoelectronic
properties. The next section focuses on how halide perovskites can be prepared from
solution process in a variety of structures such as: single crystal and microcrystalline
films. Moreover, crystallization process, fundamental properties and applications are
presented.

1.3.4.2 Metal Halide Perovskites Single Crystals (SCs)

A single crystal (SCs) is a material in which the crystal lattice is continuous and
unbroken (Figure 1.12a). In this crystal network, the absence of grain boundaries
allows to have a long-range atomic order with low defect densities (~10° cm3).82 110
For a SCs all symmetry operations are equal for the whole single crystalline body. This
means that when performing an operation on the body of the SCs, if the body becomes
indistinguishable from its initial configuration it is said to possess a symmetry
element.!!? This unique chemical structure distinguishes SCs from microcrystalline
samples. A SCs often consists in repeated patterns or regions with a slightly
misoriented distribution. On the other hand, a microcrystalline (MCs) material consist
on a small regions of the order of micrometers but randomly distributed without a
preferred orientation (Figure 1.12b).}'? Grain boundaries (GBs) which are the
interface between two individual homophase crystal grains of the same material that
are generally oriented in different crystallographic directions, will determine many of

the properties of the material.
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a) b)

Figure 1.12. a) Example of the periodic pattern a) across the whole volume for a generic Single-

crystal b) across each grain or grain boundary for a micro-crystal

Several methods have been used to grow single crystals from the microcrystalline
substance®® 13 and X-ray diffraction measurements (XRD) has been used to prove the
signature of a single crystalline structure with the existence of Bragg spots in the 2D
diffraction pattern of the pure phase perovskite. Other methods such as Scanning
Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) reveal information
about the surface morphologies, chemical composition, and crystalline shape and
orientation (See Chapter 3: Materials and Methods for more information about the

structural characterization methods).

1.3.4.2.1 Growth procedures: Inverse Temperature Crystallization
(ITC)

Crystallization is a process which typically involves two consecutive steps: first,
the formation of the nucleus of a small particle (nucleation process) and second, the
successive growth of this nucleus into a larger crystal. In Figure 1.13 the time scale of
the different crystallization methods is shown. In the case of the synthesis of metal
halide perovskite SCs, various solution-based crystallization methods have been
developed such as: Seeded Solution Growth (SSG),% 1 Antisolvent Vapor-assisted
Crystallization (AVC),>® *° the Cooling Crystallization (CC),}*%*7 and retrograde
solubility or Inverse Temperature Crystallization (ITC).5 12 A classical cooling
crystallization uses low temperatures, and the crystalline phase is formed upon cooling
of the solution. One crucial parameter is the cooling rate, after weeks or months, large
crystals of MAPDI3 has been grown using the CC procedure.t’
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difussion !!!m!"

Cool from Melt

Expose to solvent vapor

Expose to high/low humidity Sublimation

Temperature Cycle

< Months Days Hours Minutes Seconds

Solid-State experiments _

Figure 1.13. State-of-art growth protocols for the preparation of halide perovskite SCs. Adapted
with permission® Copyright 2008, Elsevier.

The seeded solution growth is similar to the CC methodology, but in this case, the
use of seed crystals place at the top of the solution enables a mass transfer and
subsequent growth into larger crystals. In Antisolvent vapor-assisted methods, an
antisolvent vapor is immersed into the perovskite solution to create a supersaturated
state and to promote the crystallization. Despite the high quality observed in crystals
growth by this procedure, the process is usually very slow, it can take days to
months.!*> Despite the fact that all these growth methods allow the synthesis of single
crystals with almost the same optical and electronic properties, some of them, require
days and or spend even weeks.>®

One alternative to these conventional methodologies is the Inverse Temperature
Crystallization (ITC) method. With this procedure, sizable single crystals have been

grown within a few hours (See Figure 1.14a).

= Normal solubility
b) = Inverse solubility

Solubility

T (C)

Temperature
Figure 1.14. a) Growth steps by ITC method of a MAPbBr; perovskite SCs. b) Solubility
behavior of 1M solution of MAPbBr; in DMF (dark-red line) and in HBr (orange line) as a

function of the temperature. Adapted with permission,®? Copyright 2015, Springer Nature.
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ITC is based on the retro-solubility property of halide perovskites in certain organic
solvents. This implies selecting a proper organic solvent in which the solute may
dissolve less when increasing the temperature.5 1 Several reports used the ITC
methodology for high repeatability experiments.®? 120 Amari et al., showed a high
quality SCs of bromide based-Pb-halide perovskite grown by this methodology.'! In
a typical procedure MAPbIz SCs are grown in 1 M solutions of precursors using
butyrolactone (GBL) at 90-100° C,>* 112 while Br- and Cl based perovskites are grown
at lower temperatures in N,N-dimethylformamide (DMF) or dimethylsulfoxide
(DMS0).5%62 111 1n Chapter 3, Materials and Methods we briefly discuss further

mechanistic insights into the ITC procedure.

1.3.4.2.2 Properties of Metal Halide perovskite SCs

Over the last five years, perovskite SCs have attracted great attention. As described
in the previous section, the crystal growth methodologies have been optimized to the
point that, nowadays, it is very easy and cheap to grow a high quality SCs in just a few
hours which is essential for designing a low-cost radiation detector. One can expect
that SCs perovskites will present superior optoelectronic properties than its thin-film
counterpart, due to the absence of grain boundaries. In fact, as shown in Figure 1.15
the applications reported for this material are quite extensive. From photodetectors (a
device that responds to the change of light), LEDs and solar cells based on SCs
(typically displaying higher Power Conversion Efficiency (PCE)) to X and y ray
detectors with high resistivity (< 10*® Q cm) and high average atomic numbers (Zpp =
82). Additionally, SCs remain stable for thousands of hours under humidity conditions
and illumination exposure.!*3As one can note, SCs are a unique class of materials with
unprecedented properties. In particular, carrier concentration, carrier mobility, carrier
lifetime and densities of carrier of SCs-based ionizing detector (See section 1.3.3), are
crucial parameters to consider for accurate detection.

Therefore, further advanced investigations of perovskite single crystals and their
integration into efficient optoelectronic devices is still a mandatory task.!*? Table 1.2
shows the most important optoelectronic parameters estimated by different techniques
considering various SC and MCs perovskite compositions used as the sensitive
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materials in X-ray detectors and we also compared those values with those reported

for the state-of-art a-Se detectors .

Visible Light Communication

Lasers

Figure 1.15. Different optoelectronic application of perovskite SCs a) photodetectors, adapted
with permission.*?* Copyright 2018, Wiley b) photoluminescence. Adapted with permission.1??
Copyright 2017, Royal Society of Chemistry ¢) X-ray scintillation (X-ray illumination at a voltage
of 50 kV) Adapted with permission.?> Copyright 2018, Nature Publishing Group d) small
perovskite-based lasers. Adapted with permission.*?® Copyright 2016, Nature Publishing Group e)
LEDs. Adapted with permission.>* Copyright 2014, Nature Publishing Group and f) visible-light

communication, adapted with permission.®® Copyright 2016, American Chemical Society.

The SCs perovskite field is growing in terms of various optoelectronic applications.
However, a clearer understanding of critical parameters such as the ion migration
pathways in the device and main transport mechanism at the interfaces is needed. The
critical overview of Chapter 2 describes some of the limitations, stability issues and
challenges encountered when SCs of metal halide perovskite are used to design

efficient X-ray sensor devices.
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Table 1.2 Charge transport properties of halide perovskite SCs and MCs used for
X-ray detection compared to the state-of-art a-Se sensors.

(>'<\'/I f‘g?xi) Single-Crystals Micro-Crystals Statzzcs))l;-art
! (SCs) (MCs)
Mobility 20-115 (TOF, Hall) 8 t0 35 (THz Hn = 0.125
[em* V™ s7] 38(SCLC)®2 102,115 spectroscopy)**
He =0.0034
pr (em? V) 1.2% 1020 103 2 x 10746 107 t0 1059
15 17 ~1013 (124)
Carrier 10° t0 1019 10% to 107 (THz, 10
concentration [cm?] pL)8" 102
Diffusion length 2-17um <lpm -
Trap density [cm™] 1019 to 102 10'° to 10Y 10%to 1014 (12
Crystallize easily
Stability in air months-years days at room
temperature!?

1.3.4.3 Metal Halide perovskite Micro-Crystals (MCs)

So far, we had presented the versatility of metal halide perovskite devices.
Something peculiar about these compounds is that even MCs perovskite materials
exhibit outstanding optoelectronic properties enabling several chemical combinations
for improving device performance.3t 3% 12L 127 Ag 3 matter of fact, for various
applications, high quality crystalline thin films are desired and usually prepared by
different standard methodologies (See below Figure 1.16). The MCs compound
contrary to the SCs one show Debye rings in a 2D-XRD pattern rather than Bragg
spots due to the grains and grain boundaries (GBs). Microcrystalline perovskite films
can be produced by spin coating the perovskite solution on top of ETL layer or HTL
layers. This is a standard and very well-known methodology to prepare
methylammonium lead iodide (MAPDI3) perovskite films used as the absorbing photo-

active layer in a solar cell.>> 128129 Therefore, MCs samples can be prepared from
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solution, by using either spin coating or dip-coating or from gas phase by evaporating

the two precursor salts.'?®

(a) L &) ' In situ

dipping reaction

—— (55|
?Anneallng

(d)
Organic vapor
L
Inorganic film Inorganic film ’
Substrate Substrate Substrate Substrate

Figure 1.16. General methods to prepare perovskite active layers. (a) One-Step Precursor
Deposition (OSPD). (b) Sequential Deposition Method (SDM) (c) Dual-Source Vapor Deposition
(DSVD) d) Vapor-Assisted Solution Process (VASP). Reprinted with permission.’?® Copyright
2014, Royal Society of Chemistry.

Several approaches have been developed with the purpose of improving all the
mentioned synthetical procedures. In order to avoid the disadvantage of getting a non-
pure material, a number of strategies have been used. For example, high quality MCs
films has been obtained by enhancement the long-term stability and preventing the
interfacial degradation in perovskite solar cells.®* 3 Some of the strategies developed
are the atomistic surface passivation to heal the surface defects,'3! the used of charge
transport layers at the outer interfaces,®® 132 jonic doping/loading techniques, etc.% 133

1.34.3.1 Mechanochemical synthesis of halide perovskite MCs

The so-called powder sintered method (also known as soft-sintered method) is
commonly used in the field of ceramics. In this method the powders of raw materials
are mixed in an appropriate amount that after pressurization solidify into a certain
shape to obtain the desired compound. Usually, an inert atmosphere is required to
promote the agglomeration of crystal grains by the action of pressing and warming.*3

In the field of metal halide perovskites this protocol has demonstrated promising
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results in the last few years.3! 3 In Figure 1.17 the reported methodologies based on

employing perovskite powder as the starting point for film or device fabrication are

shown.?’

) Dry processing by... Wet processing by...
<
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% Melting disolution
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Figure 1.17. Overview of the different approaches and procedures for preparing perovskite MCs

films from perovskite powders. Adapted with permission.*®* Copyright 2003, Elsevier.

These conventional methods can be grouped into procedures where the powder is

completely dissolved during the process and procedures where the powder essentially
endures during processing and is just transferred into a layer.
For example, MAPbI3z microcrystals presented here in Figure 1.18 were synthesized
by the simplest mechanochemical approach. The individual precursor powder salts,
MAI and Pbl,, are grounded together with a pestle and mortar at room temperature
with the desired stoichiometry 3% 33

The advantages of this kind of procedure are numerous: it is an ease low-cost
technique, with a high versatility in terms of achievable compositions, from a
technological point of view, ball mills are often used in industrial facilities, thus
facilitating the upscale of the synthesis to several kilograms or even tons per day. One
more important aspect is their ability to combine other compounds as in traditional
synthesis approaches, such as: passivating layers, interlayers, binders’ molecules, etc.
Lastly, the high stability of mechanochemically synthesized perovskite powders has

been repeatedly reported in literature 127 13137
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Figure 1.18. a) MAPbI; wafer of 1/2 inch x 1 mm. b) Cross-section image obtained by SEM of
a sintered MAPbI; wafer. Inset: higher-magnification image. Circles indicate two interconnected

microcrystals. Reprinted with permission,3® Copyright 2017, Springer Nature.

As extensively described in this chapter, metal halide perovskites, specifically those
devices based on Pb-halide structures, have emerged as a low-cost solution for X-ray
detection due to their impressive optoelectronic properties and sensing performance.
Additionally, switching from micro crystalline to single crystalline morphologies, not
only allows to maintain the outstanding properties that characterize perovskite
materials, but also enhances them for accurate detection of ionizing radiation.
Nevertheless, the poor control over the thickness and size during growing methods has
been reported!™® leading to considerable differences between surface and bulk
responses. A deep understanding into the kinetics governing the device response and
performance is still needed. A proper model describing how ion migration may
influence the electronic current for the long-term operational stability of a perovskite-
based X-ray detectors is needed. This model should account for the electronic-ionic
nature of this semiconductor material together with the structural stability issues
commonly observed in Pb-halide perovskite devices.
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Chapter 2. Critical Overview

Regardless the outstanding optoelectronics properties of metal halide perovskites
(MHPs), there are still fundamental issues keeping perovskites materials apart from
industrial implementation. In reality, MHPs are, sometimes, intrinsically unstable
under certain conditions. Several irreversible degradation pathways have been
reported including the exposure to high temperatures,? light,>* moisture>® and
various chemicals including oxygen.®® In this thesis, the effect of humidity and
temperature has been considered because they may induce chemical and structural
changes.® However, a number of reports have showed that water can be an ally to
avoid degradation caused by atmospheric exposure of perovskite materials during
fabrication of solar cells.**"*2 Therefore, chemical stability of perovskite compounds is
then one of the critical issues to be considered.

Along with the chemical factors affecting the stability, the electrical performance
has been evaluated in perovskite-based devices potentially used for X-ray detection.
Therefore, in this thesis, ion migration has been the major concern in terms of long-
term electrical performance of the device.™® Redistribution of mobile species affects
the chemical properties and transport dynamic within the device by generating
recombination centers, modifying the electronic conductivity or by inducing
degradation paths. ¢ The persist drawback of ions migrating is, often, unavoidable

and intrinsic in MHPs,13: 1719
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Figure 2.1. Schematic overview of some of the critical degradation pathways reported for Pb-

halide perovskite materials together with emerging strategies used to solve them.
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Consequently, it is important to understand the mechanism behind ion migration
and how these species may alter the electrical response of the device to engineer its
properties and modeling novel strategies to increase device performance. In this
chapter a brief outline on the nature of ion migration is described by integrating
experimental findings and current understanding on the topic. Stability challenges are

presented in Figure 2.1 together with the key strategies used to solve them.

2.1 Chemical stability: structural issues in Metal Halide Perovskites Materials

2.1.1  Device composition and architecture

The crystalline arrangement of the perovskites depends on their chemical
composition and may vary from three-dimensional (3D) perovskite crystals, two-
dimensional (2D) perovskite nanosheets to one-dimensional (1D) and zero-dimensional
(0D) perovskite quantum dots (QDs)? (see Figure 2.2). Please refer to section 1.34.1
in Chapter 1 for a thorough revision on structural features and chemical properties of
MHPs. Considerable processing versatility and engineering composition has been
developed using this metal halide compounds.?t?> However, ambiguous results are
reported due to material inhomogeneities and local lattice mismatches that result in
lattice distortion of the microscopic crystal structure.!® 22 Importantly, for X-ray
detectors device composition and architecture should be linked to the crystal uniformity
and the defect dynamic affecting the sensor performance.? As a result, in solid-state X-
ray detectors the elemental composition of the detector material, its crystallinity, its
absorption coefficient, the photon energy, and the direction with respect to the
orientation of the detector material need to be controlled.?*%

Recent reports on the field of X-ray detectors used diverse photoactive materials
based on 3D halide perovskites with controlled morphologies.?®?° From
polycrystalline thin films to nanoparticles/wires/sheets, and bulk single crystals, these
materials have showed higher responsivity and detectivity.>*3? In Figure 2.2 one can
observe a summary with different configurations and various perovskite composition
covering the sensing region from ultraviolet-visible-near infrared (UV-Vis-NIR) to

gamma photons based on two- or three-terminal device architecture.
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3D perovskites Lower dimensional perovskites

ABX; Double Perovskite 0D (A4BXs) 1D (A;BXs) 2D (RyAn1BnX3n41)
A,B'B"

Bat2 Quas: ZD
A: Small cations B: Metal cations R: Organic cation .o °‘
Cs* Pb?*, Sn2* AVA: CgH,NO,* O O~ OO
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Figure 2.2. Representation of different possible structures for perovskite: 3D (simple and
double), 0D, 1D, 2D, and quasi-2D perovskites together with some examples of commonly used
metal and organic cations in the structures. Reproduced with permission.?® Copyright 2020. Wiley
Online Library.

Accordingly, specific engineering composition strategies for performance
enhancement in those detectors for ionizing radiation are required. Those strategies are
listed in the following:

« Mixed compositions of halide perovskites which has proved to be more
stable in ambient conditions.

e Substitution of the organic cation CH3sNH3" (methylammonium) with
CH(NH.)2" (formamidinium) broadening the optical absorption band
thus allowing a superior stability of the hybrid perovskite34,

« Replacement of methylammonium for an inorganic cation as Cs*,
resulting in a higher thermal stability.>5-3¢

« Utilization of layered halide perovskites of atom-thick sheets of metal
halides arranged with strict crystallographic assembling and distributed
by long organic ligands, the adjacent layers are stacked together by

weak van der Waals forces increasing robustness to moisture.?® 3

In terms of morphological evolution, both microcrystalline and single crystalline
(SCs) samples demand a fine control of the crystallization process to further engineer
the device morphology, surface coverage and uniformity. Several morphological
optimization strategies have been developed for thin-films with less defects, less

pinholes and grain boundaries.' 3-*° Specifications on the experimental parameters
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of some of the used techniques for film preparation were discussed in section 1.3.4.3
and will be further examined in Chapter 3 (Materials and Methods). Actually, one of
the main emphasis of this thesis are the advantages of using perovskite SCs of
MAPbDBr3 in comparison to perovskite microcrystalline films (MCs) which suffers
from morphological disorders.*®> SCs possess a low trap density, high mobility, low
intrinsic carrier concentration and long diffusion length,* which make the material
ideal for simultaneously, rapid and sensitive detection. Perovskite MCs films and SCs
compounds can be implemented into devices in both vertical and lateral configuration
(Figure 2.3). Vertical photoconductors have a small electrode spacing with a short
carrier transit length which provide a fast response. On the other hand, a lateral
photoconductor showed a slow response and high driving voltage due to their large
electrode spacing thus the response speed is, sometimes, sacrificed.*
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Figure 2.3. Schematic representation of perovskite-based photodetectors with different possible
structural compositions and device architecture. Adapted with permission’. Copyright 2016. The
Royal Society of Chemistry.

The lateral configuration yields a better reproducibility and lower cost of
fabrication in comparison to the vertical one.***? Additionally, the diode configuration
(common architecture for direct conversion of X-rays) allows a better charge
collection.®*** A good charge collection efficiency relies on faster response and low
driving voltages in an X-ray sensor. In fact, SeC detectors for X-ray detection with a
diode configuration works at reverse bias to minimize the dark currents and to provide

faster collection of charges. Finally, the sandwich-like topology observed in Figure
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2.3 is usually constructed when light is explored and the presence of hole/electron
transporting, blocking, or rectifying layers enhance the device performance.?® 4°

During the last fifteen years much work has been focused on amorphous MCs
semiconductors and SCs as perovskite-based X-ray detectors in imaging
applications,18 20. 25 28-29, 31, 40, 42-43, 45-58 Tg first report on the use of MAPbDI; dates
back to 2015, in here MAPbIs films were employed as sensitive material for detection
of X-ray photons.>® This work was followed by Wei et al., who reported about a
sensitive X-ray detector made of MAPbBr3 single crystal with a high sensitivity and
environmental stability.®® As a result of all the extensive research, specific
requirements have been highlighted for the complete absorption of hard X-rays. In
fact, due to the much stronger penetration capability of X and gamma (y) rays a much
thicker active layer is needed to stop radiation and to generate charges across the entire
thickness of the semiconductor.®* Therefore, path lengths in the order of mm to cm for
the y-photons energy range (20 to 70 keV) are required. All these requirements may
benefit the device by a drastic reduction of the defect density and an increment in the
mobility lifetime product ur (~1.0 x 102 cm? V18 thus reduction of the
surface/interfacial recombination.

Considering all this information related to the device composition and architecture,
our approach was to start by studying two different compositions of MHPs in two
different device architectures, firstly: vertical and symmetrical contacted MAPbBr3
single crystals of ~ 5x5 cm? with higher crystallinity perovskite layers compared to
their MCs counterpart. Secondly, asymmetrical-contacted MAPDI3 thick-pellets using
a short-term and low-cost powder sintering route with the aim to improve the
performance and robustness of the existing process by using of rectifying layers as
electrodes. Chapter 3 describe the ITC (growth methodology) used to growing the
SCs and Chapter 4 and 6 summarize all the structural characterization techniques
performed to the growth samples. In the case of the MAPDI3 thick-pellets, Chapter 3
described the soft-sintering procedure and Chapter 5 and 8 presented some of the

structural characteristics of the thick pellets.
2.1.2 Effects of Oxygen and Moisture

Common degradation pathways include oxygen and water exposure of the metal
halide perovskite materials.® & 62 Previous analyses pointed out that the perovskite

material itself, decomposes into other species, causing some harm on the desired
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optoelectronic properties. Aristidou et al. revealed how the combined action of light
and molecular oxygen on the photoactive layer of MAPbIz may result in the
decomposition of the perovskite and subsequent formation of Pbly, I, and
methylamine by H-NMR spectroscopy.® & 10 12. 8364 QOther authors reported the
influence of ambient atmosphere on the surface energy structure of perovskites,
affirming that the exposure to oxygen gas induce a shift of the energetic vacuum level
of the perovskite films, because of the formation of an oxygen-induced surface dipole.
Figure 2.4a exhibits the faster visible decomposition of a MCs film of MAPbIz under
higher humidity levels compared to their counterpart a MAPDbI3 SCs (Figure 2.4b)
stored for months without any visible sign of sample degradation. Different
mechanisms have been proposed for water infiltrates in MHPs materials. For instance,
Miller et al. used infrared spectroscopy (IR) and Atomic Force Microscopy
measurements (AFM) to prove the notion that water infiltrates through defects and
grain boundaries, creating a high surface roughness showing a strong clear OH peak

in the IR spectra (See Figure 2.4c).%
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Figure 2.4. Consecutive images of the MAPbI; MCs films stored in 85% humidity for different
times. The films were formed under different annealing time. b) A photograph of a MAPbI3 SCs
after storing in air without encapsulation for more than 2 years. Reproduced with permission.5®
Copyright 2016, The Royal Society of Chemistry c) Example of a relative reflectance spectra (of

nonpolarized light at grazing incidence) of 300 nm thick MAPbI; on a thick Au layer measured in
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vacuum and in ambient condition s(left panel). AFM measurement of the corresponding film in air

(right panel). Reproduced with permission of ref.%® Copyright 2015. American Chemical Society

Certainly, upon water exposure and due to the hygroscopic nature of the organic
components, water molecules may diffuse into the perovskite matrix or form the
MAPbI3-H,O complex, acting as a charge trap center.® %2 In microcrystalline
perovskite films the grain and GBs of the thin amorphous intergranular layer are more
sensitive to moisture* ® in comparison to SCs compounds.

The phenomenon of the rapid embedding of water into MAPbIs was observed in
MCs samples (See Chapter 3 for sample preparation). Figure 2.5b shows a top-view
SEM image of a degraded MCs sample of MAPbI; measured under ambient
conditions. In here, it is apparent that the open structure of the GBs is favorable for
quick diffusion of moisture along the grains and into the MCs films. Oxygen and
moisture creates numerous degradation pathways, Figure 2.5¢ shows clear signs of
surface decomposition, which is a major challenge for their application on a
commercial scale.® Therefore, to ensure long-term stability of the device, preparation
of perovskite layers is usually carried out under isolated atmosphere (in N2 flow with
H-0, and O2 levels < 0.5 ppm).

a) b)

Figure 2.5. SEM top-view image of a MCs perovskite of MAPbI3 a) fresh sample and b) degraded
sample c) Picture of a MAPDI; pellet upon exposure of ambient (RH > 50 %).

One of our strategies to avoid sample degradation was using a constant N flow and
moisture control. A sample holder presented in Figure 2.6 coupled to constant N flow
was employed for the longtime measurements. Lower reactivity and selective
contacts/electrodes were also used to avoid intrinsic degradation. Reactive contacts
may accelerate the degradation of perovskite bulk under external factors, such as
moisture, oxygen, UV light, elevated temperatures and electric bias.® In fact, the
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reactivity at the perovskite/metal electrode interface is a common issue and despite the
efforts made to identify the precise interfacial reactions limiting the device
stability/performance. The topic is still controversial as it is not clear the techniques
able to probe the perovskite/metal interface. Herein, Au electrodes were discarded due
to the reported metal migration from the electrode inside the perovskite layer.%’
Chemical interaction and degradation has been observed in MAPDbBr3 single crystal
when put into direct contact perovskite/Au.%* %8 Other low-cost commonly used
contacting metals are Al and Ag, unfortunately, they have been found to promote
irreversible degradation pathways when diffused ions from the perovskite react with
the metal electrode creating metal-halide compounds and accumulating halide ion
byproducts.®® Even so, visual indications of corrosion of the metal electrode is present
in both cases.”® The use of Cr,03/Cr as electrodes have been proposed to enhance the
stability.'® °2 Therefore, Pt and Cr,O3/Cr were chosen as less reactive metals contact’
based on previous reports® 33 4455 as they do not degrade the perovskite films.
Reinforcing that assumption, we found high reproducibility in our measurements with
no visible degradation after using the N2 flow and with low levels of H>O, and O (<1
ppm) during and after the data acquisition which allowed to discard contact reactions.

Another alternative to avoid sample degradation under Oz and moisture is the
encapsulation method. Encapsulating these devices is an alternative to address the

stability issue without affecting the device lifetime and performance.”

Figure 2.6. Sample holder used for all the electrical measurements with nitrogen flow system.

Nowadays the utilization of materials and structures with higher barrier
performance for oxygen and moisture has been an effective alternative to overcome
these questions and enhance device stability in solar cells, photodetectors and X-ray

sensors.’®
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2.1.3 Effects of the Temperature and UV-light

In addition to thermal and moisture degradation mechanism, exposure to light may
cause device degradation related to chemical interactions between electrode
layers/metal contact and the perovskite material. MHPs for radiation detection should
be capable of sustained operation at controlled temperatures. Compact, room
temperature X-ray detectors are of interest in many areas including diagnostic X-ray
Imaging, radiation protection and dosimetry. In the case of X-ray detectors based on
perovskite materials, improving device photo-stability remains challenging, it has been
reported that perovskite thin films begin to decompose at temperatures close to 140 °C
in air™® or at lower values (~ 85 °C) even in nitrogen atmosphere.” Although,
occasionally, the device performance can be recovered when stored in the dark for a
short time.”® Leijtens et al., reported that the structural symmetry can be reduced at
lower temperatures (orthorhombic phase), while higher temperatures allow the
transitions to the cubic phase, which means that the material exists in the useful
tetragonal and cubic phases at relevant temperatures (0-100 °C).”

However, concerns about the volatility of the organic decomposition products have
guided researchers to look for replacing strategies with inorganic cations.”> " The
thermal stability can be improved by the incorporation of around a 20-30% of bromide
in the composition.” In fact, this partial substitution of the relatively smaller Br atom
for the bulky I" anion promoted a more thermodynamically favorable structure at room
temperature.”’""® In the case of single crystals with Br in the structure, several reports
proved that SCs do not undergo thermal decomposition until temperatures in excess of
200°C,?8 8% which make them ideal for a radiation detector.

Wang et al. reported that MAPDIz SCs can be stored in ambient atmosphere for 2
years without any encapsulation looking black and shiny without notable degradation
(See Figure 2.4b)® The SCs growth in this thesis (Figure 2.7a) were measured under
1 sun illumination (100 mW cm™2) for the charging transient experiment in Chapter
7.81 The charging transient analysis is an experimental technique based on transient
polarization signals very similar to the well-known Sawyer-Tower experiments (See
Chapter 3, charging measurements). Figure 2.7a displays a part of the circuit setup
used during the illumination measurement of the single crystal of MAPbBr3z and
Figure 2.7b shows a SEM image of the top view of the SCs sample after the

measurements with no visible sign of degradation.
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Figure 2.7. a) Example of the Sawyer-Tower setup for the charging measurements under 1 Sun
illumination of SCs of MAPbBr3. b) SEM image of a SCs of MAPbBr;. In the inset the MAPbBr3
contacted with Pt electrodes.

However, for the pellets studied in this thesis (MAPbIs-MCs) light-induced
degradation was examined when the samples were measured without N2 flow at
ambient temperature. This chemical reactivity has been studied and associated to the
interaction between migrating ions and external contacts by exploring the j-V response

in solar cells. 10 82

Light can also induce phase segregation,®® enhance
piezoelectricity,®* and change dipole moments of the unit cell.% With all this
observation of halides phase segregation one can hypothesize about the existence of
mobile ions as another critical issue in perovskite materials.

So far, we have proved that perovskite materials, as soft matter systems, are sensible
to oxygen, light, moisture, and temperature. Consequently, their application and
commercialization are still a major bottleneck, especially in countries with high severe
humidity conditions and high average temperatures. Therefore, new perovskite
families with improved light and thermal stability should be proposed with variable
architectures using an array of selective contact layers, which can introduce or
eliminate degradation routes. The next section presents other significant factors
affecting the dark current response of MHPs. The aim is to provide a coherent picture
allowing to correlate the chemical composition with the defect redistribution within

the device when an external bias is applied.

2.2 Effect of the electrical bias

X-ray detectors usually work under high electrical fields. Therefore, electrical bias-

dependent degradation is another puzzling topic in perovskite materials used to this
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purpose. The bias condition, usually, alter the internal fields leading to large variations
in the current—voltage characteristics depending on the electrical history of the
device.*® 887 Sych biasing may also influence the long-term electrical stability of the
device by promoting electrical stress and degradation pathways.®®

The electrical hysteresis phenomena (See Figure 2.8a) has been widely observed
in solar cells through the current—voltage (j-V) measurements. It has been linked to
external parameters such as scan rate, scan direction, pre-biasing voltage and light
intensity, etc. Several reports have proposed strategies to resolve the hysteresis issue
in hybrid perovskite solar cells,'® 71 76.84.89-% yet jt’s well-known that the origin of
the hysteresis cannot be attributed to only one underlying mechanism. Charge
trapping, capacitive effects, ferroelectricity, and ion migration have been proposed
(See Figure 2.9) as possible causes, but there is no conclusion or consensus about one
theory that could explain all the phenomenology connected to the hysteresis
phenomenon.

A number of assumptions and definitions have been proposed for a deeper
comprehension of the dark current phenomena and the different conductive regimes
found in a typical semiconductor device based on MHPs. In general, for a SeC device
with n charge-carrier concentration, current density is proportional to the product of
carrier mobility and intrinsic carrier concentration of the perovskite at a constant
electrical field. When a negligible space-charge density throughout the bulk is
assumed, the ohmic regime in which the current rises linearly with the voltage, is given

by the Ohm’s law. Current density is described as:
14
J =0F = qnit ),

In here, o is the electronic conductivity; E is the electric field, g is the electronic
charge and p is the charge-carrier mobility. The electrical field is equal to % where V

is the applied voltage and L is the device thickness and the electronic conductivity is
defined as o = gqnu. ¥ Metal halide perovskites are known to present intrinsically
high carrier concentration, which leads to relatively small resistivity (eg, MAPDIs:
107 Q cm)®®1% with large dark current values.> % Additionally, the ionic bonding
nature of the material, predicts that ions tend to migrate under electrical bias (see

section 2.2.2: lon migration), which causes ionic conductivity, and thus increases the
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current background leading to baseline drifting and deviations from Ohm’s law.!8 101-
102 \When that happens and the space-charge region from both contacts overlap the drift
current-density profile for a single carrier device is assumed to follow a different

regime known as Space-Charge Limited Current (SCLC) and the Mott-Gurney law
(See Figure 2.8b):

] = 2ueren’s (2.1),

where &, is the dielectric constant and &, is the permittivity of free space

In fact, SCLC measurements are the most commonly used steady-state techniques

to study the influence of mobile ion, defect densities and carrier mobilities in
perovskites but their use is still controversial.1%3

Duijnstee et al., introduced a pulsed voltage space-charge limited current (PV-
SCLC) measurement methodology,'®® with the aim of diminishing the motion of
mobile ions and to further achieve reproducible current-voltage characteristics without
hysteresis (Figure 2.8b). Other conductive regimes may occur when (J acV", n > 1.5

or n > 2) Child-Langmuir ballistic regime of SCLC%* or trap-filled limited region,'%
respectively.

1
a) : . : b) 10 Continuous bias voltage
1 = iE" 10°F 009
& A o i
E 0 | - < IS L) “Mobile”
< S
g MAPbBr; |Au E10 {s _|—,—;_I
E 2> S
ré’,‘ g 102} E
g 2. JuV? B 9@ Pulsed bias voltage
- E 10° 3 E
E é < “Localized" LX)
a z < lons
> 107 F 4
° s b
10% i } L
0.1 1 10 100
log Applied voltage (V) Applied voltage (V) Voltage scanning time

Figure 2.8. a) SCLC behavior for a trap-free semiconductor. Two charge transport regions are
visible: (1. J acV) Ohmic region and (2. J acV?) SCLC region b) Large hysteresis between forward
(solid line) and reverse (dashed line) J-V traces during the SCLC measurement in a perovskite SCs.
(Right): Schematic illustration of ion movement upon continuous bias application during the SCLC
measurement. At positive voltage during the forward scan mobile ions drift toward the electrode
interfaces. Mobile ions are still displaced toward the electrode interfaces during the reverse scan.
(black label). In the PV-SCLC method no redistribution of mobile ions through the sample is

observed (red label) conductivity. Reproduced with permission.’® Copyright 2020. American
Chemical Society
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All this information helps to understand the trend of a dark j—V curve in a
conventional halide perovskite. However, the analysis of the j-V response should be
taken with caution because many artifacts and anomalous behavior have been
reported.'%1% These puzzling peculiarities arise from the mixed ionic-electronic
conductivity of this class of semiconductor.’” Thus, many hypotheses have been
formulated, some of them focused on capacitive effects®® and others into slow
transients in the injection current.%® Although, an ionic origin is commonly assumed
in the literature.2%1% Therefore, radiation detectors with a desirable long-term
electrical stability and a minimum dark current level can be only designed by
considering the link between mobile ions and electronic conductivity. In order to
unveil that, the next sections include a discussion on the electrical stability in radiation
detectors based on perovskite materials, i.e., the dark current response and the

influence on mobile ions on those levels of electric current.
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Figure 2.9. Schematic diagram shows the various ion/defects movements in a perovskite device
structure that could possibly lead to hysteresis phenomenon during current-voltage characteristic
measurements. The exact nature of each ion-movement processes and its degree of influence on
hysteresis varies with respect to the device structure and materials involved. Reprinted with

permission from®2. Copyright 2018.Solar Energy Materials and Solar Cells.
2.2.1 Dark current

Another important parameter of a radiation detector is the dark current (leakage
current) Iz, Which is defined as the current flowing in absence of any radiation
stimulus. In the section 1.3 in Chapter 1 it is mentioned how important are electrical
contacts to minimize leakage currents in a radiation detector. The “ideal” device

should have the smallest possible dark current to reduce the noise, as the detector noise
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determines the lowest detectable dose and the signal-to-noise ratio.?® 53 Usually in
most radiation detectors based on semiconductor materials, background electronic
noise is due to the fluctuation of the dark current.®® Under bias, the main contributions
to dark current result from (i) the presence of defective states, (ii) thermal charge
carrier in the bulk and (iii) the injection of carriers at the electrodes interface. Kasap
et al.®% suggested an ideal value of dark current in SeC detectors between 0.1-1 nA
cm2 but todays commercially available detectors have dark current < 50 nA cm™
close to the acceptable value of 10 nA cm 2.2 The origin of the leakage current is
related to both the bulk volume and the surface of the detector. Therefore, great care
should be taken in the fabrication of SeC detectors to avoid contamination of the
surfaces, which could create leakage paths. For example, a few authors reported the
use of guard rings which is a metal circle traditionally used to protect high impedance

nodes in a circuit from surface leakage currents.
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Figure 2.10. a) Example of the dark current as a function of electric filed for a MAPDbI3 single-
crystal devices with Pb—Pb (blue), Au-Au (red), and Au—Pb (black) lateral contacts. Adapted with
permission.!! Copyright 2020 American Chemical Society b) Energy band gap diagram showing
the metal work function c) j-V characteristic curve for a MAPDbIz microcrystalline sample with an

asymmetric metal contact-perovskite configuration

Strategies to reduce dark current are extensively applied in X-ray detectors, the
small bandgap (0.7 eV) of Germanium detectors which is one of the most useful
sensors in the field, is related to the large thermally induced leakage current and does
not allow to the standard high purity germanium (HPGe) to operate at room
temperature. The result is that HPGe detectors must be cooled to reduce these levels
to the point that the associated noise does not spoil their excellent energy resolution.>®
112 Another way to reduce dark current is to choose semiconductor materials with a

wider band gap (e.g., greater than 1.5 eV) , that could reduce the bulk-generated
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leakage current allowing to operate at room temperature.!*® Based on different
reports,*> 53 114 Shrestha et al. proposed blocking interfaces to minimize the dark
current noise. They designed a SCs of MAPDI3 lateral contacted with different work
functions (Pb//MAPbIs//Au device configuration) and the dark current on reverse bias
showed to be lower by more than an order of magnitude in comparison to their
symmetric counterpart Au— Au device (See Figure 2.10a).1*! Due to the rectifying
nature of this configuration, an asymmetric face to face device Cr//MAPDIs//Pt was

developed in this thesis'®

showing almost non hysteresis at reverse bias during the j-
V scan measurement (See Figure 2.10c)

Finally, it has been observed by several authors®3%* 116 that the electrochemical-
reaction occurring at the anode site: Au ) +2I° — [Aulz] + 2V, + h" and
induced by the external polarization in MAPDbIsz SCs symmetrically contacted with Au,
increase the dark current in the device. Hence, they reported the use of blocking layers
between the electrodes and the SCs to suppress the dark current, at least, 3 orders of
magnitude making possible to fabricate highly sensitive and fast response X-ray
detectors.!” Undoubtedly, going through the mechanism behind the long-term dark
current stability of X-ray detectors needs a closer look to the ion migration process.
The next section intent to provide the recent efforts and related progress in this topic

as well as the strategies developed with the goal of quantify ion migration parameters.
2.2.2  lon Migration

lonic motion strongly influences the electronic charge-carrier dynamics in MHPs.
The existence of drifting and diffusing mobile ions makes the use of traditional
electrical characterization techniques questionable, due to the electronic-ionic nature
of this conductor. This section summarizes the origin of ion migration and its
connection with the device electronic performance. It is also discussed some of the
tools and electrical protocols designed for characterizing ion migration.

lon migration occurs in MHPs crystalline materials in many circumstances. The
soft ionic crystal structure easily collapses due to its ionic conductive nature, hence the
migration of halide vacancies prevails compared to larger cations.'® 1’ One of the first
reports about the existence of iodoplumbates as mixed conductors in MAPbI3 solar
cells was published by Yang et al.}'® Afterwards, Xiao et al., reported the observation
of a field-switchable photovoltaic effect by the formation of reversible p—i—n structures

induced by ion drift in the perovskite layer.''® In a recent report, Sakhatskyi et al.
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showed the stability performance of different perovskite composition as a function of
the expected ion diffusion coefficient.!?® These findings highlight that ionic transport
is a process of hopping between equilibrium sites of the ions that occupy interstitials
and defects. They point out that the migration of halide vacancies prevails compared
to larger cations. Though, at long operation times and under external driving forces
such as voltage, light, and temperature, organic cations, and metal electrode ions also
diffuse through the perovskite material. (See Figure 2.11).
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Figure 2.11. a) Stability performance (T80) under 1 sun illumination condition and maximum
power point tracking (MPPT) of selected literature examples as a function of the expected ion
diffusion coefficient (Dion). Reprinted with permission of ref.!2® Copyright 2022, American

Chemical Society.

Other reports showed that mobile ionic species has the potential to profoundly
disturb device characteristics, by shielding the bulk material from externally applied
voltages and thus affecting the total electronic current injection, transport, and
extraction. 121125 |n those reports, an important parameter is the activation energy (AE)
which is the lowest free energy barrier that ions need to overcome to move from its
initial position to an adjacent position.

Table 2.1 shows the activation energies calculated by computational methods by
Azpiroz et al.’®* Several investigations have shown defects with different activation
energies in perovskite materials.'® Being the halide vacancies the one with the smallest
AE it was suggested by numerous authors® % 101 126-127 5 he halide vacancies the

faster mobile ionic species. On the other hand, those AE values around ~0.5 and 0.8
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eV for MA and Pb vacancies, respectively, were found to be the responsible to the
slow response inherent to perovskites.'?!

Table 2.1 Calculated activation energies for the different point defects migrating
of the in MAPDbI3; and MAPbBr3 perovskite!®

MAPDI3 MAPDBIr3
Defect
Ea (EV) Ea (EV)
Visr 0.08 0.09
Vma 0.46 0.56
Vpp 0.80 NR
li 0.08 NR

*NR: not reported

In Figure 2.12 formation energies of all possible point defects in MAPDIz are
presented from MA, Pb, | vacancies (Vwma, Veb, and Vi) and interstitials (MA;, Pbj, and
li) to cation and antistites substitutions. Depending on the chemical potential of the
constituted element, formation energies of all point defects can be calculated. 2 Thus,
ion migration can occur by vacancy migration, interstitial ion hopping or even other
mechanisms, but the migration process itself is usually carried out through the internal
defects such as Schottky and Frenkel defects (See Figure 2.13).12! The migration paths
have been extensively studied showing other possibilities for ion migration such as
lattice distortion or disorder caused by local charge accumulation or dissolution of
impurities, lattice softening, piezoelectric effects and strain induced effect.? 84 92-93,
129 Grains and grain boundaries can be also, channels for ion motion resulting in poorer
stability of the sample.*?” Still any change of the perovskite formulation can affect the
crystal structure and the crystallinity nature of the perovskite.

Halogen ions are the highly mobile and reactive species, tending to diffuse out of
the perovskite layer, reacting with some device components and inducing interfacial
degradation.®* Wang et al. reported some characteristic timescales of the kinetic
phenomena in PSCs of MAPbIz and MAPDbBr3. They reported a time transport value
over a distance of 100 nm in a MAPblIs film of 102 s for the halide vacancy diffusion,
a value between ~10-100 s for ions at the interface and ~1000 s for cation vacancy
diffusion.?® Indeed, the mobility of MA* affect the optoelectronic properties and the
long-term stability of many perovskites devices. Actually, intrinsic cations are also
capable of significantly diffuse creating a spatial inhomogeneity under different

stimulus such as bias, oxygen, and humidity environment.8 110,120,126
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Figure 2.12. Calculated transition energy levels of point defects in CH3NH3Pbl3.'® The
formation energies of neutral defects are shown in parentheses. The acceptors/donors are ordered by
the formation energies (from left to right) Adapted with permission.t* Copyright 2018.Springer

Nature.

Mapping ion migration is an additional challenging topic, numerous advanced
characterization techniques including optical spectroscopy, electron spectrometry,
mass spectrometry, atomic force microscopy, and electrical measurements have been
used with this purpose. McGovern et al., used Transient lon Drift (TID) to quantify
the characteristics of mobile ions in MAPDbBTr3 in order to compare them with in
MAPDI3 (See Figure 2.14). In that work they demonstrated a reduced activation
energy, a reduced diffusion coefficient, and a reduced concentration for halide ions in
MAPbBr3in comparison with MAPbI3 13! Explanation to this experimental observation
can be based on the stronger Pb—Br bond between atoms in MAPbBrs samples
compared to the bond between Pb-1 in I-based perovskites. This may create a lattice
contraction suppressing the ion migration of the bulky MA® ion in Br-based
perovskites. It has been also reported a smaller stronger hydrogen bonding to the
surrounding Pb—Brs octahedra in MAPbBr3 126 13
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Lattice distortion by accumulated charges. d) Lattice distortion by dissolved impurities. e) Softened
lattice by lamination. f) Channel in grain boundaries. g) Strain-induced extended defects by

piezoelectric effect. Reproduced with permission.?” Copyright 2016, American Chemical Society.

A similar approach was used in this study by recording the long-term current

transient of different perovskite devices.'?® 132

In here, we reported a coupling

between electronic transport and ion kinetics exists that ultimately establishes the time

scale of electronic current (See results and discussion in Chapter 6 and 8). We

calculated ion migration providing an estimation of the intrinsic parameters such as

the ionic mobility and diffusion

coefficients.11% 132
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Figure 2.14. Comparison of mobile ions in MAPbBr; and MAPDI; showing the suppression of
migration paths due to a reduced activation energy for bromide migration compared to

iodine. Reprinted with permission of Ref.13* Copyright 2020. American Chemical Society.
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Other approach that helps to quantify ion migration is Impedance Spectroscopy (IS)
measurements. This is a robust, nondestructive method to study charge and ion
transport processes.® 4% 133 |t has been extensively used as a powerful tool to
understand the origin of photoinduced degradation in perovskite films or solar cells
based on MAPbI;. 134136
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Figure 2.15. Comparison (a) Representative EC used to fit the data for MHP devices containing
adequate extraction layers from the (b) capacitance frequency plots (c) and (d) complex impedance
plot. Reprinted with permission of ref.133 Copyright 2021. American Chemical Society

Figure 2.15 shows different features in the Nyquist plot (Impedance spectra, ¢ and
d) and the Bode plot (Capacitance response, b) that can be observed in a typical MAPI
device under different illumination conditions.’®® Because the IS response usually
corresponds to the least resistive pathways and a reduced number of elements are
present in the spectra, simplified circuits, such as the one presented in Figure 2.15a
are selected in order to extract equivalent electrical elements that cause the observed
response and ultimately provide a physical interpretation.*3* 13" The IS analysis usually
covers the whole range of frequencies between 1 MHz and 10 mHz allowing to
understand how to distinguish between electronic and ionic defects considering the
time scales involved in the different process.!0*-192

In any case, the number of possible research questions are endless toward clarifying
the role ion transport in the degradation of PSCs. For example, Bag et al. were pioneers
in studying the Warburg-like response in these materials.'?> Moreover, Peng et al,
calculated diffusion coefficients in the order of ~10® cm? s in MAPbBTr; single

crystals by analyzing the low frequency response in 1S.1%® Recently, Yan et al.
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measured the Warburg resistance relating to ion migration to obtain the diffusion
coefficient and activation energy of migration ion.t’

In this respect, impedance measurements were carried out in ambient conditions®
(in Chapter 4) and under N, flow (in Chapters 6 and 8).1'> 126 Results in those
chapters showed high reproducibility of the electrical response by IS. This approach
enables to study the mobile ions and how these defect species alter the internal
electrical field, interact with the contact materials, or even modulate electronic
properties. This mobile ionic dopant produces a sort of dynamic doping effect that
locally vary the electronic conductivity (See about the IDD model in Chapters 4 and
6).115

Ultimately, the important question is how this ion migration governs the electronic
current for the long-term operational stability of the perovskite-based detector. In this
thesis we developed a robust electrical protocol with the aim of exploring the long-
term stability response of device under polarization.'®? Figure 2.16 displays an
example of the long-term current response under different biasing protocols of samples
of MAPbI3z with similar thickness. As a general trend, at the beginning of the transient
the current rapidly increases with an exponential behavior until saturation to steady
state. In the case of Figure 2.16a, this behavior is not clear; current does not seem to
saturate and no reproducibility between cycles of polarization is observed under the
different bias steps. Additionally, visible signs of surface degradation are observed in
the measured sample in Figure 2.16b. A subsequent experiment was performed in
Figure 2.16¢ and this time, the variability of responses was smaller compared to the
first measurement. One explanation regarding the different current increases between
transient protocols and cycles point out to the shorter relaxation times used, less than
3 hours for the first procedure and 4 hours for the second one. After 4 hours at short
circuit condition (0 V-bias) the sample is in a completely relaxed state. In all cases,
Cu-conductive tape of high quality was used on top of the pellets to ensure a better
electrical contact. Still, the top image of Figure 2.16b. shows a degraded MAPbI3
pellet after the first cycle of biasing experiments and the other two images below
(Figure 2.16b) showed a homogenous surface at both side of the sample (Pt//Cr
electrodes) and no visible surface degradation was seen for the second tested protocol.

We reported a high reproducibility for current registered at different cycles with the
measurement protocol showed in (c).1%% 132 Additionally, in Chapter 8 we showed the

effective ion mobility calculated from the analysis of the long-term dark current

59



Chapter 2: Critical Overview

response of MHPs of different crystallinity and composition by using the optimized

protocol in Figure 2.16c.
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Figure 2.16. a) Long-term current response under consecutive bias of a MAPbI; thick pellet at
room temperature (first biasing protocol). b) Image of the top view of a MAPDI; thick after the

respective measurement protocol ¢) Long-term current response under consecutive bias for a

MAPDI; thick pellet at room temperature (second biasing protocol). In the inset is shown the biasing

protocol.

In conclusion, MHPs bring an unprecedented opportunity for radiation

detection but ionic defects at the surfaces and grain boundaries are detrimental to both

the perovskite-based detector efficacy and long-term stability. In this thesis, we have

proven that MAPbBrs-SCs perovskite is preferred when longtime measurements are

required due to the higher structural stability. Moreover, controlling the exposure to

light intensity, oxygen, and moisture by using constant N> flow and a Faraday cage

allowed to reduce interfacial degradation in these materials. Regarding the chemical

interactions between top metal contact and perovskite material, Pt and Cr as contact

electrodes were chosen. Pt is one of the least reactive metals known towards the

perovskite material, an inert material which does not react with the perovskite films,
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being a better choice when preferring an inert enough substrate on perovskite films.
Additionally, the use of Cr.Oz/Cr as electrodes have been proposed to enhance the
stability in comparison to Au, Ag as metal contacts. Finally, from the electrical
measurements it is highlighted the importance of designing robust measuring
procedures in exploring thick perovskite electrical response.

Overall, in this PhD thesis we have shown that it is possible to obtain reproducible
and reliable measurements to characterize ion migration and it is influence on the dark
current response of perovskite devices. Engineering the composition and architecture
of the device by controlling the external interfaces allow us to discern the transport
mechanisms of mobile species under variable electrical fields with the aim to create a
coherent picture for the design of the next generation of X-ray detectors based on

perovskite materials.
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Chapter 3. Materials and Methods

This chapter summarizes the materials and experimental procedures used for the
processing of the perovskite devices based on MAPbI; and MAPDbBr3, developed
during the course of this thesis and potentially used as X-ray detector. The Chapter is
divided in four subsections: perovskites synthesis and device preparation, structural

description, optical characterization, and electrical measurements.

3.1 Perovskite synthesis

All salts and solvents were used as received without any further purification, the
perovskite precursor CHsNHsl (MAI) (> 99 wt. %) and CH3sNH3Br (MABTr) (> 99 wt.
%) were purchased from Dyesol/Greatcell Solar while Pbl2 (99.99% wt. %) and PbBr»
(99.99% wt. %) were bought from TCI America. Salts were stored in a glovebox under
N2 atmosphere. All solvents were purchased from Sigma Aldrich: Dimethylformamide
(DMF) anhydrous, (99.8 wt. %) and Dimethylsulfoxide (DMSQ) anhydrous (99.8 wt.
%,) both, were stored in a glovebox under N2 atmosphere. Sandpaper of different grain
sizes [ P1200 (15 pm), P2400 (10 um) and P4000 (5 pum)] used in the polishing process
was purchased from Escil Company, France. All syntheses were carried out in 20 ml

reaction vials.

3.1.1 Single crystal (SCs) growth

Crystallization methods are based in a two-step process which includes nucleation
and growth of a solid phase (See Figure 3.1). However, to growth a SCs it is not
always an easy task. Materials of high quality and a well-controlled temperature
technique is the best approach to achieve this goal.}? Among the different
crystallization methods for the growth of SCs, the Inverse Temperature Crystallization
(ITC), which has been introduced and deeply described in Chapter 1, was the selected
procedure. ITC starts with a nucleation at the solution surface layer due to the effect
of surface tension; then the growth of the nucleus into a crystal until it reaches a certain
size when surface tension can no longer keep the crystal afloat. The obtained SCs
usually exhibit a shiny mirror surface and a homogeneous regular shape. Our growth
experiments were conducted by ITC, the perovskite precursors, CH3NH3zBr, PbBr;
were dissolved (1:1 mol. %) in DMF to obtain 1 M solutions of MAPDbBTrs. All the

solutions are then maintained at room temperature under stirring and then, filtered at
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ambient conditions using PTFE filters with 0.2 um pore size to remove any insoluble

particles.

@ nucleus

Figure 3.1. Schematic draw of the intermolecular interaction in the solution volume (left)during
the nucleation process b) Growing process of a SCs of MAPbBr3; in DMF by the ITC methodology
(right).

An optimization of the growth procedures regarding the optimum temperature,
volume of the vial, level of oil in the bath and heating rates (heat transfer rate), was
required based on two growth protocols labeled as fast/unseeded and slow/seeded
growth (See Figure 3.2). The unseeded process was similar to the one described in a
previous work?® using a linear temperature ramp and fresh solution placed in the vial

without any seed crystal.
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——— SLOW temperature 5) 85 .\\?-\
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Figure 3.2. Schematic illustration of the different growth protocols investigated (left). Graphic

representation of the ITC process of unseeded and seeded crystals with different heating rates (right).

The fast/unseeded protocol, derived from the ITC method was carried out using 3 mL
of perovskite solutions placed in 20 mL of a glass flask vial in a silicon oil bath. In
here, the temperature is abruptly brought from room to 80-85 °C leading to the

spontaneous nucleation and growth of crystals.

72



Chapter 3: Materials and Methods

Meanwhile, for the seeded procedures (See Figure 3.2), seeds must be first obtained
by spontaneous nucleation and placed inside the vial once the temperature increase to
~ 50°C in the flasks to avoid dissolving the seed. In here, the crystal growth and the
quality of the seed depends on the geometry of the vials and the temperature profile.
In the slow/seeded procedure, the heating temperature profile is crucial and with the
same perovskite solution, the temperature is first increased at 50 °C, and then is kept
for 20 mins at this temperature to place the seeds (Figure 3.3c) inside the flasks to
avoid dissolving the seed (Fig Figure 3.3a). Finally, the solution is heated up, at a
constant heating rate of 1°C/h for 3 hours, until 80-85 °C. The various heating rates
tested in the slow-seeded protocol are summarized in Figure 3.3b. Crystals obtained
by this protocol are presented in the bar chart of Figure 3.3d. Those SCs are finally
washed with warm DMF, then, placed in the vial, and transferred to the dry box with

a nitrogen atmosphere.
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Figure 3.3. a) Schematic graph of the Slow-seeded protocol for the growth of MAPbBr; SCs.
b) Optimized heating rates for the Slow-seeded protocol c) Seeds of MAPbBr3; and bar chart showing
the number of crystals growth.

As observed in Figure 3.3 several high quality SCs samples were growth by this
methodology. These samples were used for the charging experiments and long-term
measurements in Chapter 7 and 8 respectively. On the other hand, SCs symmetrically
contacted with Cr electrodes and provided by the Laboratory for Innovation in New
Energy Technologies and Nanomaterials (LITEN), Atomic Energy Commission (CEA
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Tech). These samples were used for Impedance Spectroscopy experiments in Chapter
4 and 6.

3.1.2  Soft-sintering procedure of Microcrystals (MCs)

MAPDbX3 (X=Br, I) MCs pellets of ~1 mm thick asymmetrically contacted with
evaporated Pt and Cr electrodes of 1 cm? area (see Figure 3.4). The pellets with a
diameter of 15 mm and a thickness between 880 and 1,000 um were produced using
commercially available MAPbXs (X=Br, 1) powders (Xi’an Polymer Light
Technology).

MAPDI; pellet MAPDBT; pellet

Figure 3.4. Top surface images of the perovskite MCs fabricated by the Soft-sintering procedure.

Samples provided by Siemens Healthineers AG Technology Excellence, further information in ref*

The powder was sieved with a 50 um mesh. For each composition, the powder was
filled into a height-adjustable powder container (See Figure 3.5) and a cylinder of
stainless steel with a polished surface was placed above this. The, a hydraulic press
(PerkinElmer company) applied up to 495 MPa. The soft sintering of the pellets was
completed at a pressure of 110 MPa (2 t), applied for 30 min at a temperature of 70 °C.
Finally, on the two-wafer faces, electrodes with an area of 1 cm? were deposited via
physical vapor deposition. For that purpose, 100 nm Cr on one side and 100 nm Pt on
the other side were sputtered.* The results thick pellets with a thickness of around
1000 um are observed in Figure 3.4. Samples were provided by Siemens Healthineers
AG Technology Excellence.

Six thick-pellets of MAPbI3z and four of MAPbBr3 were prepared by this procedure.
The pellets were used for Impedance Spectroscopy experiments and for the long-term
transient measurements in Chapter 5. Further information about the structure and the

optoelectronic response of the samples can be observed in Chapter 5 and 8.
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Figure 3.5. Schematic steps of the soft-sintering procedure for the preparation of

MAPbX; (X=Br, I) perovskite devices. Method developed by Siemens Healthineers AG Technology

Excellence. Additional information in ref.4>

3.2

Device preparation

Various electrode configurations were employed in perovskite devices of MAPbBr3

and MAPDI3 prepared in this thesis. Table 3.1 showed the general characteristics of

the samples studied, the electrical measurements and the corresponding chapter on

results and discussion. In the case of MAPbBr3-SCs, Pt and Cr electrodes were

evaporated at two opposite faces of the SCs, prior to that, the SCs were mechanically

polished with sandpaper of different grain sizes, starting with this order: P1200 (15
pm), P2400 (10 pum) and P4000 (5 um)]. For the MAPbX3 (X =Br, I) micro-crystalline

pellets (MCs) ~1 mme-thick, Pt and Cr electrodes were deposited via sputtering and

vapor deposition respectively.

Table 3.1 Samples studied in this thesis

Sample | Crystallinity | Thickness | Electrodes Measurement Chapter
(area) procedure
MAPDBI3 SCs 0.88to 1 Cr/Cr Impedance 4and 6
(CEA-LITEN) mm (12 mm?) Spectroscopy
Long-term current
transient experiments
MAPDBr3 SCs ~1 mm Pt/Pt Charging transient 7
(INAM) (12 mm?) experiments
MAPDBY3 MCs ~1202 pm Pt/Cr Long-term current 8
(SIEMENS) (1 cm?) transient experiments
MAPDI; MCs ~1102 pm Pt/Cr Impedance 5and 8
(SIEMENS) (1 cm?) Spectroscopy
Long-term current
transient experiments
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3.3 Structural characterization techniques

3.3.1 Xray diffraction (XRD)

The X-ray diffraction technique is crucial in determining the lattice constant of the
crystalline materials. Crystalline materials are three-dimensional diffraction gratings
and have regular spacing (d) between planes of atoms which are in the same order as
the wavelengths 4 of X-rays. Figure 3.6 shown the general setup for an X-ray
measurement. The incident X-rays will reflect from the different planes of the
crystalline material, causing them to interfere constructively and destructively at
different angles (6) according to the Bragg’s law: An = 2dsen6 where n is refractive
index of material.’ There are different methods to extract information related to the
crystallinity of the samples. The XRD pattern of a SCs is obtained either by rotation
of a single crystal with a fixed detector or using a position sensitive detector with a
fixed crystal. For MCs samples the powder method (PXRD) is commonly selected,
and it is usually performed with flat films in pinhole arrangement. We measured our
samples by the PXRD method in an X-ray diffractometer (D8 Advance, Bruker-AXS)
(Cu Ka, wavelength A=1.5406 A). The diffraction pattern in Figure 3.6 shows a
comparison between the XRD patterns of grounded powder samples and thin samples
of MAPbBrs perovskite. The XRD pattern of a SCs compound allows to determine

atomic positions, bond lengths and angles.’
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Figure 3.6. Schematic representation of a general X-ray setup with the corresponding diffraction

pattern of a pure phase single crystal of MAPbBr3

However, we also conducted high resolution 2D-XRD analysis in order to study the
degree of crystallinity of the SCs using an X-ray diffractometer Agilent Super Nova
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Atlas Dual Source (Cu-Ka, wavelength A=1.5406 A). A rotation spectrum along the o
cell axis can be measured in which only dots appear, and the absence of concentrically
distributed circles is a clear sign that the material is not microcrystalline’ (See Chapter

7, Fig Supporting information).

3.3.2  Scanning Electron Microcopy (SEM) imaging and Laser Scanning
Microscopy

SEM is a powerful tool that allows the physical observation at microscopic scales
of surfaces and interfaces of several materials. In contrast to a traditional optical
microscope, the electronic microscope can provide much higher resolution. For
example, resolution for secondary electron image is close to 1.2 nm at 30 kV. This can
reveal much information about the quality of the growth process: surface
morphological features of the crystal related to the growth and quality of an interface
or cleaved cross-section of a crystal.2 Using a focused beam of high-energy electrons,
the signal is generated from the electron-sample interactions. A JEOL 7001F
instrument equipped with an electron cannon of 0.1-30kV, FEG and EDX detector of
Si (Li) for elemental analysis was employed for morphologies studies of the SCs
growth.

Additionally, Laser Scanning Confocal Microcopy (LSCM) was also performed
despite it is not the conventional technique for observing the surface area in SCs and
is more frequently used for ex vivo/in vitro studies in biochemistry laboratories.’
LSCM (See Figure 3.7, left) has the advantage of possessing a highly optical
resolution, the equipment Keyence VK-9710 has a light source (violet Laser: 408 nm)
with an output of 0.9mW. Figure 3.7 (right panel) shows the unsymmetrical surface
of the different magnified areas of a bromide based SCs presumably due to dislocation
growth mechanics during the solution growth.X® That was one of the main reason for

the optimization of the solution growing protocols.
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Figure 3.7. Schematic representation of the Laser Scanning Confocal Microscope showing a
high-resolution image of the top view of a SCs of MAPbBr3; without a polished surface.

3.4 Optical characterization techniques
3.4.1  Photoluminescence spectroscopy

Photoluminescence spectroscopy (PL) is the most commonly used characterization
technique applied in studying fluorescence in a semiconductor material. The general
electronic processes of the technique is showed in Figure 3.8: a sample is excited with
a short wavelength light source, and the emission peak from a fluorescence material
can be captured in the photoluminescence spectrum, which is also closely related to
the bandgap of the material.!* The PL measurements were carried out by a Horiba
Fluorolog 3-11, using 405 nm of excitation source and, the photoluminescence peak
position (~ 570 nm) of MAPbBTrs is observed in the inset of Figure 3.8 (right).
Photoluminiscence images of MAPbIs-MCs and MAPbBr3; -SCs are shown in the
Supporting Information of Chapter 8.
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Figure 3.8. Schematic draw of the photoluminescence process

3.4.2  UV-vis absorption spectrocopy

Absorption spectroscopy (UV-Vis or UV/Vis) is the key technique to determine
the bandgap of a semiconductor material. Usually, the spectrum can be measured in a
transmission or absorption mode, where the transmitted light follows the Lambert—

Io

Beer law A = log (170) = elc where here A is the measured absorbance, n is the

intensity ratio of the incident/transmitted light, [ the path length through the sample
and c the concentration of the absorbing species.'? This technique also brings valuable
information about the composition of perovskite sample. When the composition of the
crystal varies, the color of the crystals also gradually changes. This change can be
quantitatively measured in the UV-Vis absorption spectra by a calibration curve. The
measurements were recorded by a Cary 500 Scan VARIAN spectrophotometer in the
250-800 nm wavelength range. An example of an UV-vis spectra can be observed in
Figure 3.8. Nonetheless our UV-vis measurements are shown in the Supporting

Information of Chapter 7 and 8.
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3.5 Electrical measurements

All electrical experiments were performed at room temperature and under constant
N2 flow. In Figure 2.6 is shown the sample holder system with nitrogen flow used
during the measurement. Samples were stored in a dry glove box. The impedance
measurements were carried out by using a PGSTAT-30 Autolab potentiostat equipped
with impedance module. Samples were measured inside a metallic box acting as
Faraday cage, in dark conditions between 10 mHz and 1 MHz, with a perturbation
amplitude between 100-500mV.

For the charging measurements using a reference capacitor, a source measure unit
Keithley Model 2612 was used as the voltage supply and an HP Digital Multimeter
Model 34401A (input impedance > 10 GQ) coupled through a FET input buffer model
AD8244 (input impedance 10 TQ) was used to record the polarization voltage signals.
For the light condition a Broadband Halogen Fiber Optic lamp (150 W High-Output)
with an irradiance level of 100 mW cm 2 was used. For the long transients experiments
a Keithley Model 2636B was used as both, voltage supply and digital multimeter to
record the current transient response of the samples.

3.5.1 Dark current-voltage characteristics

In any semiconductor material as Pb-halide perovskites the current-voltage
characteristic, or j-V curve, often provide insights into the internal working mechanism
of the electronic devices and some means for evaluating the change in conductance (or
inversely the impedance) of the element analyzed. Because perovskite is a mixed
ionic-electronic conductor material, the current-voltage characteristics sometimes is
difficult to document since the behavior could be erratically arbitrary at times. When
an j-V sweep is repeated under the same conditions, the characteristics may differ from
one measurement to another due to the effect of the slow-moving ionic species that
modify the contacts (See Figure 3.9). The specific current-voltage characteristics of
the samples studied in this thesis were measured using a source unit Keithley Model
2612. Devices were mounted in the sample holder presented in Chapter 2 and were
measured using in both reverse and forward bias at different scan rates 100-500 mV s’

!, For more information about the j-V measurements see Chapter 8.
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Figure 3.9. Current voltage characteristics of a MAPbI; thick pellet repeated under the same

conditions.

3.5.2  Impedance Spectroscopy

Impedance spectroscopy is a well-known nondestructive characterization tool
which is usually classified in the group of the small perturbation techniques. In this
technique, the response of the sample to an electrical field is monitored as a function
of determined frequency ranges w, generally between 1 MHz (microseconds) to 10
mHz (seconds). Basically, the sample of interest is perturbed by an alternating voltage,
but not irreversible-induced modifications are wusually found during the
measurement.*>* It allows to extract physicochemical properties and electrical
variables of the system under study. Additionally, one can extract, kinetic parameters,
solution resistance, charge transport properties, etc. of electrochemical systems and
solid-state devices.'®>?® Figure 3.10 shows how to calculate the impedance Z: by
applying a sinusoidal voltage V perturbation to a sample at different frequencies
around a given steady state point, the flow of alternating current j can be obtained. The
relation describes in equation 3 forms the complex impedance Z (Qcm?) in the
frequency domain:

Z(w) =22 ®
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Figure 3.10. Schematic illustration of the IS technique. The voltage perturbation (green signal)
around a given steady state point allow to obtain the resulting modulated current response (red
signal).

The amplitude of the AC voltage signal is around a given steady-state and can be
as low as 20 mV for perovskite thin-films or as high as 1 V for perovskite thick
crystals. As can be observed in Figure 3.10 this small perturbation technique also
ensures a linear dependence between the V(w) and the j(w)

The physical meaning of impedance is the complex resistance of the sample (time-
varying or frequency-dependent), and the low frequency limit of the transfer function
is the differential DC resistance at a given point in the j — V curve. As a complex
number the IS transfer function can be represented in the form of a Z-plot (Nyquist
plot), and the IS data can be split in a real part of Z) versus imaginary part of Z'' over
the range of measured frequencies. This representation allows a better understanding
of the internal mechanistic processes occurring on different characteristic timescales.
These characteristic times can be represented in terms of combinations of passive
electrical elements (See Figure 3.11). At the same time, these passive elements are
electrical replicas of physical mechanisms occurring within the devices such diffusion-

limited effects or capacitive behaviors.
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Figure 3.11. Schematic representation of the Impedance spectra (Nyquist plot representation)
and the corresponding equivalent circuit with some of the electrical components: Ry series
resistance , C, geometric capacitance and Ry, and R, the high-, and low-frequency resistances,
respectively, the low-frequency capacitance usually labelled as surface capacitance C,. Those
components are used for the electrical model of a perovskite device for both, high frequency, and
low frequency regions.

Figure 3.11 (right) shows a basic IS spectra a Z-plane response that basically
consists of semicircles or arcs in the upper quadrant whose width is given by the high-

frequency resistance Ry ¢( straight line arc) which is shifted along the x-axis by a value

equal to the series resistance Rg. If other processes occur on a different timescale
(longer times) the response in Figure 3.11 can be much complex and a second arc can
be observed in the upper quadrant whose width will be dependent of the low-frequency
resistance R, (dash line arc). The maximum point of the semicircle corresponds to
the maximum frequency of the imaginary part in the impedance plot (black dot) which
is the inverse of the time constant formed by the product of the resistance and the
capacitance for each frequency regions.

In Figure 3.12(b) another useful representation can be seen which is the frequency

dependent capacitance (also known as combination Bode plot) and can be expressed

1

as C(w) = 2@

This representation allows the identification of the type of

capacitances being observed over the range of frequencies.
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Figure 3.12. a) Impedance spectra and b) Capacitance response of a MAPbBr3; perovskite single

crystal

Recalling the capacitance versus frequency plot obtained in this thesis (Figure
3.12), two increments and one clear plateau is observed depending on the timescales
(on the frequency). The high frequency response has been already correlated with
perovskite dielectric processes and series resistance contributions and relate to the
geometrical capacitance Cg4, while the low-frequency response, surface capacitance Cs
is attributed to interfacial processes, chemical reaction and so on.?*? Capacitive
features, usually, relates to charge storage mechanisms and may include the space
charge capacitance, the chemical capacitance, bulk dielectric capacitance and surface
state capacitance. 26-2°

IS has been one of the most helpful techniques applied during this thesis. The next
chapters will present all the IS results and the physical models used for additional
understanding of the long-term electronic behavior of perovskite devices of MAPDI3-
MCs and MAPDbBr3-SCs.

3.5.3  Long-term current transient experiments

As we mentioned in Chapter 1, X-ray detector based on direct conversion work
under higher electrical fields. Therefore, it is of major importance to study the current
response upon biasing. With that purpose, chronopotentiometry measurements were
performed for long periods of time in dark. In Figure 3.13 the general setup for the
transient, measurements are shown. One can observe that, for the case of a MAPbBr3
SCs the current response upon bias exponentially rises and finally saturates
approaching steady-state values. Figure 3.13b displays the transient protocol designed
for longer times of polarization. The consecutive step voltages were: 10, 20, 50, 80,

100 and 200 V and between each positive/negative bias the crystal is left to relaxes at
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0 V (short-circuit condition) for ~ 3000 s approximately. In Figure 3.13b in the zero-
bias condition the small current has the opposite sign and appears as an undershoot of
the order of nA cm2. That negative current should exclusively obey the ion dynamic
because and the decay time constants t should reflects the dynamics of the diffusive
ionic transport. The short circuit current can be observed in the Supporting Information
of Chapter 6.
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Figure 3.13. a) Experimental setup for the long-term current transient experiments b) Biasing
protocol carried out under several long-time direct-current mode (DC) bias conditions in the ranges
of £200to 0 V

3.5.4  Charging transient experiments

The charging transient analysis is an experimental technique based on transient
polarization signals very similar to the well-known Sawyer-Tower experiments. In this
approach, a large square voltage signal is applied instead of an alternating small
voltage perturbation and the resulting polarization is recorded by means of a reference
capacitor under suppression of DC currents. Figure 3.14a indicate the rectangular
voltage signal (V,,,) applied to the sample C, across a reference linear capacitor Cj,
with both capacitors in series connection. One important requirement is to select
Co, >» C, in order to assure that the applied voltage principally drops within the
perovskite sample. Only then, the charge storage in C, (as in Cy) is Q = C,V,, being
V, the voltage at the reference capacitor. All the measurements are recorded with an
ultrahigh input resistance or the order of ~ TQ to avoid loading effects from the
recording instrument. We used this setup in order to find the connection between the
polarization and the charging of perovskite/contact interfaces for MAPbI3z perovskite

interdigitated films® and for MAPbBTr3 single crystals (See Chapter 7). As observed
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in Figure 3.14b, the voltage at C, follows the bias perturbation steps in such a way

that only a small portion drops at it, i.e., Vo < V.
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Figure 3.14. a) Example of the experimental circuit used for the charge transient measurements
of a 320 nm thick MAPbDI; film registered in dark conditions. b) Example of the charge transient
response when a rectangular voltage pulse of 1V-height is applied across the sample. Note the scale
differences with the induced voltage. ¢) Charge transients for long-time poling using different
reference capacitors, The reference capacitor ranges C, = 10 — 100 pF, as indicated. In the inset:
Qmax induced calculated from fitting to an exponential function. Reprinted with permission of
reference.®® Copyright 2020 AIP Publishing.

In our measurements the reference capacitor set-up suppresses direct current by
monitoring exclusively displacements currents which can be corroborated by the

collapse of the charge transients which is independent of the value of C,.
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4.2 Brief summary

In this work the impedance analysis of a set of high quality thick CH3sNH3PbBrs single
crystals contacted with more stable and less reacting chromium electrodes it is shown. We probe
that the bias- and time-dependence of bulk resistance informs about the accumulation and
relaxation dynamics of the moving ionic species. Our analysis extracts values for the ion
diffusivity in the range of 10® cm? s and ionic mobilities in the order of 10° V-tcm? s Our

finding suggests that the interplay between

ionic and electronic  properties in

time

perovskite materials relies upon a sort of | |

dynamic doping effect caused by moving

ions that act as dopants and locally vary the

carrier density.
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Abstract
Metal halide perovskite single crystals are being explored as functional materials

for a variety of optoelectronic applications. Among others, solar cells, field effect
transistors and X- and j-ray detectors have shown improved performance and stability.
However, a general uncertainty exists about the relevant mechanisms governing the
electronic operation. This is caused by the presence of mobile ions and how these
defect species alter the internal electrical field, interact with the contact materials or
modulate electronic properties. Here, a set of high quality thick methylammonium lead
tribromide single crystals contacted with low reactivity chromium electrodes are
analyzed by impedance spectroscopy. Through examination of the sample resistance
evolution with bias and releasing time, it is revealed that an interplay exists between
the perovskite electronic conductivity and the defect distribution within the crystal
bulk. lon diffusion after bias removing changes the local doping density then
governing the electronic transport. These findings indicate that the coupling between
ionic and electronic properties relies upon a dynamic doping effect caused by moving
ions that act as mobile dopants. In addition to electronic features, our analysis extracts
values for the ion diffusivity in the range of 10 cm? s in good agreement with other

independent measurements.
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1. Introduction

Apart from being used as light absorbing materials for photovoltaic applications,*
hybrid perovskites have recently attracted much attention as sensitive layers for high-
energy radiation detectors and imaging devices for medical diagnostics.?2 In some
aspects, X- and j-ray detection technologies face similar drawbacks when using
perovskite materials as those previously encountered in solar cell engineering. One of
them is caused by the presence of mobile ions and how these species alter the internal
electrical field, interact with the contact materials or modulate electronic properties.>
® Upon biasing, charged moving ions accumulate in the vicinity of the outer interfaces
causing electrical field partial shielding.”® It has been also reported how intrinsic
defects chemically react with the electrodes giving rise to losses in performance and
device instabilities.1%!

The occurrence of polarized interfaces in hybrid perovskite-based electronic
devices were proposed'? as an explaining mechanism for the measured excess
capacitance at low frequencies. In dark conditions, mobile ions pile up at outer
interfaces forming double layer-like structures in the vicinity of the perovskite/contact
interface. >4 Excess dark capacitance of order 1-10 zF cm can be readily explained
in this way. In addition to purely electrostatic approaches for the interfacial
phenomena, it is known that chemical reactions between mobile ions and contacting
materials might give rise to the formation of dipole-like structures.*>®Also deviations
from stable electrical characteristics (i.e. hysteresis in J-V or non-ohmic response)
have previously been correlated with the dynamics of migrating ions which interact
with the contacts.}**> 17 A survey about the chemical reactivity of the
perovskite/contact materials can be found elsewhere.!* In this sense, the kinetics of
electrode charging may be understood not only in terms of ion diffusion and double-
layer formation, but also by interface reactivity forming local chemical bonds.
Therefore, the variety of interfacial-related mechanisms, from purely electrostatic to
chemically active, makes the interpretation of the registered electrical response largely
dependent on the specific selected materials and device processing.

A strategy to progress in relating electric responses, operating mechanisms, and
device architecture relies upon simplifying the probing structure mainly in two aspects.
One of them, by using single-crystal samples instead of polycrystalline layers which
introduce additional uncertainties with respect to the effects of grain boundaries and
internal interfaces.®2! The other simplification consists in selecting symmetrical
samples with less reactive or passivated contacts, which improves reproducibility and
limits outer interface influences on the overall electrical response.?? This last point is
particularly important when long-time experiments are programmed. Commonly
observed drifts and instabilities in the electrical response are not easily connected to
well-identified evolving mechanisms, in such a way that the underlying uncertainty
about governing processes persists.
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Here, high quality methylammonium lead tribromide (MAPDbBr3) single crystals are
contacted with chromium electrodes. Thermally evaporated chromium has been
selected as a material that spontaneously oxidizes during sample preparation due to a
very negative standard reduction potential, giving rise to a thin layer of Cr,03.2% The
passivation of the interface occurs by Cr (111) formation making the electrode material
less reactive than other metals as Au when put into contact with the perovskite layer.?
Using Cr as metal contact has proved successful to increase the stability in record
photovoltaic devices due to the deactivation of one of the possible degradation
pathways.?? 242 Also for high sensitivity and long stability X-ray detectors,
chromium-based contacts have been employed.?6-%’

For the purpose of this work, the use of more stable Cr contacts provides
unambiguous access to the electrical dynamics of migrating ions in the bulk of the
perovskite and their relaxation kinetics.?® It is revealed here that there exists an
interplay between the perovskite electronic conductivity and the defect distribution
within the crystal bulk. It is shown how the ion dynamics effectively governs the
electronic properties by changing the local doping density. These findings clearly
indicate that the interplay between ionic and electronic properties in perovskite
materials relies upon a sort of dynamic doping effect caused by moving ions that act
as mobile dopants. In addition to electronic features, our analysis extracts values for
the ion diffusivity in the range of 10® cm? s? in good agreement with independent
measurements.

2. Results
Single crystal MAPDbBrs were prepared following the growth methodology detailed

in a previous work.? Single crystals obtained have been characterized by cross
polarized light, surface chemical etching to reveal dislocations and X-ray diffraction
(fwhm with an average of 28.3 arc sec). By this method, a clear improvement in crystal
quality is reached with higher transparency (~80%), minimized internal strains, and a
low dislocation density in the range of 10*-10° cm=.%°

We show here the general electrical behavior of single crystal perovskite samples
of MAPbBr3 with thickness ~1 mm, symmetrically contacted with Cr electrodes (see
Supporting Information for sample details and below on experimental conditions). By
examining Figure 1, one can infer that the current-voltage characteristics exhibits an
approximate ohmic response within the selected voltage range. Accompanying the
operation ohmic current, a hysteretic current appears as a consequence of the
capacitive mechanisms occurring at low frequencies (see below for impedance
analysis).' It is remarkable the ohmic character of the characteristics in agreement
with previous analysis on Cr-contacted perovskite devices.®® On the contrary, Au metal
as contact material yields much more featured responses.®®
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Cyclic voltammetry
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Figure 1. Example of current-voltage characteristics of MAPbBr3 single crystals of
thickness ~1 mm symmetrically contacted with Cr electrodes. The utilization of two different
scan rates allows evidencing a small hysteretic contribution caused by additional capacitive

currents. Note the minutes time window for data registering.

All impedance measurements are performed at room temperature, in the dark and
air ambient conditions. This experimental setup avoids the formation of an internal
built-in potential as expected when asymmetrical (different work function) materials
are used as selective contacting layers. One can observe in the impedance (Figure 2a)
and capacitance (Figure 2b) responses, registered at zero-bias, two main features: at
high- and intermediate-frequencies (f > 100 Hz) the geometrical capacitance C, and
sample resistance R dominate. This forms a semicircle in Figure 2a through the parallel
combination RC,. At lower frequencies the commonly reported excess capacitance
increment Cs >> C, is observed in Figure 2b, which is viewed as additional increment
in the impedance plot. The low-frequency feature in the dark has been usually related
to ionic polarization/dynamics within the crystal,*? and is responsible for the I — V
distortion (hysteresis) in Figure 1. The spectra are analyzed and fitted in terms of the
equivalent circuit given Figure S1 in Supporting Information.

One important question is to verify if the high-frequency impedance response
actually stems from bulk mechanisms. To this end, an exhaustive test has been
performed by varying the single crystal thickness. The diameter of the impedance arc
should relate to the electronic conductivity g, = qnu,, which establishes the sample
(high-frequency) resistance as R = L/o,A, being g the elementary charge, n the
carrier density gathering both electrons and holes , u, the electronic carrier mobility,
L corresponds of the sample thickness, and A its effective area. g, > g; by several
orders of magnitude so as to establish the high-frequency resistive response. See below
our discussion on the doping character of the samples. Similarly, the capacitive
mechanism ought to scale with thickness as C;, = e¢oA/L, being & the dielectric
constant and &, the permittivity of the free space. As observed in Figure S2, the high-
frequency capacitance exhibits no variation upon biasing or time. Therefore, the
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parallel combination RC, determines the high-frequency part of the spectra and is
completely given by electronic transport and dielectric properties.

By examining Figure 2c and d, one can infer that both R and C, scale following the
predicted dependence on geometric factors. The dielectric constant & =76+11
extracted from linear fitting agrees with previous determinations for MAPbBr3 3133
which resulted in values e~ 60 at 300 K. Also, the crystal electronic conductivity can
be inferred from the linear relationship R « L/A. Here electronic conductivity of the
measured single crystals is in the order of 108 @ cm™. High electronic mobility has
been measured using laser time-of-flight techniques in our samples p, =13 cm? Vts
134 in accordance with previous analysis on perovskite single crystals.®® These
mobility values allow us to infer a background carrier density n = 1.3 x 10'° cm,
that also agreed with previous estimations.?® As both parameters linearly scale with
the geometrical values, we conclude that the high-frequency part of the impedance
response obeys bulk conductive and dielectric properties of MAPDbBTr3 single crystals.
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Figure 2. a) Example of the impedance response of MAPDbBTr3 single crystals of thickness
~1 mm symmetrically contacted with Cr electrodes measured at 0 V in the dark (relaxed
samples). Fits result by using the equivalent circuit of Figure S1. b) Capacitance spectrum.
Scaling of the high-frequency c) resistance d) and capacitance for five samples of different
thicknesses and electrode area, exhibiting linear relationship with geometrical parameters.
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Having established the bulk origin for the experimental R and C, values. We

explore now the effects upon bias application. By examining Figure 3a, one can
observe that biasing between 0 V and 5 V increases the main resistance (high-
frequency part), which is related to the conduction properties of the perovskite crystal
as discussed previously. In these experiments, impedance measurement was performed
at a given applied voltage after 5 min of pre-conditioning time in the dark. Therefore,
the total poling time at each bias is estimated to be of 20 min. It is noted that the linear
low-frequency feature is less visible for >2 V-bias. After removing applied voltage,
the samples are able to recover initial (equilibrium) response at 0 V-bias, although it
takes a much longer time ~24 h as illustrated in Figure 3b. A detailed view of the
decreasing high-frequency resistance for a time window of 5 h after removing 5 V-
bias is shown in Figure 3c. It is noted that in addition to a well-defined semicircle, a
line at low frequencies points to the occurrence of modulated resistive/capacitive
contributions only observable at longer times.
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Figure 3. a) Variation of the impedance as a function of the increasing bias with total
measuring time ~20 min at each voltage. b) Variation of the impedance after removing 5 V-
bias and evolution with time. Note that the final (24 h) spectrum recovers the initial one at 0
V-bias in Figure 3a. c) Detailed view of the variation of the impedance after removing 5 V-
bias and evolution with time for smaller impedances (five last hours of the experiment).
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One can infer from our observations that sample resistance is a function, not only of
the applied bias, but also of the poling and recovering time. While poling induces
relatively quick responses with resistive increment as main result, equilibrium state needs
much longer times to recover. The above explained impedance variation process was
repeated several times to verify its cyclability (see reproducibility test in Figure S3). Itis
important to note that due to the use of Cr we are able to limit the interference of the
contacts by chemical reactivity. Therefore, these findings suggest a plausible change in
electrical driving force ultimately establishing the conductive character of the bromide
perovskite crystals.
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Figure 4. Variation of the resistance extracted from fitting of impedance spectra after bias
removing at t = 0. Note the log scale in the vertical axis that informs on the complex function
(non-exponential) of the resistance variation.

A complete series of impedance spectra allows calculating how the value of the
high-frequency resistance recovers the equilibrium after bias is removed (see Figure
4). It is inferred that the resistance shows a large value R, at shorter recovering times
and progressively attains a steady-state value R, after a long equilibration time of
approximately 24 h. It is also seen that the resistance variation does not obey an
exponential law.

In order to understand this variation, we propose a rationale that connects the
decrease of the resistance with time with the increase in electronic doping of the
perovskite bulk. Our hypothesis is that the carrier density n depends on the distribution
of mobile ions within the crystal that act as moving dopants. This kind of correlation
between mobile ion location within the crystal and electronic carrier density was
previously postulated by Bisquert and co-workers in the case of the electrical switching
of photoluminescence.®

Upon long-time polarization, ion movement and accumulation produce a sort of de-
doping effect giving rise to a reduced carrier density n, in a wide portion of the crystal,
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and consequently yields larger resistance R, . After removing bias, ions take some time
to return to their initial distribution which recovers the greater background value of the
carrier density n, along the crystal bulk. That initial carrier density is understood as
an equilibrium value for the sample at zero bias in the dark. From the evolution of the
impedance with time, it is observed that R, < R, or equivalently n, > n,. From the
values in Figure 4, one can infer that electronic carrier density ratio ny/n, attains
values as high as ~12, thus indicating that doping is reduced by approximately one
order of magnitude upon 5 V-poling. The time evolution of the ionic-electronic
coupling is schematically illustrated in Figure 5 through the dynamic doping process.

Figure 5. Schematic drawing of the ion polarization and rearrangement process (dynamic
doping) by diffusion after bias removing. Initially, mobile ionic species accumulate following
a narrow distribution near the contact. Here it is assumed that positively-charged defects
dominate the concentration of mobile ions. lon accumulation entails de-doping of electronic
carriers within the crystal bulk with carrier density n,. At t = 0, external electrical field is
removed so that ions are released and start diffusing. At a given releasing time ¢, the ion
distribution width s spreads and provokes a progressive increment in the overall carrier density
n. In the final stage, ions recover the equilibrium distribution and, consequently, the overall
electronic carrier density returns to n.
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Let us consider that the rate at which n transits from n, to n, mimics the time scale
of mobile ion re-distribution after releasing. For the sake of simplicity, we model the
increase in average carrier density in relation to the effective size s occupied by
moving ions. At shorter times, ion accumulation restricts to narrow layers in the
vicinity of the contact (see Figure 5). Ideally, s evolves after bias removing from s =
0 to L. As a first approximation, one can assume that the effective size s divides the
bulk into two zones of larger and smaller doping, forming a sort of semiconductor
homojunction in which the boundary position varies with time. The real situation is of
course much more complex and should include the exact distribution mobile ions and
their contribution to local electronic doping.

For the sake of simplicity, an effective carrier density can be calculated as

n =1 [nes +my(L = )] )

which includes two zones of different doping. It should be noted that two well-
differentiated impedance arcs corresponding to each of the above-mentioned separate
doping zones are hardly observable because of the rather small ratio ny/n,~12. After
rearrangement, Equation (1) can be expressed as

— ys
n=nmny (1 + T) (2)
Here, y represents a constant determined by the limiting doping states
__Nnop—nq
y="0" ®3)

that results by assuming n(s = 0) = n; and n(s = L) = n,.

Let us also assume that doping ions initially accumulate following a narrow
distribution near the contact that spreads as s = o. Here o stands for the distribution
width. The accumulation occurs by effect of the applied electrical field because no
built-in potential exists for symmetrically contacted samples. This ionic accumulation
is expected by formation of a diffusion ion layer in the vicinity of the contacts and by
very limited interfacial chemical interaction within the experimental time framework.
When bias is removed, ions are released and tend to diffuse back to their equilibrium
position in such a way that the mean square displacement of the ion distribution
enlarges with time. The simple outlined model would entail diffusion takes place in
1D (6 = 1), but the real situation should be more complex with diffusion
dimensionality approaching larger values. Individual ion penetration path is in
principle hemispherical. Therefore, the distribution width spreads by diffusion as

o =+v28Dt 4)
with D accounts for the ion diffusion coefficient, § = 3 for 3D diffusion, and ¢ is the
time.

Because the resistance ratio R, /R equals the density ratio n/n,, one can derive by
combining Equation (2) and (4), and § = 3 an expression for the time dependence of
the resistance ratio as
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8= 1+YVeDt (5)
R L

which predicts a linear dependence as o« +/t with slope determined by the diffusion
coefficient.

The resistance extracted from impedance data fitting in Figure 4 is replotted in Figure
6 in accordance to the formulation of Equation (5), i.e. R;/R as a function of +/t.
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Figure 6. Variation of resistance ratio as a function of time following the relationship of
Equation (5). Solid line represents a linear fitting.

As observed, a good linear relationship is reproduced between R;/R and v/t in
accordance with our prediction for longer times. A deviation occurs at shorter times,
presumably related to the simplicity of the model in Equation (5), unable to capture
second order depolarization effects for greater moving ion concentrations. It is also
questionable that our assumption s = ¢ is valid for s « L. In any case, from the linear
fitting slope in Figure 6 (valid for longer times) and the experimental parameters L =
0.88 mm and y = 10.67, one can obtain a value for the ion diffusion coefficient that
results in D = 2.6x10® cm? s*. We note that reducing the diffusion dimensionality
from § = 3to § = 1 just enlarges the diffusion coefficient by a factor three. Whereas
some studies have reported diffusivity values of native defects in organohalide
perovskites of the order of those encountered in common solid-state ionic conductors,
D ~10"? cm? 51373 other analysis gave much faster ion migration coefficients
D ~10®to 107 cm?s in agreement with recent determinations and simulations of the
diffusion coefficient.0-4!

3. Discussion
We remark that ionic diffusion coefficients in the order of 108-10"" cm? st explain

the extremely slow relaxing time (~24 h) after bias removing in the studied perovskite
thick single crystals. Similarly, it is also possible to estimate the short polarization time
upon poling evidenced in Figure 3a. Resistance attains large values a few minutes after

99



Publication 1 Chapter 4

bias application. From the estimated D and using the Einstein relation y; = qD /kgT,
being u; the ionic mobility and k5T the thermal energy, one can estimate the ion transit
time by electrical field drift upon application of 5 V-bias as t; = Lz/ul—Vapp. For our
measurements, the transit time calculation results in polarization times of t;~15 min,
which agrees with our general observation about the impedance dynamic change in
Figure 3a. Therefore, it is concluded that polarization by ion movement (drift-driven)
takes several minutes for 1 mm-thick single crystals, but requires much longer times
when ions should be transported by diffusion. As observed by impedance
measurement, ion distribution locally varies the electronic doping and the overall
sample resistance. More importantly, it is the ion dynamics that governs the ultimate
response time of the electronic transport in perovskite compounds through the dynamic
doping process.

Also of importance is the comparison between electronic and ionic mobilities. As
noted, electronic conductivity situates in values as high as u, =13 cm? V1 s for high
quality single crystals. From our estimations, the ionic mobility results in y; = 1.0x10"
6 cm? V1 st and therefore u, > u; as expected. In order to achieve similar ionic and
electronic conductivities o, ~ ¢;, mobile ion concentration as high as 1.7x10' ¢cm™3
would be necessary, which seems to be rather unlikely for good quality single crystals
as those used here. Let us note for consistency that the electronic density is only
enlarged by approximately one order of magnitude, from n, = 1.3 x 10*° cm down
ton; = 1.2 x 10° cm™. So that this increment is hardly caused by large mobile ionic
defect concentrations. Therefore, the initial assumption about the domination of
electronic over ionic conductivity o, > o; is consistent with our findings.

The dissimilar time response observed between poling and recovering without
applied electrical field in terms of the intrinsic ionic dynamics allows us to preclude
alternative explanation for the measurements. One might think about slow
decomposition or doping by environmental molecules as H.O or oxygen in a surface
mechanism. These kinds of processes usually involve chemical reactivity, either with
the perovskite or contact materials. However, such chemical interactions usually
exhibit poor reversibility. For instance, hydrated phases have been studies by first-
principle methods*? as one of the primary degradation or decomposition paths. For
solar cells structures, electrical degradation takes place on a short time scale of 2-3
days of exposure.** Some authors have observed reversible responses upon drying,*-
% but the devices have to be exposed to dry nitrogen or high temperature for hours.
Single crystals used here were always in ambient atmosphere and room temperature.
If humidity was absorbed (water molecules diffusivity is much lower in mono- than in
poly-crystals), they should have been kept inside in contradiction to the observed
reversibility in Figure S3. Then the effect of extrinsic agents can be safely excluded.

Recalling now the general impedance response of Figure 2, the low-frequency
feature manifested either as a linear increment (Figure 2a) or a capacitive step (Figure
2b) should be related to the dynamics of the ionic profile. The variation of the ion
distribution within the time window corresponding to the measuring frequency give
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rise to the reported capacitance increase because of ion accumulation Cj.
Consequently, there is a modulation of the electronic doping restricted within the
crystal to affected zones. The final effect is an increment in the electronic resistance
caused by the coupling between ion distribution variation and carrier density. As
observed in Figure 2a, the modulation effect is more visible for longer releasing times
(wider distributions of mobile ions) than in the case of narrow accumulations. It is also
noted that diffusion characteristics are also present in the low-frequency impedance in
the form of Warburg-like responses.*!

In the following we speculate about the connection between specific ionic defects
and electronic doping mechanisms. Due to the presence of three elements in the ABX3
perovskite formulations and to the rich redox chemistry of halide-containing materials,
a whole array of ionic defects (D) may be present in the crystals. The energy of defect
formation has been extensively studied by theoretical calculations.*®*® Not only do
they include the basic nine species arising from vacancies, interstitial elements and
antisites but they also include their corresponding stable charged counterparts.
Examples of negatively charged defects (D°) compatible with low formation energies
include halide interstitials (Xi) or Pb?* vacancies (Vpp?). Alternatively, examples of
positively charged defects (D) include MA* interstitials (MAi*) and Pb?" interstitial
(Pbi*) or X" vacancies (Vx*). Among all these defects, Vx* is the mobile ion believed
to have the lowest activation energy for migration. Whilst formation of these defects
is accessible by theoretical means, they are very difficult to detect experimentally. As
a consequence, accessible understanding of the defect density for the different defect
species is always limited for given perovskite samples. Direct measurement of specific
defect densities is out of the scope of this work**-*° and we next provide a general
discussion on how the doping concentration is modified during the application and
switching-off of an external bias.

A simple explanation would consist in assuming that halide vacancies Vx*
dominate and establish the general background doping character. As Vx* is considered
a shallow donor both for iodide and bromide perovskites,>? one can infer that n-type
doping increases in zones in which the halide vacancy concentration is higher. Upon
poling, accumulation of halide vacancies near the negative-biased contact is expected.
As a consequence, this process forms an internal doping profile which implies that the
perovskite bulk can be modeled as a sort of semiconductor homojunction with a mobile
boundary between lower- and higher-doped regions in accordance with the simple
structure sketched in Figure 5 of the dynamic doping process.

But obviously, the defect chemistry in hybrid perovskite compounds may be much
richer. Since the application of an external voltage produces movement of charged
defects and electronic carrier injection, defects can capture a hole/electron to form
neutral states D°. Consequently, for negatively charged defects this would be D™ + h*
— D% However, there will be a complementary redox semi-reaction (reduction)
taking place simultaneously somewhere in the device which would increase the
concentration of negatively charged species. For the previous example the
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complementary reduction reaction can be represented as D° + e — D". The overall
result is that there will be no change in the background doping density. If the same
halogen participates in both oxidation and reduction reaction, a Frenkel type reaction
will be taking place (Bri + Ve" — Br?). It has been also reported that formation of
new nonradiative defects in MAPbI3 is only observed in the presence of injected
electrons, suggesting that redox processes play a key role.>

In any case, an increase in the measured resistance as a consequence of a reduction
in doping density can only be explained by formation of separated regions with
different doping densities, being the least doped region mainly responsible for the
resistive response. This situation is the basis of the electrical model proposed in this
work which is in good agreement with previous results in spatially resolved PL
measurements.®® Mobile ions will follow the external electrical field induced by the
external voltage and will populate the region where they can modify the doping
concentration. Upon switching-off the external voltage mobile ions (Vx*) will move
in the perovskite layer following the chemical potential generated from the highly
populated region of mobile ions to the region with lower concentration of mobile ions.
In the presence of an external voltage the density of electrons and holes will be the
sum of the free carriers and the background densities in each region. Alternatively, in
the absence of an applied voltage, supply of h*/e to accomplish the opposite reactions
will be reduced as only background doping is present in the perovskite layer. This by
itself responds for the slower kinetics of the relaxation of ions after switching-off the
voltage as both electrons and holes are involved in the bulk perovskite chemical
reactions.

4. Conclusions

We report on the impedance analysis of a set of high quality thick CHsNHsPbBr3
single crystals contacted with more stable and less reacting chromium electrodes. It is
shown that the high-frequency circuit elements extracted from impedance are
originated by the dielectric and electronic conduction properties of the sample bulk.
The bias- and time-dependence of bulk resistance informs about the accumulation and
relaxation dynamics of the moving ionic species. Our analysis extracts values for the
ion diffusivity in the range of 10® cm? s in good agreement with independent
measurements. It is concluded that the interplay between ionic and electronic
properties in perovskite materials relies upon a sort of dynamic doping effect caused
by moving ions that act as dopants and locally vary the carrier density. These findings
highlight the electronic-ionic coupling effect and reveals the mechanism though which
such connection occurs.

5. Experimental Section

Crystal preparation. Self-supported CH3NH3sPbBrs3 single crystal were fabricated
using the inverse temperature protocol in dimethylformamide (DMF), and following
the growth methodology detailed in a previous work.?® Bare crystals have square shape
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with typical lateral dimensions of 5 x 5 mm? and a thickness of 2 mm. Crystals with
different thicknesses ranging from 0.6 to 1.4 mm were subsequently fabricated by
using a first rough mechano-chemical polishing and by decreasing progressively the
sand paper roughness. Special attention has been paid to apply a constant pressure of
0.3 N on all the samples, in order to avoid any additional mechanical strains in the bulk
of the crystals. In the final step, the crystals were finely polished to mirror grade quality
on the (100) faces. Just after the polishing step, 100 nm thick chromium electrodes
were evaporated on both faces though a mechanical shadow mask. Devices were stored
in air without any encapsulation.

Impedance measurements. Impedance spectroscopy experiments were carried out by
using a PGSTAT-30 Autolab potentiostat equipped with impedance module. All the
samples were measured inside a metallic box acting as Faraday cage, in dark and air
conditions between 10 mHz and 1 MHz, with a perturbation amplitude of 30 mV.
Different potentials cycles were used mainly from 0 V to 5 V (forward polarization
bias) and from 5 V to 0 V (reverse polarization bias). After each bias change, the
sample was left to attain equilibrium during 5 minutes before starting a run. Each run
lasted 13-15 minutes.
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author.
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Table S1: Summary table of samples studied with their dimensions and properties.
Further information about the characterization techniques in ref [29] main text.

N Crys Crystal Elect Resist Picture

ame | tallinity dimensions rode ivity (108
(mm?) surface Q.cm)
(mm?)

R SC 3.93%3.87%0.61 12.1 3.40
%10 . . . : .

R SC 6.64%5.81x0.88 28.9 3.60
X11 : : : : .

R SC 4.10%2.00x0.89 5.5 2.50
X5B . . . : .

R SC 5.70%4.80%0.88 19.6 1.10
%16 . . . : .

R SC 5.13%5.72x1.35 22.1 55
%15 : : : : :

*SC: Single crystal
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Figure S1 Equivalent circuit used to fit the IS data measured in the dark of the
MAPDBTr3 perovskite single crystal, with series resistance R, C; geometric capacitance
and Ryr, and R, the high-, and low-frequency resistances, respectively. C; s is the low-

frequency capacitance usually labelled as surface capacitance Cy .
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Figure S2 a) Variation of the capacitance spectra as a function of the bias with
total measuring time ~20 min. b) Variation of the low frequency capacitance after
removing 5 V-bias and evolution with time. c) Detailed view of the variation of the
capacitance after removing 5 V-bias and evolution with time during the final hours of the
experiment. Note that in all cases the geometrical capacitance value, which corresponds
to the high-frequency plateau, remains unaltered.
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Figure S3 Reproducibility test of the forward and reverse polarization cycling.
Variation of the impedance spectra of a CH3NH3PbBr3 single-crystal during different
polarization cycles (3 days). a) The right panels show the impedance change for
increasing bias from 0 V to 5 V (forward polarization). b) The left panels show the minor
changes produced during reverse polarization bias from 5 V to 0 V. The measuring time
between each applied bias is about 20 min. After each forward/reverse polarization cycle,
the sample was left to recovery during ~ 24 hours at 0 V. The same measurements were
perfomed several times to verify its cyclability. In all cases the initial background, low-
impedance response is recovered at 0 V.
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draft of results and discussion of the
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5.2 Brief summary

In here, MAPDIs thick pellets are analyzed by recording the long timescale diffusion patterns

at zero bias and the resistance evolution at short circuit condition. A v/t —dependence is

encountered which is a fingerprint of diffusive transport. This time dependence is

simultaneously obeyed by current relaxation and impedance recovering. Both independent
J

observations of diffusion  patterns

reinforce the validity of our explanation of
the ionic-electronic interplay between
mobile ions that act as dopants and
electronic carriers. Electronic doping
profile changes depending on the actual

ion bulk distribution.
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Abstract

The favorable optoelectronic properties of metal halide perovskites have been
applied to X- and y-ray detection, solar energy and optoelectronics. Large electronic
mobility, reduced recombination losses of the electron-hole pairs and high sensitivity
upon ionizing irradiation have fostered great attention on technological realizations.
Nevertheless, the recognized mixed ionic-electronic transport properties of hybrid
perovskites possess severe limitations as far as long timescale instabilities and
degradation issues are faced. Several effects are attributed to the presence of mobile
ions such as shielding of the internal electrical field upon biasing and chemical
interaction between intrinsic moving defects and electrode materials. lon-originated
modulations of electronic properties constitute an essential peace of knowledge to

further progress into the halide perovskite device physics and operating modes. Here,
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ionic current and electronic impedance of lead iodide perovskite thick pellets are
independently monitored showing self-consistent patterns. Our findings point to a
coupling of ionic and electronic properties as a dynamic doping effect caused by
moving ions that act as mobile dopants. Electronic doping profile changes within the
bulk as a function of the actual ion inner distribution, then producing a specific time-

dependence in the electronic conductivity that reproduces time patterns of the type «

Vt, a clear fingerprint of diffusive transport. Values for the iodine-related defect
diffusivity in the range of D;,,~107® cm? s™!, which corresponds to ionic mobilities of
about p;,,~10°cm?V-1s?, are encountered. Technological realizations based on thick
perovskite layers would benefit from that fundamental information, as far as long

timescale current stabilization is concerned.

Introduction

The significant success achieved by hybrid organic-inorganic lead halide
perovskites is attributed to their outstanding light harvesting and charge carrier
collection properties. This has motivated intensive research for photovoltaic
applications® and, among other subjects, for high energy radiation detectors and
imaging devices for medical diagnostics. For instance, it is well known that
CH3NH3Pblz (MAPI) shows promising sensitivity for ionizing radiation detection with
competitive values compared to standard technologies.? Similarly, the favorable
optoelectronic properties of similar perovskites have been widely studied for X- and
y-ray detection, and complete devices have been proved.®* Current realizations of
perovskite-based radiation detectors are typically made of bulky devices with absorber
thicknesses up to millimeters to stop high-energy X-ray photons, poly-to-
monocrystalline morphology and asymmetric metallic contacts.>’ These structural
features differ from those encountered in thin film perovskite photovoltaics, where
much is currently known about the electronic characterization and modeling of the
charge carrier transport properties.®® Nevertheless, the mixed ionic-electronic
transport properties of hybrid perovskites are still a puzzling subject of research either
for solar or radiation devices. Moreover, there are not too many studies on the long
timescale electric response of ionizing energy detectors based on thick perovskite

layers® and further understanding of their working mechanisms is certainly needed.
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Classical modeling of semiconductor devices considers mobile electronic carriers
while includes the influence of fixed ionic defects determining electronic doping
profile. Usually, transport properties of ionic species play a minor role on the overall
short-term operation. Yet, drift and diffusion of dopants''*? or intrinsic defects'®!4
constitute well-known degradation mechanisms in traditional solar cells and other
electronic devices. Degradation typically occurs during long-term operational
conditions and the involved ionic species come either from electrodes, or intermediate
layers in hetero structures, or result from the product of the reactivity of the materials.
Importantly, the mobility p;,, of these ionic species in traditional semiconductor
materials is many orders of magnitude lower than typical values (u,;~100 cm?V1s?)
of the electronic mobility.°

As an example of an optoelectronic device in which the interplay between electronic
and ionic kinetic properties plays a determining role, we can cite light-emitting
electrochemical cells.®® Here the ionic charge dynamics is essential to explain the time
evolution of the light power emission as those materials are mixed ionic-electronic
conductors.'® For this kind of disordered organic devices, electronic mobilities are
intrinsically lower (u,;~10° cm? V-s!) because of the polaronic character of the
carrier transport in amorphous organic films,'” approaching the expected ion mobilities
Uion~108-10° cm? V1 st in these materials.’®> Also oxygen-vacancy transport in
oxides'® is known to play a determining role in memristive devices to tailor electrical
resistance for data storage and neuromorphic applications.®

For halide perovskite compounds, the dual ionic-electronic character of charge
transport complicates the device modeling and forces the consideration of both faster
and slower mechanisms, related to electronic and ionic Kinetics, respectively.?%?! It is
known that several intrinsic defects (vacancies and interstitials as V;*, MA], Vy;,, or
I7 in the case of MAPI)?2% possess nonnegligible transport properties.?2° Several
effects are attributed to the presence of mobile ions such as alteration of the internal
electrical field upon biasing, through contact charge accumulation and shielding.?6-2
It is also reported the chemical interaction between intrinsic moving defects and
electrode materials giving rise to losses in performance and device instabilities.?>-%

Moreover, the electronic and ionic dynamics relates through coupling of either

recombination or conduction electronic carrier properties with defect distribution

114



Publication 2 Chapter 5

within the active layer. In this line, it was suggested for perovskite solar cells that
carrier recombination flux is highly dependent on the local ionic environment, in such
a way that upon operation ions move to reduce recombination resistance, slowing
down as a consequence non-radiative recombination rate.3-3 Also change of doping
profile upon poling has been revealed by means of Mott-Schottky analysis, signaling
an interplay between ion distribution and electronic density.*®* Even more interesting
is the observation of electronic conductivity modulation in connection with ionic
migration. For example, the time dependence of the electrical current in MAPI pellets
with planar symmetrical electrodes has been correlated with the drift of the
photoluminescence front upon biasing. The effect is explained by a sort of ion-induced
modification of the doping profile in which the drift of vacancies establishes the local
electron and hole concentration and consequently the steady-state electronic
conductivity properties.®* In other cases, ion diffusion, instead of drift, has been
claimed as a suitable explanation of the impedance relaxation at zero-bias.® This last
approach has permitted the estimation of the ion diffusion coefficient (D;,,,~10® cm?
s1) in thick lead bromide perovskite single crystals.

Hence, the coupling between ionic and electronic properties in halide perovskites
is a central issue that has mobilized many efforts and fostered important research
during the last years.%®3" Although some partial and/or indirect correlations between
ionic and electronic mechanisms have been proposed or invoked as explanatory
rationales of the device operation, an unambiguous observation of those mixed ionic-
electronic interplays is still obscure.®®4' However, deciphering ion-originated
modulations of electronic properties might constitute an essential piece of knowledge
to further progress into the halide perovskite device physics and operating modes.
Also, specific technological applications as solar cells, light-emitting diodes or X- and
y-detectors would benefit from that fundamental information, particularly when long
timescale functioning, and degradation paths became an issue.

In this work, the electrical response of ~1 mm-thick CH3NH3sPbls microcrystalline
pellets upon biasing is explored by registering current transients and impedance
spectra. Very long-time experiments have been programmed that observe clear ion

diffusion trends in the range of one day. Simultaneously, the electronic conductivity is

monitored that reproduces the same time patterns of the type « +/t, a clear fingerprint
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of diffusive transport. Our findings point to couple ionic and electronic properties as a
dynamic doping effect caused by moving ions that act as mobile dopants. lon diffusion
after bias removing changes then the local doping density governing as a consequence
the electronic transport. That approach allows extracting values for the ion diffusivity
in the range of D;,,~10% cm? s!, which corresponds to ion mobilities of about
Uion~10°cm? V15 by assuming the Einstein’s relation, in good agreement with other

independent measurements

Results and Discussion

The samples under consideration were ~1 mm-thick MAPI microcrystalline pellets
asymmetrically contacted with evaporated Pt and Cr electrodes of 1 cm? area. The
fabrication details, basic morphology, and optoelectronic characterization can be
found in Table S1 of the Supporting information. Experimental section also
summarizes used instrumentation and methods.

Short-time current transients. We first check the sample response to voltage steps
(inset of Figure 1b). The current transients after applying different positive biases
during 500 s are presented in Figure 1a. The electronic current is delayed during the
first 200 s, presumably due to the reordering of the ionic density.*? During the
transient, the electronic charge carriers may be influenced by the ionic drift, which
generates an ionic current with the same polarity as that of the electronic current.
Eventually, the ions accumulate near the perovskite—electrode interfaces increasing
the ion-induced built-in electric field leading to the simultaneous operation of drift and
diffusion currents before the ion accumulation reaches the equilibrium conditions.*3-4
Maximum currents upon bias application are registered in the range of zA cm2 (Figure
1a). Subsequently, after the positive biasing, the device is then kept at a short-circuit
(OV-bias) condition to observe the relaxation current, as presented in Figure 1b.

When the external bias is removed, a small undershoot current appears of the order
of nA cm2 with the opposite sign (Figure 1b and Figure S1b). That negative current is
the fingerprint of initial ion displacement to recover equilibrium distribution, as
remarked previously.*> Note that electronic displacement currents should response
faster (~us) within the scales of the dielectric relaxation time (see later on this

concern). Zero-volt current registering is then a way of observing ionic migration

116



Publication 2 Chapter 5

without the perturbing contribution of electronic carriers. It is observed that the ionic
current decay occurs in two steps: firstly, a quick response during a few seconds and
afterwards a slower relaxation in a timescale of tens to hundreds of seconds. These
processes may correspond to the slow reduction of the ionic built-in field, which drifts
backwards the ions at the same time that they diffuse to restore equilibrium.*? Negative
overshoot currents are always situated in the range of nA cm2 (see Figure 1b). The
slower transient response can be fitted using an exponential decay to obtain a
characteristic time constant 5, ~ 200 s (Figure S1b).

One might think about an ionic relaxation process involving long distances within
the perovskite thick layers. An estimation of the ion diffusion coefficient easily results
by using the next expression,

Ly
T

Dion =

where Ly = 0.55 mm is the effective diffusion length that here corresponds to half of
the layer thickness because the structural symmetry. By including typical response times
in Figure 1b into Equation 1, a hypothetical value for the short timescale diffusion
coefficient results D;f, ~ 1.5x10° cm? s We note it is far from those reported for
common solid-state ionic conductors, D;,, ~ 10712 cm?s™!,*>#7 and even from previous
reported faster ion migration coefficient D;,,~107°-10° cm? s! in lead halide
perovskites.® “-49 Similarly, the Einstein’s equation can be used to deduce a
characteristic mobility as

] — q Dion
Uion kBT

where q is the elementary charge, kg stands for the Boltzmann constant, and T is the
absolute temperature. From Equation 2, the previous estimation would entail Y, ~ 6x10°
4 em?V1s? which is far above previous determinations of ionic mobility in MAPI,8 %0
(see Table S2). Consequently, the unphysical inferred values of D;Y, and i, indicate
that the characteristic time scale of 74, ~ 200 s should involve ionic displacements
confined within much narrow regions. For this time scale, diffusion within the pellet
competes with the remaining effects of the ionic built-in field, which governs the early

stages of the relaxation towards equilibrium.
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Figure 1 a) Short-time current transients registered at different positive applied biases. In
the inset, there is the corresponding variation of the steady-state current (dots) and linear fit
(dashed line). b) Relaxation current registered after the positive biasing when the device is
kept at short-circuit condition (0 V-bias). Similar responses are obtained for negative biasing.

The inset in (b) schemes the order of magnitude and sign of the current transients.

Long-time current transients. The above discussion suggests that ionic diffusion
would require a longer timescale at short-circuit (0 V-bias), where the drift component

due to the ionic built-in field can be neglected. Only then, the decay time constants can
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reflect the dynamics of the diffusive ionic transport within the whole layer thickness.**
42 Therefore, an experiment similar to that previously schemed in the inset of Figure 1b
was performed in a timescale of days, as illustrated in Figure 2. Replicas of this
experiment are shown in Figure S2.

The current during forward biasing was recorded during approximately one day,
before switching to short-circuit conditions, when the current was measured for around
two days. During the polarization at +10 V, an increment of the drift current is
observed which seems to saturate at t > 5x10* s. Subsequently, after removing

applied bias, a non-diffusing regime can be first observed for t < 400 s, preceding a

clear 1/4/t law for t > 400 s. It is well-known that time dependences of the type /t
can be taken as an indication for the occurrence of diffusion mechamisms.®® As
observed in Figure 2, the small ionic current is masked by a noisy component that
dominates at longer times t < 5x10* s. Despite the noise of order ~1 nA cm?, the
diffusive component is clearly identified. Unfortunately, the reduced signal-to-noise
ratio precludes reproducing these experiments using lower bias values.

The observed diffusive long-term current decrease can be assumed to have a
characteristic ionic diffusion time 7, > 5x10*s. Thus, by using Equation 1 and 2, one
can estimate an upper limit for the long-timescale ionic diffusion coefficient and
mobility, which result of order D/t ~10% cm? st and ult ~ 10° cm V! st
respectively. These values are evidently closer to those previously reported,3>: 48-49
suggesting that the ionic current transient observed in Figure 2 is a fingerprint of an

ionic diffusion mechanisms involving the entire pellet’s bulk.
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Figure 2. Long-time current transients of a MAPI pellets in the dark, under the applied
external 10 V bias and subsequent zero bias, as indicated. The solid red line corresponds to a fit

to a 1/Vt decay law.

Long-time impedance recovery. The previous analysis relies on monitoring small
currents (1-10 nA cm2), poorly distinguishable from noise at longer times. An
experimental way of augmenting the signal-to-noise ratio consists of measuring the
current response to a perturbative stimulus at several stages during the system
relaxation at zero-bias. This is obviously the measurement of the impedance
spectroscopy IS response of the MAPI thick pellets (in the frequency domain within
102 Hz < f <10° Hz). The small voltage alternating-current (AC) mode perturbation
(20 mV) is superimposed to the direct-current (DC) mode bias (0 V). Because of the
small AC and DC values, the experiment is always carried out within the ohmic
electronic response regime.’® As each impedance spectrum takes about 900 s to be
registered, this procedure is a manner of exploring the electronic conduction state of
the active layer at different times. By examining Figure 3a, one can observe typical
impedance spectra of perovskite-based devices, which comprises a resistor-capacitor
(RC) coupled sub-circuit at higher frequencies. As discussed previously, these circuit

elements represent the geometrical (dielectric) capacitance C; = egyA/L and the

electronic resistance R = L/a,;A , being A the active area, ¢ is the dielectric constant,

o the vacuum permittivity, and o,,; accounts for the electronic conductivity. It is worth
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noting that the characteristic response time for this RC, circuit always lies within those

values typical for electronic dielectric relaxation timescales® 7,;,~10 s, reinforcing
the electronic origin of the high-frequency impedance response. The whole spectra are
analyzed and fitted in terms of the equivalent circuit given in Figure S3.

A detailed view of the high-frequency resistance variation at zero-bias for 12 h after
removing +10 V-bias can be observed in the IS plot of Figure 3a. Once short-circuit (0
V bias) DC conditions are imposed, the samples are able to slowly recover initial
(equilibrium) response. By examining Figure 3a, one can infer that the sample
resistance not only is a function of the applied bias, but also of the poling and
recovering time. A closer examination of the variation of the resistance extracted from
fitting at zero bias is presented in Figure 3b. The resistance shows a large initial value
R; at shorter recovering times (less electronic conductive state) and progressively
reduces to attain a steady-state value R, (background state) after a long equilibration
time of 12 h. Such a reduction in bulk resistance is interpreted in terms of the increment
in electronic carrier density n, which relates to the electronic conductivity as a,; =
quen. The limiting resistances R; and R, give rise to an increase in carrier density
from n; = 9x108 cm™ up to n, = 7x10° cm=, by assuming typical values for the
electronic mobility as u,; = 10 cm? V-1 s, Similar behavior is observed for negative
biasing (see Figure S4).

Our findings move us to consider that the redistribution of ionic species along the
layer bulk is accompanied by the change in electronic carrier density. The mechanism
can be viewed a sort of dynamic doping process in which mobile ions act as dopants
able to locally alter the doping density. An alternative explanation of the resistance
variation of Figure 3b (not explored here) would imply a hypothetical ion-driven
modulation of the electronic mobility.

A model of the dynamic doping process accounting for the resistance variation is
outlined in the Figure S5 in the Supporting information. Our approach simplifies the
complex situation by considering a sharp front separating two zones of high and low
carrier density that shifts as the ions diffuse to recover the equilibrium ion
concentration (background electronic conduction state). A simple expression is

thereby derived as
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R—Ry _ . 32Dt @)
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which assumes a 1D diffusion process with Gaussian ion distribution, and predicts a
time dependence of the kind +/t, keeping then the diffusive character as previously
observed for ionic depolarization currents in Figure 2. Therefore, the resistance in
Figure 3b can be normalized as (R — R,)/(R; — R,) and plotted as a function of +/t,
as presented in Figure 3c. By examining this plot, a linear trend is clearly obeyed with
a slope including the ion diffusivity as BM/L, as derived from the analytical
model of Equation 3 and purposely outlined in the Supporting information. After
resistance normalization, very similar trends are reproduced independent of the voltage
sign in Figure 3c. The kinetic independence on bias sign would indicate a bulk origin,
rather than interfacial, for the mechanism behind the observed electrical response. We
note that a deviation from the linear behavior occurs at shorter times (t < 5x10%s) in
Figure 3c, for which the simplicity of the model disregards second order depolarization
effects for greater moving ion concentrations. For shorter times, the driving force for
ion displacement should certainly incorporate other mechanisms as the relaxation of
the ionic built-in voltage should include drift-driven processes in addition to the simple
diffusion, in such a way that the v/t-dependence is no longer obeyed. In any case, the
linear response part in Figure 3c seems to reinforce the predominance of diffusion
mechanisms for t > 5x10% s of short-circuit regime after polarization.

From the linear fitting slope in Figure 3c (valid for longer times) and the
experimental parameter L = 1.1 mm, one can obtain a value for the ion diffusion
coefficient that results in D;,,,, = (3 = 1)x108cm? s, averaging over several relaxation
experiments. We remark that the order of magnitude obtained for D;,,, is in agreement
with values reported for the diffusion coefficient of iodine-related defects. By nuclear
magnetic resonance (NMR),>2°® values of order 10° cm? s were obtained for I-,
while MA* exhibited smaller values in the range of 10°-10*? cm? s, From drift
current accompanied by electrical switching of luminescence,? I~ diffusivitty is
obtained to be around 5x108-6x10° cm? s, Also, current transient> and capacitance
transient® analyses gave rise to diffusion coefficient of order 10%-10° cm? st for I-.
In addition, impedance analysis of the low-frequency diffusion patterns yielded similar

values.*® Therefore, we also assume that the relatively fast ion diffusion coefficient
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encountered here D;,,,~ 108 cm? st should be related to the transport of mobile iodine
defects. Other possible moving ions as MA* and Pb?* should certainly exhibit much
lower values.*8 ®

As a consequence, it is inferred that iodine vacancies V;* dominate and establish
the general background doping character. As halide vacancies are considered a shallow
donor both for iodide and bromide perovskites,? > a n-type doping character should
be larger in zones in which the iodine vacancy concentration increases. Upon biasing,
formation of reach-zones of iodine vacancies near the negatively-biased contact is
expected, and contrary for the positive contact. Large part of the layer bulk undergoes
a de-doping process as dopant ions accumulate at the contacts. Therefore, an internal
doping profile is formed that implies that the perovskite bulk can be modeled as a sort
of semiconductor homojunction with a mobile boundary between lower- and higher-
doped regions in accordance with the model outlined in the Supporting Information.

This is what we denote as dynamic doping process.
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Figure 3. a) Variation of the impedance at zero bias after removing +10 V bias and
evolution with time. The dots correspond to the experimental data obtained at different time
instants: 0 h (red), + 2 h (purple), +5 h (pink), +7 h (blue), +9 h (green), 12 h (black). The red
solid lines correspond to the fittings to the equivalent circuit in Figure S2. b) Long-time
relaxation experiments (~12 h) showing the variation of the sample resistance extracted from
impedance spectra analysis as a function of time measured at zero bias. A transition between
initial large resistance R; down to small resistance R, is observed. c) Variation of the
normalized resistance as a function of time following the relationship of Equation 3, for
relaxation experiments performed at zero bias after previous long-term positive and negative

bias. The blue/purple solid lines represent linear fittings.

Conclusions

Summarizing our results, we indicate that the present study reveals several features
to be included into a simulation of the general device operation of thick perovskite
layers. (1) On the one hand, long timescale diffusion patterns are encountered which
follows a +/t —dependence. This unambiguously signals the fingerprint of diffusive
transport. (2) That time dependence is simultaneously obeyed by current relaxation
(Figure 2) and impedance recovering (Figure 3). While long-time negative current
undershoot at zero bias exclusively registers the ion displacement, the impedance
captures the electronic small perturbation response at different depolarization stages.
That independent observation of diffusion patterns reinforces the validity of our
explanation. (3) As a consequence, an ionic-electronic interplay should exist between
mobile ions that act as dopants and electronic carriers. Electronic doping profile
changes depending on the actual ion bulk distribution. This is the essence of the
dynamic doping mechanism formulated here. (4) The kinetics of ionic depolarization
is a multistep process. It starts by an initial collapse of the ion diffusion layer (747 s~
200 s), built-up after biasing. Afterwards, long-range diffusion occurs involving much
longer times (7~ 10° s). From the analysis the ion diffusion coefficient is extracted
which lies within the range of 108 cm? s, presumable connected to the iodine defect
transport.

We have proposed here a connection between ionic and electronic properties that

allow progressing into the halide perovskite device physics and operating modes.
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Technological realizations as solar cells, light-emitting diodes and, particularly, X- and
y-detectors would benefit from that fundamental information, as far as long timescale

functioning and current stabilization under biasing is concerned.

Experimental

Sample preparation: The samples under consideration were ~1 mm-thick MAPI
microcrystalline pellets with a diameter of 15 mm. The pellets were made by a soft-
sintering process, which is described in detail in ref.” The microcrystalline MAPI
powder is commercially available from Xi’an Polymer Light Technology Corp. It was
filled into a powder container with adjustable height, and a polished cylinder was
placed above it. The hydraulic press (Perkin Elmer) applies a pressure of 55 MPa (1t)
for 30 min at 70 °C. On the resulting pellet 2 electrodes (Pt, Cr) with a thickness of
around 100 nm were deposited via physical vapor deposition. Their active area is 1
cm2.

Structural and optical characterization techniques: Through measurements of
Scanning Electron Microscopy the polycrystalline nature of the perovskite pellet is
observed (Fig S6a). The X-ray Diffraction pattern (Fig S6b) shows the most prominent
peaks with the (110), (220), and (310) peaks at 14.1°, 28.4°, and 32.1°. The peaks
indicate the tetragonal MAPDbIs-phase with an 14cm space group. These values are in
good agreement with comparative XRD data of a typical MAPI film,%8-

Electrical Measurements: The chronoamperometry experiments, as well as the
impedance spectroscopy (IS) characterizations were made with a PGSTAT302N
potentiostat from Metronm AUTOLAB. Measurements of current and impedance
were carried out at several long-time DC bias conditions in the range of +10 Vto 0 V.
The samples were kept in the dark with N2 circulation in order to prevent from

humidity- or oxygen-induced degradation.

Associated contents

Supporting Information

The supporting information is available free of charge at

Sample preparation and characterization, general current transients and impedance

analysis, model for resistance relaxation.

126



Publication 2 Chapter 5

Notes
The authors declare no competing financial interest.

Acknowledgments

This work has received funding from the European Union’s Horizon 2020 research
and innovation program under the Photonics Public Private Partnership
(www.photonics21.org) with the project PEROXIS under the grant agreement N°
871336. M. G.-B. acknowledges Generalitat Valenciana for a grant (number
GRISOLIAP/2018/073).

References

1. Green, M. A.; Dunlop, E. D.; Hohl-Ebinger, J.; Yoshita, M.; Kopidakis, N.; Hao,
X., Solar Cell Efficiency Tables (Version 56). Progress in Photovoltaics: Research and
Applications 2020, 28, 629-638.

2. Heiss, W.; Brabec, C., Perovskites Target X-Ray Detection. Nature Photonics
2016, 10, 288-289.

3. Wei, H., et al., Sensitive X-Ray Detectors Made of Methylammonium Lead
Tribromide Perovskite Single Crystals. Nature Photonics 2016, 10, 333-339.

4. Murali, B.; Kolli, H. K.; Yin, J.; Ketavath, R.; Bakr, O. M.; Mohammed, O. F.,
Single Crystals: The Next Big Wave of Perovskite Optoelectronics. ACS Materials
Letters 2020, 2, 184-214.

5. He, Y., et al., High Spectral Resolution of Gamma-Rays at Room Temperature by
Perovskite Cspbbr3 Single Crystals. Nature Communications 2018, 9, 1609.

6. He, Y., et al., Cspbbr3 Perovskite Detectors with 1.4% Energy Resolution for
High-Energy I'-Rays. Nature Photonics 2021, 15, 36-42.

7. Deumel, S., et al., Sub-Nanogray X-Ray Imaging with Soft-Sintered
Methylammonium Lead Triiodide Perovskites. Nature Electronics 2021, submitted.

8. Motta, C.; EI-Mellouhi, F.; Sanvito, S., Charge Carrier Mobility in Hybrid Halide
Perovskites. Scientific Reports 2015, 5, 12746.

Q. Herz, L. M., Charge-Carrier Mobilities in Metal Halide Perovskites: Fundamental
Mechanisms and Limits. ACS Energy Letters 2017, 2, 1539-1548.

10. Duijnstee, E. A.; Le Corre, V. M.; Johnston, M. B.; Koster, L. J. A.; Lim, J.;
Snaith, H. J., Understanding Dark Current-Voltage Characteristics in Metal-Halide
Perovskite Single Crystals. Physical Review Applied 2021, 15, 014006.

11.  Takada, J.; Yamaguchi, M.; Fukada, N.; Nishimura, K.; Tawada, Y., Thermal
Degradation of a-Si:H Solar Cells by Dopant Diffusion. Japanese Journal of Applied
Physics 1987, 26, 889-892.

12. Feldmann, F.; Schon, J.; Niess, J.; Lerch, W.; Hermle, M., Studying Dopant
Diffusion from Poly-Si Passivating Contacts. Solar Energy Materials and Solar Cells
2019, 200, 109978.

13. Schmidt, J., Light-Induced Degradation in Crystalline Silicon Solar Cells. Solid
State Phenomena 2003, 95-96, 187-196. .

14.  Adey, J.; Jones, R.; Palmer, D. W.; Briddon, P. R.; Oberg, S., Degradation of
Boron-Doped Czochralski-Grown Silicon Solar Cells. Physical Review Letters 2004, 93,
055504.

15.  van Reenen, S.; Janssen, R. A. J.; Kemerink, M., Doping Dynamics in Light-
Emitting Electrochemical Cells. Organic Electronics 2011, 12, 1746-1753.

16. Lenes, M.; Garcia-Belmonte, G.; Tordera, D.; Pertegas, A.; Bisquert, J.; Bolink,
H. J., Operating Modes of Sandwiched Light-Emitting Electrochemical Cells. Advanced
Functional Materials 2011, 21, 1581-1586.

127



Publication 2 Chapter 5

17. Bratting, W.; Adachi, C., Physics of Organic Semiconductors. Wiley-VCH:
Weinheim, 2012.

18.  Gunkel, F.; Christensen, D. V.; Chen, Y. Z.; Pryds, N., Oxygen Vacancies: The
(in)Visible Friend of Oxide Electronics. Applied Physics Letters 2020, 116, 120505.

19.  Waser, R.; Dittmann, R.; Staikov, G.; Szot, K., Redox-Based Resistive Switching
Memories — Nanoionic Mechanisms, Prospects, and Challenges. Advanced Materials
2009, 21, 2632-2663.

20.  Almora, O., et al., lonic Dipolar Switching Hinders Charge Collection in
Perovskite Solar Cells with Normal and Inverted Hysteresis. Solar Energy Materials and
Solar Cells 2019, 195, 291-298.

21. Bertoluzzi, L.; Boyd, C. C.; Rolston, N.; Xu, J.; Prasanna, R.; O’Regan, B. C.;
McGehee, M. D., Mobile lon Concentration Measurement and Open-Access Band
Diagram Simulation Platform for Halide Perovskite Solar Cells. Joule 2020, 4, 109-127.
22. Buin, A.; Comin, R.; Xu, J.; Ip, A. H.; Sargent, E. H., Halide-Dependent
Electronic Structure of Organolead Perovskite Materials. Chemistry of Materials 2015,
27, 4405-4412.

23.  Yin, W.-J.; Shi, T.; Yan, Y., Unusual Defect Physics in Ch3nh3pbi3 Perovskite
Solar Cell Absorber. Applied Physics Letters 2014, 104, 063903.

24.  Azpiroz, J. M.; Mosconi, E.; Bisquert, J.; De Angelis, F., Defect Migration in
Methylammonium Lead lodide and Its Role in Perovskite Solar Cell Operation. Energy
& Environmental Science 2015, 8, 2118-2127.

25.  Yang, D.; Ming, W.; Shi, H.; Zhang, L.; Du, M.-H., Fast Diffusion of Native
Defects and Impurities in Perovskite Solar Cell Material Ch3nh3pbi3. Chemistry of
Materials 2016, 28, 4349-4357.

26. Bergmann, V. W.; Guo, Y.; Tanaka, H.; Hermes, I. M.; Li, D.; Klasen, A.;
Bretschneider, S. A.; Nakamura, E.; Berger, R.; Weber, S. A. L., Local Time-Dependent
Charging in a Perovskite Solar Cell. ACS Applied Materials & Interfaces 2016, 8, 19402-
19400.

27.  Ahmadi, M.; Collins, L.; Higgins, K.; Kim, D.; Lukosi, E.; Kalinin, S. V.,
Spatially Resolved Carrier Dynamics at Mapbbr3 Single Crystal-Electrode Interface.
ACS Applied Materials & Interfaces 2019, 11, 41551-41560.

28.  Zhu, T.-Y.; Shu, D.-J., Role of lonic Charge Accumulation in Perovskite Solar
Cell: Carrier Transfer in Bulk and Extraction at Interface. The Journal of Physical
Chemistry C 2019, 123, 5312-5320.

29. Pospisil, J.; Guerrero, A.; Zmeskal, O.; Weiter, M.; Gallardo, J. J.; Navas, J.;
Garcia-Belmonte, G., Reversible Formation of Gold Halides in Single-Crystal Hybrid-
Perovskite/Au Interface Upon Biasing and Effect on Electronic Carrier Injection.
Advanced Functional Materials 2019, 29, 1900881.

30. Wang, J., et al., Investigation of Electrode Electrochemical Reactions in
Ch3nh3pbbr3 Perovskite Single-Crystal Field-Effect Transistors. Advanced Materials
2019, 31, 1902618.

31. Pockett, A.; Eperon, G. E.; Sakai, N.; Snaith, H. J.; Peter, L. M.; Cameron, P. J.,
Microseconds, Milliseconds and Seconds: Deconvoluting the Dynamic Behaviour of
Planar Perovskite Solar Cells. Physical Chemistry Chemical Physics 2017, 19, 5959-
5970.

32. Yang, C., et al., Mapbi3 Single Crystals Free from Hole-Trapping Centers for
Enhanced Photodetectivity. ACS Energy Letters 2019, 4, 2579-2584.

33. Fischer, M.; Tvingstedt, K.; Baumann, A.; Dyakonov, V., Doping Profile in
Planar Hybrid Perovskite Solar Cells Identifying Mobile lons. ACS Applied Energy
Materials 2018, 1, 5129-5134.

34. Li, C.; Guerrero, A.; Huettner, S.; Bisquert, J., Unravelling the Role of VVacancies
in Lead Halide Perovskite through Electrical Switching of Photoluminescence. Nature
Communications 2018, 9, 5113.

35. Garcia-Batlle, M.; Baussens, O.; Amari, S.; Zaccaro, J.; Gros-Daillon, E.;
Verilhac, J.-M.; Guerrero, A.; Garcia-Belmonte, G., Moving lons Vary Electronic

128



Publication 2 Chapter 5

Conductivity in Lead Bromide Perovskite Single Crystals through Dynamic Doping.
Advanced Electronic Materials 2020, 6, 2000485.

36.  Wang, H.; Guerrero, A.; Bou, A.; Al-Mayouf, A. M.; Bisquert, J., Kinetic and
Material Properties of Interfaces Governing Slow Response and Long Timescale
Phenomena in Perovskite Solar Cells. Energy & Environmental Science 2019, 12, 2054-
2079.

37. Liu, J.; Hu, M.; Dai, Z.; Que, W.; Padture, N. P.; Zhou, Y., Correlations between
Electrochemical lon Migration and Anomalous Device Behaviors in Perovskite Solar
Cells. ACS Energy Letters 2021, 1003-1014.

38. Lopez-Varo, P.; Jiménez-Tejada, J. A.; Garcia-Rosell, M.; Ravishankar, S.;
Garcia-Belmonte, G.; Bisquert, J.; Almora, O., Device Physics of Hybrid Perovskite Solar
Cells: Theory and Experiment. Advanced Energy Materials 2018, 8, 1702772.

39. Kerner, R. A.; Rand, B. P., lonic—Electronic Ambipolar Transport in Metal Halide
Perovskites: Can Electronic Conductivity Limit lonic Diffusion? The Journal of Physical
Chemistry Letters 2018, 9, 132-137.

40. Reichert, S.; An, Q.; Woo, Y.-W.; Walsh, A.; Vaynzof, Y.; Deibel, C., Probing
the lonic Defect Landscape in Halide Perovskite Solar Cells. Nature Communications
2020, 11, 6098.

41. Moia, D., et al., lonic-to-Electronic Current Amplification in Hybrid Perovskite
Solar Cells: lonically Gated Transistor-Interface Circuit Model Explains Hysteresis and
Impedance of Mixed Conducting Devices. Energy & Environmental Science 2019, 12,
1296-1308.

42. Li, D.; Wu, H.; Cheng, H.-C.; Wang, G.; Huang, Y.; Duan, X., Electronic and
lonic Transport Dynamics in Organolead Halide Perovskites. ACS Nano 2016, 10, 6933-
6941.

43.  Xiao, Z.; Yuan, Y.; Shao, Y.; Wang, Q.; Dong, Q.; Bi, C.; Sharma, P.; Gruverman,
A.; Huang, J., Giant Switchable Photovoltaic Effect in Organometal Trihalide Perovskite
Devices. Nature Materials 2015, 14, 193-198.

44.  Zhao, Y., et al., Anomalously Large Interface Charge in Polarity-Switchable
Photovoltaic Devices: An Indication of Mobile lons in Organic—Inorganic Halide
Perovskites. Energy & Environmental Science 2015, 8, 1256-1260.

45. Eames, C.; Frost, J. M.; Barnes, P. R. F.; O’Regan, B. C.; Walsh, A.; Islam, M.
S., lonic Transport in Hybrid Lead lodide Perovskite Solar Cells. Nature Communications
2015, 6, 7497.

46. Bag, M.; Renna, L. A.; Adhikari, R. Y.; Karak, S.; Liu, F.; Lahti, P. M.; Russell,
T. P.; Tuominen, M. T.; Venkataraman, D., Kinetics of lon Transport in Perovskite Active
Layers and Its Implications for Active Layer Stability. Journal of the American Chemical
Society 2015, 137, 13130-13137.

47, Richardson, G.; O'Kane, S. E. J.; Niemann, R. G.; Peltola, T. A.; Foster, J. M;
Cameron, P. J.; Walker, A. B., Can Slow-Moving lons Explain Hysteresis in the Current—
Voltage Curves of Perovskite Solar Cells? Energy & Environmental Science 2016, 9,
1476-1485.

48. Yang, T.-Y.; Gregori, G.; Pellet, N.; Gratzel, M.; Maier, J., The Significance of
lon Conduction in a Hybrid Organic-Inorganic Lead-lodide-Based Perovskite
Photosensitizer. Angewandte Chemie International Edition 2015, 54, 7905-7910.

49. Peng, W.; Aranda, C.; Bakr, O. M.; Garcia-Belmonte, G.; Bisquert, J.; Guerrero,
A., Quantification of lonic Diffusion in Lead Halide Perovskite Single Crystals. ACS
Energy Letters 2018, 3, 1477-1481.

50. Savenije, T. J., et al., Thermally Activated Exciton Dissociation and
Recombination Control the Carrier Dynamics in Organometal Halide Perovskite. The
Journal of Physical Chemistry Letters 2014, 5, 2189-2194.

51.  Almora, O.; Garcia-Belmonte, G., Light Capacitances in Silicon and Perovskite
Solar Cells. Solar Energy 2019, 189, 103-110.

52. Senocrate, A.; Moudrakovski, I.; Acartlrk, T.; Merkle, R.; Kim, G. Y.; Starke, U.;
Grétzel, M.; Maier, J., Slow Ch3nh3+ Diffusion in Ch3nh3pbi3 under Light Measured by

129



Publication 2 Chapter 5

Solid-State Nmr and Tracer Diffusion. The Journal of Physical Chemistry C 2018, 122,
21803-21806.

53.  Senocrate, A.; Moudrakovski, I.; Kim, G. Y.; Yang, T.-Y.; Gregori, G.; Grétzel,
M.; Maier, J., The Nature of lon Conduction in Methylammonium Lead lodide: A
Multimethod Approach. Angewandte Chemie International Edition 2017, 56, 7755-7759.
54. Bertoluzzi, L.; Belisle, R. A.; Bush, K. A.; Cheacharoen, R.; McGehee, M. D.;
O’Regan, B. C., In Situ Measurement of Electric-Field Screening in Hysteresis-Free
Ptaa/Fa0.83cs0.17pb(10.83br0.17)3/C60 Perovskite Solar Cells Gives an lon Mobility of
~3 x 10-7 Cm2/(V S), 2 Orders of Magnitude Faster Than Reported for Metal-Oxide-
Contacted Perovskite Cells with Hysteresis. Journal of the American Chemical Society
2018, 140, 12775-12784.

55. Futscher, M. H.; Lee, J. M.; McGovern, L.; Muscarella, L. A.; Wang, T.; Haider,
M. I.; Fakharuddin, A.; Schmidt-Mende, L.; Ehrler, B., Quantification of lon Migration
in Ch3nh3pbi3 Perovskite Solar Cells by Transient Capacitance Measurements. Materials
Horizons 2019, 6, 1497-1503.

56. Weber, S. A. L.; Hermes, I. M.; Turren-Cruz, S.-H.; Gort, C.; Bergmann, V. W.;
Gilson, L.; Hagfeldt, A.; Graetzel, M.; Tress, W.; Berger, R., How the Formation of
Interfacial Charge Causes Hysteresis in Perovskite Solar Cells. Energy & Environmental
Science 2018, 11, 2404-2413.

57. Motti, S. G.; Meggiolaro, D.; Martani, S.; Sorrentino, R.; Barker, A. J.; De
Angelis, F.; Petrozza, A., Defect Activity in Lead Halide Perovskites. Advanced
Materials 2019, 31, 1901183.

58. Phillips, L. J.; Rashed, A. M.; Treharne, R. E.; Kay, J.; Yates, P.; Mitrovic, I. Z.;
Weerakkody, A.; Hall, S.; Durose, K., Maximizing the Optical Performance of Planar
Ch3nh3pbi3 Hybrid Perovskite Heterojunction Stacks. Solar Energy Materials and Solar
Cells 2016, 147, 327-333.

59.  Aranda, C.; Cristobal, C.; Shooshtari, L.; Li, C.; Huettner, S.; Guerrero, A.,
Formation Criteria of High Efficiency Perovskite Solar Cells under Ambient Conditions.
Sustainable Energy & Fuels 2017, 1, 540-547.

130



Chapter 5: Publication 2_Supporting Information
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Mobile Ion-Driven Modulation of Electronic Conductivity
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Perovskite Thick Pellets
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Table S1 | Characteristics of the samples studied

Sampl | Press Press Press | Pressure | Pellet Pellet Pellet Contacts
e time | temperatu (MPa) | weight | thicknes | Densit
name | (min) re weigh (mg) S y
(°C) t (Hm) (%)

(Kg)

1 30 70 1000 | 555 | 516.6 | 1102 64 PUCF electrodes

) area~1lcm

30 70 1000 55.5 527.9 1083 66 : "

Table S2 | Summary of ionic mobility in Metal Halide Perovskites (~300 K)
Hion M2 V151 Measurement technique Ref. | Estimation of Dion cm?2s™)
by Einstein’s relation®
1x10° EIS 24 2.6 x 108
5x10°8 PLQ 5 1.5 x 1010
1.5x10" SDP 6 3.8 x 10
10° NMR spectroscopy /-8 101
10%-10° SDSP photocurrent transient o 2.5 x101°-101*
10° PTIR microscopy 10 101!

Column 2 lists the technique used to determine the mobility value (Electrochemical Impedance Spectroscopy (EIS) -; Nuclear magnetic resonance (NMR); Photothermal
induced resonance (PTIR) microscopy; PL quenching method (PLQ); Step-dwell-step-probe (SDSP) photocurrent transient.
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Figure S1. Short-time normalized current transients for a MAPI pellet in the dark at (a)
forward +1, +2, +5, +10 V bias and (b) zero bias after polarization during 500 s, as indicated. The

inset in (a) schemes the order of magnitude and sign of the current transients. The original current
transients can be found in Figure 1.
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Figure S2. Sequence of experiments of long-time current transients of MAPI pellets in the
dark, under the applied external 10 V bias and subsequent zero bias, as indicated. The solid line
corresponds to a fit to a 1/v/t decay law restricted to the range of significant signal-to-noise ratio.
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Figure S3. Example of the a) impedance response and b) Capacitance spectrum of MAPI-
pellets of thickness ~1 mm asymmetrically contacted with Pt/Cr electrodes measured at 0 V
in the dark (relaxed samples). Fits (solid line) result by using the equivalent circuit in the
inset: with series resistance R, C, geometric capacitance and Ry, and R, the high-, and

low-frequency resistances, respectively. The low-frequency capacitance usually labelled as
surface capacitance Cy .
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Figure S4. a) Variation of the impedance at zero bias after removing -10 V bias and evolution
with time. b) Long-time relaxation experiments (~11 h) showing the variation of the sample
resistance extracted from impedance spectra analysis as a function of time measured at zero bias.

Model for resistance relaxation.

For the sake of simplicity, one can calculate the total sample resistance as the
contribution of two zones of different doping as depicted in Figure S5.

R =R, +R, 1)
in such a way that R, = s/o,A and R; = (L — s)/0;A. Here, L stands for the sample
thickness, s indicates the width of the high doping region, g3, and o; correspond to the
electronic conductivity of high and low doping-density regions, respectively, and A is the
effective sample area. We assume here the ohmic character of the electrical response as
inferred from the linear dependences of the steady-state I1-V curve (Figure 1a inset). It
should be noted that two well-differentiated impedance arcs corresponding to each of the
above-mentioned separate doping zones are hardly observable because of the rather small
ratio R, /R,. After rearrangement, Equation (1) can be expressed in terms of the limiting
values of the sample resistance R, and R,, which corresponds to the initial and final
resistances, respectively. If we assume that R; = L/g;A, i.e. the low doping region
occupies the whole thickness for shorter relaxing times and, seemingly, R, = L/o,A,
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indicating high doping spreading along the entire bulk at longer times, one can derive
readily that

R=Ry— (R —Ro)7 (2)

This linear expression as a function of s is illustrated in Figure S3b. Equation (2) can be

normalized by the resistance step R, — R,, giving rise to the following simple expression

R—R N

e ®)
that again predicts a linear dependence of the sample resistance with the width of the high
doping zone s.
Let us also assume that ions initially accumulate following a narrow distribution near the
contact with w standing for the distribution width. The accumulation occurs by effect of
the applied electrical field. This ionic accumulation is expected by formation of a
diffusion ion layer in the vicinity of the contacts and by very limited interfacial chemical
interaction within the experimental time framework. Mobile ions depleted from the layer
bulk induce a sort of electronic de-doping, reducing as a consequence the doping level
and producing higher resistance. When bias is removed, ions are released and tend to
diffuse back to their equilibrium position in such a way that the mean square displacement
of the ion distribution enlarges with time. The simple outlined model would entail
diffusion takes place in 1D (6 = 1), but the real situation might be more complex with
diffusion dimensionality approaching larger values because of the polycrystalline
structure. For the sake of simplicity, let’s assume that the distribution width spreads by
diffusion as

w = V26Dt (4)

with D accounts for the ion diffusion coefficient, § = 1 for 1D diffusion, and ¢ is the
time. Equation 4 informs on how the high doping region width s extends within the
perovskite layer bulk as the ion distribution spreads to attain initial homogeneity.
An additional component of the model concerns the relation between the width of the
high doping zone s and the spead of the ion distribution w. For a Gaussian distribution,
one can observe that nearly 99% of the ions concentrates within 3w as to assume that s =
3w. We recognize that this is in fact an oversimplification of a complex problem that
should include concrete ion distributions and how they influence the local doping density.
In any case, one can derive a simple linear expresion for the variation of the resistance
that suffices for our purposes.
By combining Equation (3) and (4), and § = 1 an expression for the time dependence of
the normalized resistance step results as

R-R 3v2Dt

e ©®)
which predicts a linear dependence as o/t with slope determined by the diffusion
coefficient.
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Figure S5. a) Model of the bulk resistance which splits it into two contributions R = R;, + R, of high-
and low-doping separated regions. As the ionic charge moves to the right to attain equilibrium, the
high-doping region width s progresses reducing the total sample resistance. b) Change of the total
resistance as a function of s, exhibiting a linear dependence from R, at s = 0 down to R, at s = L,
being L the sample thickness.
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Figure S6 a) Scanning Electron Microscopy image showing the surfaces of the Sample 1 (MAPI pellet) b)
X-Ray diffraction pattern of the used MAPDI3 powder. The peaks indicate the tetragonal MAPbI;-phase
with an l14cm space group (see main text).
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6.2 Brief summary

Symmetrically contacted millimeters-thick MAPbBr; samples were studied using a
measurement protocol robust and reliable focused on the longtime response towards steady-state
current in cycles of biasing routines. Reproducible responses of the current transient upon bias
application exhibits exponential increment. IS measurements allowed to estimate ionic mobility
by using the IDD model while the formalism of the BVM regime of SCLC was used to explain the

relaxation times t; o< V-¥2. We found that the ionic currents are negligible in comparison to the total

o
o

currents in our samples, for the measured bias
and time ranges. The mobile ions, however,

influence  significantly the long-time

=)

Current (uA cm )

electronic  transport process via the

0.1

modification of the charge density profile.

time (h)
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Abstract

The optoelectronic properties of halide perovskite materials have fostered their
utilization in many applications. Unravelling their working mechanisms remains
challenging due to their mixed ionic-electronic conductive nature. By registering, with
high reproducibility, the long-time current transient response of a set of single-crystal
methylammonium lead tribromide samples, the ion migration process was proved.
Sample biasing experiments (ionic drift), with characteristic times exhibiting a voltage
dependence as « V2, is interpreted with an ionic migration model obeying a ballistic-
like voltage-dependent mobility (BVM) regime of space-charge-limited current. The
ionic kinetics effectively modify the long-time electronic current evolution, while the
steady-state electronic currents behave nearly ohmic. Using the ionic dynamic doping
model (IDD) for the recovering current at zero bias (ion diffusion), the ionic mobility
is estimated to be ~10°® cm? V! s7!. Our findings suggest that ionic currents are
negligible in comparison to the electronic currents, however influencing them via

changes in the charge density profile.

140


mailto:almora@uji.es
mailto:garciag@uji.es

Publication 3 Chapter 6

The outstanding and versatile optoelectronic properties of halide perovskite thin
films, most typically based on methylammonium lead triiodide, have allowed their
utilization in many applications such as solar cells, light-emitting diodes,
photodetectors, and lasers.' In the case of halide perovskite single crystals (SC), the
promising sensitivity and favorable characteristics (high absorption coefficient, long
carrier diffusion length, and long carrier lifetime) have motivated arduous research in
the field of high-energy radiation detectors.>® Particularly, the use of
methylammonium lead tribromide (MAPbBTr3) SCs for radiation detectors has recently
shown significant progress®® due to their easy solution-based fabrication methods and
the resulting high crystalline quality and material stability.®! Nevertheless,
unravelling the working mechanisms of halide perovskite-based devices remains
challenging due to their mixed ionic-electronic conductive nature, which usually
complicates the comprehension of certain response features.!?'® Moreover,
understanding ion-originated modulations of the electronic properties is essential to
further progress into the physics and operating modes of halide perovskite device.14¢

The ion migration in MAPbBr3 SCs has been investigated through different
methods (see Table S1 in the Supporting Information).1’2° Several hypotheses have
been suggested to distinguish ionic from electronic contributions to the measured
current density (J) flowing through perovskite-based samples.?®-?° Nevertheless, there
are no conclusive evidence nor consensus on the most appropriate model. The major
issues are the overlapping in time scales of both ionic and electronic phenomena,
giving rise to the so-called hysteresis of halide perovskites,®® and the materials
reactivity causing performance degradation. Both phenomena hinder the interpretation
of many experiments due to signal instability, lack of reproducibility and strong
dependency on several parameters, such as the applied voltage (V), polarization
history, temperature (T)?" and moisture. Accordingly, for any study on the electrical
response of mixed ionic-electronic halide perovskite it is essential to (i) identify a state
(or regime) where one of the two contributions can be negligible, (ii) validate
reproducibility and (iii) check whether material or interface degradation may affect the
conclusions.

In order to explore purely electronic currents, one can either analyze a signal so fast

that the ions cannot follow or so slow that a steady-state is attained and the ionic
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displacement currents no longer contribute to the total direct-current-mode (DC) flux
of charge carriers. High-frequency perturbation studies are an example of fast signal
where the mobile ions are kept “frozen” in homogeneous quasi-equilibrium state. As
such these studies are useful for evaluating the electronic phenomena without ionic
contributions to the current or the charge density profile. However, they do not
correspond to a realistic situation for device operation. In practical applications, the
total DC currents are affected by the coupled contributions of electrons and ions to the
charge density profile, hence defining the magnitude and time evolution of the total
current.

In this work, an experiment is presented that consists in registering the long-time
current transient response to different biases for a set of MAPbBrz SC samples,
symmetrically contacted with chromium electrodes. The measured current exhibits
exponential rise until saturation at the steady-state. On the other hand, relaxation under
zero bias for enough time allows reaching equilibrium, which ensures negligible
electrostatic potential energy before subsequent biasing. Thereby, a specific biasing
protocol is followed that guarantees sufficient stability and permits high
reproducibility. lon migration is proved by either electrical field drift (current transient
experiments) or ion diffusion (zero-bias impedance spectroscopy). As expected,
dissimilar times scales are encountered for ion movement because of a change in
transporting driving force. Experiments are analyzed either by means of the ionic
dynamic doping model (IDD)*" 2! or the model of ballistic-like voltage-dependent
mobility (BVM)? regime of space-charge-limited currents (SCLC) accounting for the
separate regimes of ion diffusion and ion drift, respectively. Our findings suggest an
ionic-electronic coupling in which purely electronic currents are measured that follow
the slow kinetics of mobile ion redistribution. lonic mobility values in the order of y

~10° cm? Vs result in a consistent way through our analysis.

Experimental methods. Single-crystals of MAPbBrs were prepared following the
inverse temperature crystallization (ITC) growth method.*® The precursors MABr and
PbBr2 were dissolved in N,N-dimethylformamide (DMF) with an equimolar ratio. The
precursor solution containing a seed crystal was placed in an oil bath which

temperature was programmatically raised from room temperature to 85°C. Finally, the
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obtained high quality MAPDbBTr3 single crystals were polished and then contacted with
chromium electrodes. It has been selected because it spontaneously oxidizes during
sample preparation giving rise to a thin layer of Cr.0s,?° preserving the contact from
rapid chemical degradation. The thicknesses L of the samples ranged from 0.96 to 2.20
mm. The evaporated electrodes had an active area A of ~20 mm?,

The single crystals were characterized by optical transmission spectroscopy (Fig
S1) and X-ray powder diffraction (Fig S2). The transmission spectrum was recorded
on a Perkins-Elmer Lambda 900 spectrometer, using an unpolarized beam. Polished
samples were mounted in front of an aperture with a diameter of 2 mm. The optical
band gap, extracted from Tauc plot, shows value of 2.21 eV. Structural
characterizations were made using a D8 Endeavor diffractometer equipped with a
Johanssonn monochromator. Single—crystal was grinded into powder and measured in
Bragg-Brentano 6-26 geometry. The diffractogram reveals the standard cubic space
group Pm3m of MAPDBT; crystals with lattice dimension a=5.928 A, and without any
trace of secondary phase.

Chronoamperometry experiments were carried out with a Source Measure Unit
Keithley Model 2612B and impedance spectroscopy (IS) measurements were
conducted with a PGSTAT302N potentiostat from Metrohm AUTOLAB. Current
measurements were carried out under several long-time direct-current mode (DC) bias
conditions in the ranges of £ 200 to 0 V. The samples were kept in the dark at 300 K

with N2 circulation for preventing humidity- and oxygen-induced degradations.

Measurement of current transients. The J-V characteristics of MAPbBrs SC
samples are shown in Figure S3 in the supporting information (SI). One can infer from
the linearity of the J-V response an ohmic behavior in the selected voltage range,
without significant evidence of hysteretic current contribution. In fact, at the used scan
rate of 90 mV/s, the electronic current is instantly observed due to a much faster speed
of electrons/holes compared with that of ions.3° However, it is not evident that the J—
V responses have necessarily reached the steady-state regime, which might require
much longer polarization times.

Figure la displays the current response of a MAPbBr; SC sample upon the
application (solid dots) and removal (open dots) of step voltages (10, 20, 50, 80, 100
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and 200 V). In this biasing protocol, after each 9600 s-interval of positive bias, the
crystal relaxes at 0 V for 3000 s. At this zero-bias, a small current undershoot appears
of the order of nA cm™2 with the opposite sign and long decay time (See Figure S4).
As expected, that negative current seems to exclusively obey the ion dynamics.*

In the zero bias, recovering experiment, the IS spectra were measured as a function
of time t after a DC polarization of 10 V and fitted to the equivalent circuit of Figure
S5. The high frequency resistance (R) values were normalized and shown to follow a
trend R « t2 (see Figure S6), in agreement with the IDD model (see section S2 and
Discussion section).t” 2!

It is of major importance to study the drift current upon biasing. In Figure 1a, the
electronic current density (Je) exponentially rises and finally saturates approaching
steady-state values Joat long times (10-1000 s). We interpret the current level as being
originated by electronic (electrons and holes) carrier. However, such long response
times suggest us that the kinetics of current saturation is governed by the slow
movement of ionic species, then entailing a coupling between electronic drift and ionic
transport. The Jo-V shown in Figure 1b for four samples of different thicknesses along
with a J-V curve (Figure S3) for comparison. From the allometric fitting, a Jo o< V" law
is extracted with the power n = 0.96 + 0.07, which is more likely due to the occurrence
of an ohmic conduction regime for the electronic carriers. It is also worth noting that
fast J-V curves exhibit lower current values than those extracted from the steady-state
regime.

As shown in Figure 1c, the measurement procedure from 10 V to 200 V-bias was
repeated three consecutive times. Note that the steady-state current slightly increases
between cycles while keeping the biasing protocol. Replicas of this experiment with

other samples of similar thickness are shown in Figure S7 in SI.
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Figure 1. Long-time current evolution upon a biasing protocol for a ~2 mm-thick MAPbBr; SC
sample. a) Full biasing routine of one cycle: after each bias, the device is kept under short-circuit (0 V
bias) conditions to observe the relaxation current (Figure S4, Sl). (b) Variation of the saturation current
of four SC of different thicknesses are shown with the corresponding linear fit (solid lines), one of the
J-V curves registered at high scan rates and the ionic drift currents J; immediately obtained after bias
removal (Figure S3, Sl). (c) Biasing responses of three consecutive cycles. Replicas of this experiment
with other samples are shown in Figure S7.
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To quantify the ionic kinetics and estimate ionic transport parameters under
different biases, we explored the shape and magnitude of the current transients. Figure
2a shows the current response (dots) with the corresponding exponential fittings (lines)
for the first cycle (see fitting results for the other two cycles in Figure S8). The
exponential rise can be explicitly expressed as Je(t) = Jo (1-exp[-#/z]) where 7 signals
the time constant of the ion migration process. Since 7 only accounts for 63% of the
variation, we rather use the total characteristic time t; = 4z which corresponds to 98%
of the transition to the steady-state. Then, by plotting the resulting time constants as a
function of the applied bias at the power of -3/2, a clear t; o V3?2 relationship is
identified in Figure 2b. Importantly, also illustrated in Figure 2b, this behavior is even
observed after 3 consecutive cycles of measurement, indicating a significant

reproducibility.
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Figure 2. Parameterization of the long-time current transient response to different voltage steps
during the first cycle of measurement of a ~2 mm-thick MAPbBr; SC sample: (a) experimental current
transient (dots) and exponential fittings (lines), and (b) corresponding characteristic ionic relaxation
time constants as a function of the applied voltage.

Analysis of ionic transit time. The long-time current transient experiments result in
two main trends: Jo &< V", with n~1 and t: &< V¥, The ohmic behavior of the saturated
current as a function of voltage indicates that, once the steady-state is attained, there
is no significant influence of the actual charge density profile on the electronic
currents. Importantly, that ohmic regime is obeyed irrespective of the sample thickness

(Figure 1b). Hence, Jo variation on biasing cycle (Figure 1c) is either caused by (i) an
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interface phenomenon which merely modified the contact resistance and/or (ii) a bulk
issue directly associated with the homogeneous change of defect density.

lonic mobility can be directly evaluated by analyzing the resistance response under
the diffusion-controlled relaxation at V = 0 V. By using the IDD model (see Section
S2),1" 2! the evolution of R with time from the IS characterization results in a ionic
diffusion coefficient as Di = (3.1 + 0.4) x 108 cm?s™!, which corresponds to ion
mobilities of about i = (1.20 + 0.15) x 10 cm? V1 st by using the Einstein’s relation
(equation S8). Moreover, the crystal electronic conductivity can be inferred from the
linear relationship R o L/A (see Figure S9), and results in o, = (20 + 5) x108 Q!
cm™?, also in agreement with previous reports.?! Besides, high electronic mobility (u,)
has been measured using laser time-of-flight techniques in our samples being p, = 17
cm?V1s? (see Figure S10) with a similar procedure as the one previously reported.*®
Note therefore the huge difference in mobility between ionic species and electronic
carriers. In fact, it makes sense to estimate the order of magnitude of the ionic drift
currents from the maximum diffusion currents in each short-circuit period of the
experiments (from Figure S4). The comparison is made in Figure 1b, which indicates
that J is greater than Ji by more than two orders of magnitude. This would entail that
ionic currents, although present, should be negligible as part of the total current
measured during the relaxation towards the steady-state (i.e. Ji << J), which have to be
considered as being mainly dominated by electronic carriers (J = Je). The difference
in current level should also apply for the respective conductivity.'®* However, the
measured time constants within the range of 10-1000 s (Figure 2b) readily suggest that
the transition towards the steady-state carries the information of the ionic kinetics.

The behavior of the ionic-related relaxation times t; < \V-*2 resembles that of the iof
in the classic Child-Langmuir law33? for the ballistic SCLC (see section S3), which
suggests the occurrence of ionic currents with a Ji oc V¥2 trend. The ballistic SCLC
tackles the space charge modification when the electrostatic energy is totally converted
into kinetic energy upon application of an external electric field. Consequently, the
drift velocity relates with the electrostatic potential as va ocp? producing characteristic
behaviors in the current (J ocV¥/2), the potential versus position (¢ ocx*3) and the time
of flight (zwr o V-¥2). This deviates from the ohmic behavior where vq o g, hence J «

V, g ocx and zior ¢V, giving rise to the simpler form zor = L%/ V. The ballistic regime,
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on the other hand, only applies to vacuum,3-32 low temperature,® or short enough
distance®* and time scale conditions.®>*® For more typical perovskite samples at room
temperature, the ballistic-like voltage-dependent mobility (BVM)? assumes instead vq
oc (de/dx)Y2, which results in J oc V32, g ocx®3 and ziof oc V-2, Considering the BVM
formalism, the slow kinetics from our experiments would imply an ionic time-of-flight
tiori o V-2 due to a maximum ionic drift velocity va,; oc VY2 allowing us to describe
consistently the observed ionic time-of-flight values as?®
4
Trof = %V*/Z 1)

where L is the distance between electrodes; €,, the vacuum permittivity; €,., the
dielectric constant; V,, the onset potential for the BVM- regime; Q, the charge and N
is an effective homogeneous density of charge carriers (mostly mobile ions in this
case). The zwri values calculated from Equation (1) are shown in Figure 3 for a
MAPbDBTr3 single crystal in conditions similar to those of the experiment. It can be seen
that mobile ions with xi ~10° cm?V-1s? (from the IDD model) reproduce zwori ~ 10% s
(from the experiment) with reasonably low values of charge concentration N ~ 10!
cm for a single crystal sample. Here we have assumed unity for the charge Q as it
corresponds to fast, bromide-related mobile ionic species. It is also noticeable that the
electronic density calculated from the conductivity o, = 20 x10® Q' cm ™ results in
values as low as n = 7 x10%° cm™3, comparable with the ionic concentration estimated
from Figure 3, i.e. n = N, consistent with the IDD model outlined in Sec. S2. However,
it should be noted that only ionic species acting as electronic dopants contribute to the
increment in electronic conductivity, in such a way that N might just constitute a part
of the total mobile ions. Contrastingly, electronic charge carriers with u, = 17 cm? V-
151 would require unrealistically large doping density n >10® cm=for a single crystal
to relax in the order of ks. The different ways in which the drift velocity of electrons
and ions relate to the voltage can explain the electronic currents following an ionic
relaxation.

The electronic Jo values show nearly ohmic character, which may indicate that the
electronic drift velocity is linear with the field. Then, one can take vge o< V with a
Kinetic in the range of xs, and a final bulk distribution of the electrostatic potential that

is linear (p o x). The behavior of vqe is evidenced through electronic time-of-flight
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techniques in Figure S10 and a possible description of the potential is schemed in the
energy diagram of Figure S11. The ionic induced band bending of the bulky perovskite

as ¢ oc x>

could favor the charge collection during the relaxation period. At steady
state, a seemly ohmic behavior occurs in the bulk and a larger current is reported
possibly due to the IDD effect where the bias induced accumulation of ions towards

the interfaces eases the transport.
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Figure 3: Time of flight (right-hand color bar) as a function of mobility and effective
charge carrier density for the BVM regime of SCLC as in Equation (1) at V=100 V as
for a MAPDBTr; single crystal with L =2 mm, €,=76,2* V, = 10 V. Note that the charge

carrier density axis may refer to either ionic or electronic charge carriers in each case.

Our findings indicate that a coupling between ionic and electronic currents exists in
such a way that the slower species (ions) condition the value of the measured current,
which is actually determined by the faster carriers (electrons/holes). Consequently,
ionic movement establishes the kinetics of the electronic response. Whatever the

interplay mechanism is behind the current transients, it is clear from Figure la that
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homogeneous distribution of ions at zero bias hinders the charge extraction at short
times, while the applied bias favors the current flowing at longer times. The latter
effect can be possibly due to (i) an increment of the effective doping in the bulk
perovskite via field ionization, (ii) a local increment of effective doping caused by ion
redistribution (dynamic doping), (iii) a reduction of contact barriers towards the
electrodes via electrode polarization, or (iv) a combination of these effects. Elucidation
of the effective mechanism occurring in perovskite-based devices needs an exhaustive
analysis of different structures (electrodes, active material, buffer layers...) aimed at

creating a coherent picture.

In summary, symmetrically contacted millimeters-thick MAPbBr; samples were
studied using a measurement protocol focused on the long-time response towards
steady-state current in cycles of biasing routines. This protocol has proven to be robust
and reliable by delivering reproducible responses, regardless of possible ionic-related
hysteresis and instability issues. Current transient upon bias application exhibits
exponential increment. The behavior of the steady-state electronic drift currents
suggests a seemly ohmic conductivity for electronic charge carriers. However, the
most-likely ionic-related relaxation times follow a t; o V-¥2 trend up to the order of
hours, which can be modeled with the formalism of the BVM regime of SCLC.
Furthermore, we also studied the diffusion relaxation via IS measurements which
allowed us estimating the ionic mobility by using the IDD model. By combining the
BVM and the IDD models, it is suggested that the ionic currents are negligible in
comparison to the total currents in our samples, for the measured bias and time ranges.
The mobile ions, however, influence significantly the long-time electronic transport

process via the modification of the charge density profile.

Data available on request from the authors.

Supporting Information.
Sample preparation and structural, optical and electrical data is available. lonic
dynamic model and ballistic-like voltage-dependent mobility model outlined.
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Table S1 | Report on parameterization of ion migration in Hybrid Perovskite
Materials (~300 K)

Parameters
i ili 2y lgl
Methods Architecture/thickness Contagt§/Compos i !on mObl 1ty _(c_m S,Z )_1 Ref
ition D;: diffusion coeficient (cm™ s
)
ToF spectroscopy and
. Cr/ MAPDbBrs/Cr N7 1
Mpnte C_arlo SCs_2 mm-thick AU/ MAPbBr/AU w;=10
simulation
. . w;=9.1x107 2
PL quenching method film_350 nm Au/MAPDI/Au
q g - : D;=510 6 x 10
Nuclear magnetic
resonance (NMR) PCs_1 mm-thick GIr/MAPDbI5/Gr D; =2x10° 8
spectroscopy
Step-dwell-step-probe
. ITO/PTAA/FAPI/ _ 7 4
(SDSP) phgtocurrent film_400 nm CB0/BCPIAg w=3x10
transient.
Photothermal induced
resonance (PTIR) film_300 nm AU/MAPDI3/Au w;=1.5x 107 5
microscopy
. D;=3x 108
Chronoamperometry PCs_1mm-thick Pt/MAPDI/Cr : o 6
measurements - u;=10
PCs_0.6 mm-thick GI/MAPbI,/Gr D;=24x108 7
TiO2/MAPDBIr3/
Impedance SCs_1um-thick ® D;=1.8 X 108 8
L
spectroscopy (IS) Au
] D;=2.6 x108
SCs_1mm-thick Cr/ MAPDBr3/Cr t 6 9
- w;=1x10"
Chronoamperometry
= -8 i
measurements and SCs 1-2 mm Cr / MAPbBI/Cr D;=3.1x10 this
Impedance - w=1.2x10° work
spectrosocopy™

Column 2 lists the morphology of the perovkite devices being SCs: Single Crystals, PCs: Polycrystals
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S1. Further experiments
METHODS

I.  MAPDBr; SCs growth & device fabrication

MAPDBr3; SCs were grown via Modified Inverse Temperature Crystallization (MITC)
method. The growth process was similar to the one described in a previous work ° using
linear 5°C/h temperature ramp. A seed was first obtained by spontaneous nucleation and
used subsequently for crystal growth. At the end of the growth process, SCs of 4 mm x 4
mm x 2 mm on average were obtained. They were mechanically polished to mirror grade
quality and Cr electrodes were thermally evaporated on opposite sides.

1.  XRD

A D8 Endeavor diffractometer equipped with a Johanssonn monochromator working
in Bragg-Brentano 0-20 geometry was used (Cu Ky A = 1.5406 A). An acquisition time
of 2.5 s was set using 0.01° step, 26 values ranging from 5° to 90°.

I11.  UV-Visible spectroscopy & Tauc plot

For transmittance data, a Perkin EImer Lambda 900 UV-Vis-NIR spectrometer was
used with a wavelength range of 400-600 nm, a 0.1 nm step and equipped with a Tungsten
lamp. Tauc plot were charted using equation 1, 2, 3 and 4, where a is the absorption
coefficient, h is the Planck constant, v is the photon frequency, E; is the band gap energy,
B is a constant, y is a factor depending on the nature of the electron transition and equal
to 1/2 or 2 for the direct and indirect transition band gaps (here y =1/2),!! ¢ is the speed
of light, A is the absorbance, T is the transmittance, d is the sample thickness and e is
the elementary charge. In the Tauc plot, E, was extracted at the intersection between the
x axis and the linear fitting of the linear part in the onset region.

(ahv)% = B(hv — Ej) (S1)

hy = hc
V= 10% (52)
‘e @ (S3)
A= —logT (S4)
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Figure S1. Transmittance spectre of MAPbBrs SC via UV-visible spectroscopy

(SC thickness = 0.97 mm) In the inset : Tauc plot of MAPbBrs SC for band gap
determination (E; = 2.21 eV)
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Figure S2. PXRD diffractogram in log scale of crushed MAPbBrz SC showing
cubic crystal lattice (lattice parameter = 5.928 + 0.003 A) and no other parasitic phases.
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Figure S3. Comparation between the current—voltage characteristics (j-V) with scan
rate of 90 mV/s and step: 1 V and the ionic drift currents J; immediately obtained after
bias removal of 2 mm-thick MAPbBr3 SC symmetrically contacted with Cr electrodes It
is remarkable the ohmic character of the characteristics j-V curve, in agreement with
previous analysis on Cr-contacted perovskite device.® 1213
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Figure S4. a) Current transient response to short-circuit condition (0 V-bias voltage)
of a MAPDbBrs; SC symmetrically contacted with evaporated Cr electrodes.
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Figure S5. Equivalent circuit used to fits the impedance spectra: with series
resistance R, C, geometric capacitance and Ry, and R, the high-, and low-frequency

resistances, respectively. The low-frequency capacitance usually labelled as surface
capacitance Cy .
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Figure S6. Variation of the impedance after removing 10 V bias and evolution with
time b)Variation of the resistance extracted from fitting impedance spectra after bias
removal at t = 0. Note the log scale in the vertical axis that informs on the complex
function (non-exponential) of the resistance variation ¢) Variation of resistance ratio as a
function of time following the relationship in equation (5) Solid line represents a linear
fitting.
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Figure S7. a) Long-time current transient’s response to voltage steps of a 2.2 mm thick
MAPDBrs SC- symmetrically contacted with evaporated Cr eelctrodes and b)
corresponding characteristic ionic relaxation time constants as a function of the applied
voltage.
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Figure S9. Scaling of the high-frequency resistance for four samples of different
thicknesses and electrode area ratio, exhibiting linear relationship with geometrical
parameter
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Figure S10. Hole time-of-flight (ToF) for a MAPDbBTr3 single crystal (thickness 1.33
mm)
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S2. lonic Dynamic Doping (IDD) model

The IDD model,® ° relies on the way the redistribution of ionic species along the
layer bulk modulate the electronic carrier density. Mobile ions acts as dopants and locally
alter the doping density by a dynamic doping process. Therefore, the resistance variation
can be explained in terms of the increase in electronic carrier density. A detailed view of
the high-frequency resistance decrese under 0-V bias can be observed in Figure S6a. By
extracting the fitting parameters in Figure S6b the resistance shows a large initial value
R; at shorter relaxing times and a steady-state value R, (background state) after a long
equilibration time. A simple expression based in the IDD model® is thereby derived
where R, and R, are the limiting resistances which can be normalized by the resistance
step (Ry — Ro)

R — R, s

where L and s stands for the sample thickness and the width of the high doping region
respectively. The normalized resistance is formulated as a linear function of s giving
rise to the expression (S5), that again predicts a linear dependence of the sample resistance
with the width of the high doping zone s.

Let us also assume that ions initially accumulate following a narrow distribution
near the contact with w standing for the distribution width. The accumulation occurs by
effect of the applied electrical field. This ionic accumulation is expected by formation of
a diffusion ion layer in the vicinity of the contacts and by very limited interfacial chemical
interaction within the experimental time framework. Mobile ions depleted from the layer
bulk induce a sort of electronic de-doping, reducing as a consequence the doping level
and producing higher resistance. When bias is removed, ions are released and tend to
diffuse back to their equilibrium position in such a way that the mean square displacement
of the ion distribution enlarges with time. The simple outlined model would entail
diffusion takes place in 1D (6 = 1), but the real situation might be more complex with
diffusion dimensionality approaching larger values because of the polycrystalline
structure. For the sake of simplicity, let’s assume that the distribution width spreads by
diffusion as

w = V26Dt (S6)

with D accounts for the ion diffusion coefficient, § = 1 for 1D diffusion, and t is the
time. Equation S6 informs on how the high doping region width s extends within the
perovskite layer bulk as the ion distribution spreads to attain initial homogeneity.

An additional component of the model concerns the relation between the width of
the high doping zone s and the spead of the ion distribution w. For a Gaussian distribution,
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one can observe that nearly 99% of the ions concentrates within 3w as to assume that s =
3w. We recognize that this is in fact an oversimplification of a complex problem that
should include concrete ion distributions and how they influence the local doping density.

In any case, one can derive a simple linear expresion for the variation of the resistance
that suffices for our purposes.

By combining Equation (S5) and (S6), and § = 1 an expression

for the time dependence of the normalized resistance step results as

S7
R-Ro _, 32Dt S

R, — R, L

which predicts a linear dependence as o /t with slope determined by the diffusion
coefficient. One can also obtain a value for the ion diffusion coefficient by assuming the
Einstein’s relation, equation

q D;
Hion = ?170111 (S8)

where q is the elementary charge, kg stands for the Boltzmann constant, and T is
the absolute temperature. It’s important to mentioned that due to the simplicity related to
the model, a deviation occurs at shorter times, presumably unable to capture second order
depolarization effects for greater moving ion concentrations.
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S3. Ballistic-like voltage-dependent mobility (BVM) model of space-charge-
limited current (SCLC)

In the classic mobility regime of SCLC, the drift velocity is a function of the
electric field & and the bias- and space-independent constant mobility u as

Vg = Uo§ (S9)
Equation (S9) results in the Mott-Gurney law!* where the current density is
quadratic with the external applied voltage (J « V?), the electrostatic potential behaves

with the position as ¢ o< x3/% and the time of flight can be approximated to 7., o< V=2,

In the BVM model,*® the mobility is taken as function of the field, and thus the bias,
as

Vo
E.
where L is the distance between electrodes, Vj, is the onset voltage for the BVM regime,
u is the threshold mobility for the transition between ohmic and SCLC regime and the
absolute field value is considered as || = |d@/dx| at each position x in between the
elecctrodes and |€| = V/L at the active electrode. A deduction with an expression for V;
is presented in the original publication®® under two main assumptions: (i) the larger L; the
larger u, where L; is Frenkel’s equation®® for the distance between the ions and their local
potential maxima upon application of an external field; and (ii) the smaller L, the larger
u, where L, is a Debye length for the accumulation of mobile ions towards the electrodes.

fo =M (S10)

By subsituting Equation (S10) in (S9), the BVM drift velocity results as

V
Vg=U Iof (Sll)

Equation (S10) can also be approximated as a particular case of Poole-Frenkel!®-8
ionized-trap-mediated transport when field dependent charge carrier density n o« & and
for narrow ranges of &.2° Furthermore, Equation (S10) can be substituted in the expression
for the associated total current density

J=Qnuvy (S12)
where Q charge. Taking N from equations (S12) and (S10), the Poisson equation can be
solved for v, « (de/dx)'/? trend such as that of Equation (S10), which results in a
potential

3/3 : L %
5
0= _<_)3 /L) (S13)
5 2 €Eo€ErU VO
The possible effect of a potential as Equation (S13) is presented in Figure S11. Moreover,

after evaluating Equation (S13) at x = L where ¢ = V, and since ,/500/243 =~ /2, the
current density results
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€o€rU
] = L; 2V, v3/2 (S14)

where €, is the vacuum permittivity and e, the dielectric constant. Subsequently, from
the definition of time of flight

L
Teof = - (S15)

one can substitute (S14) and (S12) in (S15) to obtain the BVM approximation of the time
of flight as
9L*QN

Toof = ———————
= teveriVy

where N is now an effective homogeneous charge carrier density. Typical 7., values of
the BVM model are presented in Figure 3a of the main manuscript.

y-3/2 (S16)
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Figure S11. Proposed energy diagram of the evolution of transport for electron
(top) and hole (bottom) charge carriers. From an initially ohmic behaviour, the mobile
ions modify the space charge to create BVM SCLC within characteristic times ~ks and

subsequently pile up towards the electrodes resulting in a bulkily ohmic transport eased
by interface ionic dynamic doping.
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7.1 Candidate’s contribution

Nature of Contribution Extent of Contribution
e Growth of the single crystal’s samples
e Contributed to UV-absorbance, XRD
PL, and SEM analysis.
e Carried out all the charging transients’
measurements 60 %
e Contributed to interpretation of the
results
o  Wrote first draft of the manuscript
e Contributed to the reply to the referees

7.2 Brief summary

A fundamental difference is reported here when flowing currents are registered
either directly or indirectly using an induced potential across a SCs sample of
MAPbBr3 perovskite. Displacement currents are monitoring by the use of different
reference capacitors C,. A better understanding of the charging mechanisms at the

contacts and the surface carrier kinetics is provided. We highlight the need of a

robust and reliable electrical
setup establishing the steady-
state current across the device

to further progress into the

halide  perovskite  device

physics and operating modes.
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Abstract

Long-life of perovskite devices in working conditions remains as the bottle-neck
for technology application. Stable charge carriers’ transport together with non-reactive
contact materials contribute to the increase of the device operation time. Still an
appropriate model for transport carrier mechanisms is needed because of the complex
ionic-electronic interplay. In this work, methylammonium lead bromide perovskite
single crystals are used to analyze the current flowing across the perovskite sample
after biasing. Two methods are performed: (i) direct measurement using an
amperemeter and (ii) indirect method by means of an induced potential in a reference
capacitor. Because of the continuity of the current, the latest method measures direct
current through the sample by monitoring displacements currents. Intriguing features
are observed: the displacement currents result in stable and highly reproducible
responses for long-time biasing (~2000 s), while the direct measurements produce

larger and exponentially-raising current dependence on time. These findings highlight
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the nontrivial effect of contacting and measuring procedures in exploring thick
perovskite electrical response.

Introduction: Perovskite materials have exceptional properties such as high carrier
mobility,! long diffusion lengths, strong solar absorption, low non-radiative carrier
recombination rate as well as facile fabrication.? They have been successfully used in
many optoelectronic applications, such as solar cells, lasers, LEDs or sensors.’
Recently, metal halide perovskite single crystals (SCs) have attracted great attention
as high efficiency photodetectors.*” Their unique combination of semiconducting
properties and the large cross section for energetic photon as well as specific
detectivity® make them highly attractive candidates for X- and y- rays detection.

However, long-time operation requires stable charge carrier transport properties to
optimize charge collection and increase spatial resolution.® Previous studies with
perovskite SCs have reported that ions migrate under an external electric field causing
the accumulation of mobile ionic species at the interfaces. This modulates the net built-
in electric field, changing the injection barriers for electronic carriers.!®' The
presence of moving ions modifies the current-voltage curves in perovskite solar cells,
in addition to electronic mechanisms.>* In particular, slow redistribution of ions are
responsible for the hysteretic behavior.1>1°

Because of the recognized influence of ion migration, several hypotheses have been
suggested to distinguish ionic from electronic contributions to the measured current
density flowing across the samples.!t 121 Moreover, ionic transport has been
investigated by different methods.® ¥ 222 Nevertheless, there are no conclusive
evidence nor consensus on the most appropriate model when the analysis of direct
current is addressed.?*?% Very recently, the use of a guard ring electrode
configuration,?” which avoids recollection of crystal surface currents, has allowed to
identify bulk transport up to ten times lower than surface contributions.?® Those last
findings may indicate a dependence of measured current on the contact configuration
and registering method.

Here, we select perovskite SCs of methylammonium lead bromide (MAPbBr3),
which exhibit environmental stability,?*° symmetrically contacted with Pt electrodes.

By using this configuration, the effects of grain boundaries and internal interfaces can
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be discarded and, more importantly, the less reactive Pt metal is used,®=? compared
to Au, Ag or even Cr, that react with the perovskite layer, reducing irreversible
degradation.®® Pt contacts have been already employed for highly-sensitive, long-term
stable X-ray imaging systems.3* Due to the contacting symmetrical configuration, the
perovskite layer is not subject to any internal built-in potential that would otherwise
afflict contact metals with different work functions.®

The experimental procedure to study current mechanisms is based on transient
charging signals. Our measurements record displacement currents i ; in a reference
capacitor C,, as sketched in Fig. 1a, induced by the direct current i ;- flowing through
the sample. This method monitors the voltage V,, across C, such that the charge at the
reference capacitor results as Q = C,V,, . Because the current continuity, iz, = ig
at any time. This method is in contrast to the measurement of direct currents as
depicted in Fig. 1b using an amperemeter. Although it would be expected that both
techniques monitor similar transport properties (electrical current through thick
MAPbDBr3 SCs), it is observed here significant differences between the time evolution
and level of the current depending on the measuring method. While the use of the
reference capacitor set-up results in highly stable responses for long-time biasing
(~2000 s), the direct measurements produce larger and more-featured current
dependence on time. Our findings shed new light on the otherwise elusive analysis of
electrical properties of perovskite materials, highlighting the nontrivial effect of

contacting and measuring procedures.
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Figure 1. a) Experimental setup used to record charge transient measurements (left) and direct

electronic currents (right) of a 2 mm-thick MAPDbBr; SCs. b) Charge transient response of a ~ 2 mm
thick MAPbBr3; SCs in the dark conditions. Note that the applied rectangular pulse (V;,,) of 1 V-height

is compared with the induced voltage V, (note the scale differences) c¢) Impedance response and d)
capacitance spectrum of a 2 mm-thick MAPbBr; SCs, measured at 0 V-bias in dark. Fig S10 in the
Supporting Information shows the equivalent circuit used to fits the impedance spectra

Results and discussion: In Fig. S1 we show the general electrical behavior of a
single-crystal perovskite sample of MAPbBrz. The ohmic character (slope ~ 1)
observed in the i-V curve is remarkable and agrees with some previous studies of
symmetrical SCs perovskite-based devices,® 1% %6-3 put not necessarily true for longer
times.'® Note that the typical measuring time of the i-V curve characteristics situates
at ~100 s. Fig 1(a) shows the configuration of the set-up circuit for the measurement
of charge at the reference capacitor. Here a step voltage pulse (V,,,) is applied to the
sample Z, (which is modelled by a parallel combination of C, and R,) across a linear
reference capacitor C,, with both elements in series connection. Here C, and R,
account for the low-frequency capacitance and shunt resistance of the sample,
respectively. The analysis is meaningful if applied voltage principally drops within the
perovskite sample, i.e. Vo K V,,,. This is accomplished when C, > C, and the
measuring time is restricted to t < R, C, (see transfer function in Sec. 2 of the
Supporting Information). Thereupon, the charge storage in C, is Q = C,V,, being V,

the voltage at the reference capacitor (see Fig. 1b), which is recorded through an
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ultrahigh input resistance unity gain field-effect-transistor buffer with 10 TQ to avoid
loading effects from the recording instrument. As observed in Fig.1b, the voltage at C,
follows the bias perturbation steps by just a small amount. It is worth noting that
displacement current in the reference capacitor equals the current flowing in the
sample for t > R, .C,. Hence a simple calculation (see Sec. 2 in the SI) allows deriving
the induced charge Q in Cy as Q(t) = Vypp(1 — e~/FxCo) /R, that for shorter times
simply results in Q(t) = Vppt/R,. In other words, our procedure allows indirectly
measuring the current through the sample as i = V,,,,,/R, that is simply integrated in
Co-

An estimation of the elements R, and C, can be derived from the impedance and
capacitance spectra, registered at zero bias of MAPbBr3; SCs s shown in Fig. 1c, d. The
trends exhibited agree with prior measurements in SCs reported in previous works.**
11 From the impedance spectra [Fig1(c)], one can observe at high and intermediate
frequencies (f > 100 Hz) the sample shunt resistance R and the geometrical
capacitance C,; ~ 6.3 pF dominate the response, in the Nyquist plot this can be
identified as a semicircle through the parallel combination RC,. However, a low-
frequency feature is observed by analyzing the capacitance response, which is
commonly known as excess capacitance Cs. **3 This excess capacitance Cs > C,
accounts for the increase in charge density near the interfaces, and it exceeds by several
orders of magnitude that occurring in the bulk. In the dark, this low frequency
capacitance exhibits a thickness-independent trend and has been related to ionic
polarization/dynamics within the material.®%° Note, however, that the actual
R, and C, may slightly differ from the values C; = 100 nF and R = 250 MQ because
of the dissimilar explored time window. In any case, the time constant R,.C,, = 100 s,
much shorter than the measuring times used here.

Figure 2(a) shows the charge transients signals obtained in the dark using the setup
in Fig. 1(a) and reference capacitors within the range of C, =1 - 470 uF, which were
previously checked using impedance analysis (see Fig. S6). For the reference
capacitors spectra, one can observe a plateau at the frequencies (f <1 kHz) which is
the region of interest. By analyzing the voltage response in Fig. S5 upon application

of 1 V-bias step, it is inferred that V; inversely scales with the reference capacitor, as
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expected. The condition Vy <V,

Lpp 1S accomplished in this case when V), attains values

&1 V. By examining Fig. S7(a), the polarization charge Q = C,V, results
independent on the reference capacitor when C, < 10 puF. Lower capacitance values do
not assure that the applied voltage principally drops within the perovskite sample,
because the condition t < R,.C, is no longer accomplished. Therefore, using larger
values of C, all response curves collapse in most of the transient for the explored time
windows (up to 2000 s). From the estimations of the long-time accumulated charge
Q. in Fig S7(b), one can see that it attains values within the range of ~ 1100 nC (after
~ 2000 s). Note that lower charge values are encountered for smaller values of C, as
expected. It is then concluded here that the charge induced in the reference capacitor
stems from the perovskite shunt resistance upon long-time (~ 2000 s) biasing, as
demonstrated by the collapse of the transient charge signals as far as C, > 10 pF. High
reproducibility is also noticed despite long-time biasing periods. Recalling now the
impedance spectra in Fig. 1(d), a geometrical capacitance C; ~5 pF and a
bias V,,, =1V in dark condition implies a charge @, = C4V;,,, approximately equal
to 5 pC, which does not match those encountered from Fig. S7. Such a huge value
(Q ~1100 nC) cannot be linked then to the polarization of the perovskite bulk.

Now let us analyze the charge transient signal under an irradiance intensity of 100
mW cm2 (see Fig. S8). As inferred from our previous results in dark condition, the
use of a large enough reference capacitor ensures that the voltage mainly drops at the
perovskite SCs. Under illumination, only values of C, > 100 uF can be used to obtain
coherent transient measurements (collapse of the charge transient into a single
response) as observed in Fig. 2a. By comparing the charging transient response, both
in dark and light in Fig. 2a, one can infer a good linear relationship between Q and t
for the time window explored. By fitting, it is parameterized as Q(t) = it as previously
derived with slope 1. Therefore, a value for the constant charging current i results in
(0.51+0.06) nA in the dark and (4.87+£0.03) nA under continuous light irradiation. It is
inferred then that light enhances current through the perovskite sample by reducing the
shunt resistance (photoresistive effect) by approximately one order of magnitude.
More importantly, one can state that both dark and light currents exhibit an extremely
stable and reproducible response, in contrast to that obtained through direct current

analysis as next explained.
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Figure 2. a) Comparison between the charge transient response in the dark condition with the charge
transient response in light condition (100 mW cm) under 1 applied bias. The solid black line
corresponds to an allometric fit (slope 1). b) Electronic currents transient response in the dark and light
conditions upon two different biases for a ~2.5 mm thick MAPbBr; SCs sample. Noted that the
electronic current exponentially rises until steady-state values upon a biasing protocol (in the inset) at
long times.

To elucidate the origin of those currents measured by dielectric displacement at C,,
we explore electronic currents plotted in Fig. 2b, in which the long-time current
response upon the direct application of voltage steps to the sample in dark conditions
are shown. The general protocol of measurement in Fig. 2b is based on previous
reports,® once the crystals are polarized for 3 hours, are then left to relax at 0 V for 2
hours. As recently reported, direct currents originate from a drift of electronic species
kinetically controlled by migrating ions.'® However, a significant difference appears

in comparison to the charging method: currents are no longer constant but increase
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with time. For times of ~2000 s and 1 V-bias, electronic dark current achieves values
approximately equal to 10 nA, much greater than that registered through C,. If charge
transients are programmed for even longer time (see Fig. S9), the same linear
relationship is still observed. Under illumination, the differences are even larger: direct
measurement attains ~800 nA while the reference capacitor set-up yields only ~5 nA.
We note then that the measurement of induced potentials, which registers displacement
currents in Cy and, indirectly, constant current across shunt resistor. Our findings point
to the significant influence of the method employed for charge extraction at the
contacts that enlarge recombination currents. This is suggested by the drastic reduction
in measured current under illumination when the reference capacitor set-up is used in
comparison with the direct one. While long-range flowing current is reduced by a
factor of 20 with the capacitor set-up, under illumination that suppression attains even
larger values (igir/ iqis ~160). Those comparisons move us to conjecture about the
different charging nature of the contacts. In one case (direct current measurement),
low contact is directly grounded what assures sufficient and rapid removing of
interfacial charges by the measuring set-up. On the contrary, with the reference
capacitor method arriving charges should remain at the contacts (to maintain the
measured voltage) which promotes the occurrence of additional mechanism such as
enhancement of surface recombination currents. Although our findings are certainly
very preliminary and a more systematic analysis is needed, they seem to point out the
determining role of the charging at the contacts (interfacial carrier density) to establish
the steady-state current flow. We can even propose a change in the current-governing
process: capacitor set-up effectively registers minimum bulk conduction currents
resulting after large surface carrier recombination, while direct measurement does not
activate such as interfacial mechanisms and produces, as a consequence, larger
measured currents.

Summary: A fundamental difference is reported here when flowing currents are
registered either directly or indirectly using an induced potential. The use of the
reference capacitor set-up suppresses direct current by monitoring exclusively
displacements currents in C,. This is corroborated by the collapse of the charge
transients, in which the polarization voltages stem from current flowing through the

shunt resistance. Under illumination, excess electronic carriers are generated then
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enlarging currents by a photoresistive effect. Our findings alert us on the variability in
the measured electrical current across the sample depending on the experimental
method, which may be used to guide us in the pursuit of a robust electrical model that
accounts for contact mechanisms (at the end responsible of the measured electrical
characteristics in perovskite-based devices) in addition to bulk conduction. A better
understanding of the charging mechanisms at the contacts and how the surface carrier
Kinetics intervene in establishing the steady-state current allows us to progress into the

halide perovskite device physics and operating modes.

Experimental Section: Solution Growth: All materials used for the preparation of
the SCs were used as received: CH3sNH3Br (> 99 wt. %) and PbBr2 (99.999 wt. %) was
purchased from Dyesol and TCI America, respectively, dimethylformamide (DMF)
(anhydrous, 99.8 wt. %) were purchased from Sigma-Aldrich. Salts were stored in a
glovebox under N. atmosphere. Among the different methods for the growth of
MAPDbBrs SCs, the Inverse Temperature Crystallization (ITC) in DMF was used
through which the obtained SCs exhibit a cubic shape, see Fig S1 inset, that makes
them suited for the fabrication of devices. For the growth experiments, the perovskite
precursors, CHsNH3sBr, PbBr, were dissolved (1:1 mol. %) in DMF to obtain 1 M
solutions of MAPDBTr3. All the solutions were first maintained at room temperature
under stirring and then, filtered using PTFE filters with 0.2 xm pore size to remove
any insoluble particles. Two growth protocols were investigated labeled as
fast/unseeded and slow/seeded growth. The process was similar to the one described
in a previous work® using a linear temperature ramp. Seeds must be first obtained by
spontaneous nucleation and used subsequently for crystal growth, the quality of the
seed depends on the geometry of the vials and the temperature profile. For the
fast/unseeded protocol, derived from the ITC method, % 4 3 mL of perovskite
solutions are placed in 20 mL glass flask vial, using a silicon oil bath, the temperature
is abruptly brought from room to 80-85 °C leading to the spontaneous nucleation and
growth of crystals. In the slow/seeded procedure, the heating temperature profile is
crucial. With the same perovskite solution, the temperature is first increased at 50 °C,
and then is kept for 20 mins at this temperature to place the seeds inside the flasks to

avoid dissolving the seed. Finally, the solution is heated up, at a constant heating rate
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of 10 °C/h for 3 hours, until 80-85 °C. The crystals obtained are washed with warm
DMF, then, placed in the vial, and transferred to the dry box with a nitrogen
atmosphere. In the end, SCs were mechanically polished with three different sandpaper
[P1200 (15 pum), P2400 (10 pum) and P4000 (5 um)] and Pt electrodes were sputtered
at two opposite faces.

Device preparation and optical characterization: Interface-mediated mechanisms
are recognized to constitute issues of primary concern at the perovskite/metal electrode
interface.*? It has been reported that Platinum is a preferably significantly inert
material which does not react with the perovskite films.**#* Then, Pt was sputtered
(~30 nm) at opposites sides of the SCs and Au was thermally evaporated (100 nm) on
top of Pt, at 6x10° mbar, to protect the metallic contact. The SCs were characterized
by UV-vis absorption spectra in Cary 500 Scan VARIAN spectrophotometer (250-900
nm), obtaining the distinctive spectra with the corresponding absorption edge at for
MAPDBr; with a bandgap of 2.18 eV (see Tauc plot, inset Fig. S2). The
photoluminescence measurements were collected by a Fluorolog3-11 Horiba, using a
405 nm excitation source, the photoluminescence peak position (~ 570 nm) of
MAPbDBTr3 is observed in Fig S2 and match the values reported earlier for the same
single crystals.* 4 Also, Fig. S3 shows the XRD patterns of MAPbBr3; obtained with
a D8 Endeavor diffractometer equipped with a Johanssonn monochromator. The SCs
was grinded into powder and measured in Bragg-Brentano 6-26 geometry. The
diffractogram reveals the standard cubic space group Pm3m of MAPbBr3 crystals with
lattice dimension a=5.928 A, and without any trace of the secondary phase. Using an
X-ray diffractometer Agilent Super Nova Atlas Dual Source (Cu-Ka, wavelength
A=1.5406 A) an XRD-2D rotation spectrum along the o cell axis were measured. In
Fig S4 only dots appear, the absence of concentrically distributed circles is a clear sign
that the material is not polycrystalline.*® For the light condition measurements, a Si
photodiode was used to calibrate the system and transient curves were performed under
1 sun illumination (100 mW cm™2) using an OSL2-High-Intensity Fiber-Coupled
Illuminator (Thorlabs).

Electrical Measurements: All electrical experiments were performed at room
temperature in the air. Direct impedance measurements were carried out by using a

PGSTAT-30 Autolab potentiostat equipped with impedance module. Samples were

182



Publication 4 Chapter 7

measured inside a shielded cryostat Alpha dielectric E4991A Novocontrol acting as
Faraday cage, in dark conditions between 10 mHz and 1 MHz, with a perturbation
amplitude of 1 V. For the charging measurements using a reference capacitor, a source
measure unit Keithley Model 2612 was used as the voltage supply and the polarization
voltage signals, in Fig. S5, were recorded with a HP Digital Multimeter Model 34401A
(input impedance > 10 GQ) coupled through a FET input buffer model AD8244 (input
impedance 10 TQ). The thicknesses of the samples are around ~ 2.5 mm, and the
evaporated electrodes had an active area of ~13 mm?. A Broadband Halogen Fiber

Optic lamp (150 W High-Output) with an irradiance level of 100 mW c¢cm2 was used.

Supporting Information: see the supporting material for additional information on
sample preparation and set-up checking and transfer function calculation.

Data available upon request from the authors.
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Figure S1. Example of current-voltage response, exhibiting an approximate ohmic behavior
within the selected voltage range, of a MAPbBr3 single crystals of thickness ~ 2.5 mm. In the
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inset: Image of a MAPDBr3 single crystal symmetrically face-to-face contacted with Pt of
dimensions ~5 mm x 5 mm and 2.45 mm-thick
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Figure S2. Transmittance an PL spectra (Aexe= 405 nm) of MAPDbBr; SCs via UV-visible

spectroscopy (SCs thickness = 2.5 mm) In the inset: Tauc plot of MAPbBr; SC for band gap
determination (E, = 2.18 eV) This values is in good agreement with those found in the literature*
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Figure S3. Image of the PXRD diffractogram of MAPbBr; SC at 300 K showing cubic
crystal lattice (Pm3m space group) and no other parasitic phases. The diffractogram show the
(100), (110), and (200) (210) peaks at 15.0°, 21.21°, and 30.12 ° and 33.78 ° respectively. These
values are in good agreement with those found in the literature?. In the inset: Image of a MAPbBI;

single crystal
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Figure S4. Rotation XRD spectra along o cell axis of a crystal measured with Cu radiation. The

absence of concentric circles supports the monocrystalline nature of the crystal.
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Figure S5. Polarization voltage signals for a MAPbBr SCs with 1V applied bias in the dark
conditions. The reference capacitor ranges C, = 1 - 470 uF, as indicated.
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Figure S6. Capacitance spectra of the different reference capacitor used (C, = 1 — 470 pF)
and. Note the plateau at lower frequencies.
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Figure S7. Charge transient signals in dark conditions of a 2 mm-thick MAPbBr; SCs under 1 V-
bias using a wide-ranging of reference capacitors ( C, = 1 - 470 uF). b) Long-time accumulated charge
induced by long-time biasing as a function of the reference capacitor of a 2 mm-thick MAPbBr3 SCs in

dark conditions. Note the average value of Q;; in the shaded rectangle.

191



Chapter 7: Publication 4 Supporting Information

T : ‘
104 O 1pF & A7k i
1 0 22pF ]
] A 10 pF
1 v 22uF
14 E
(&)
2 o014 4
(@] ]
0.01 4
1 v
s ¥
I a gV ]
0.001 o Vap =1V
L T T R T T T T T T
1 10 100 1000

time (s)

Figure S8. Charge transients for a MAPbBr3 SCs with 1V applied bias in the light
conditions (100 mW cm) induced for long-time poling using different reference capacitors
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Figure S9. Charge transients for a MAPbBr SCs with 5 V applied bias in the dark conditions
induced for long-time poling using a larger reference capacitor.
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Fig S10: Equivalent circuit used to fit the impedance spectra in Fig 1: with R series
resistance , C 4 geometric capacitance and Ry, and Ry the high-, and low-frequency resistances,

respectively. The low-frequency capacitance usually labelled as surface capacitance C; .

S2 Transfer function

Calculation of the measuring transfer function: A practical model accounting for the
time response of the measuring setup is drawn in the following equivalent circuit. As
observed this equivalent circuit contains, in addition to the sample low-frequency
elements, external elements as the reference capacitor and the voltage source. This circuit
explores the low-frequency behavior of the more general equivalent circuit of

7, Cy
Zy Ao ] " |
V; Vo—, R,

R, »

ih
]

Here, Z, = R,||C, being R, and C, the perovskite shunt resistance and low-

frequency capacitor, respectively (Z, = Hj:ﬁ), C, correspond to the reference

capacitor connected in series and R, the extremely high input impedance (10 TQ) of the
FET buffer. The ratio between the measured voltage V,, and the applied bias V; can be
explicit as a transfer function that corresponds to an alternating perturbation of frequency
w:
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Vo 1 1
V. Ry I jwC,
1+jwRyxCy  jwCy

then
Vo 1+ jwR,C,

V, 1+ jwR,(C, + Co)

that in the case of C, > C,, can be approximated to

Vo 1+ jwR.Cy

Vi 14 jwR,C,

and can be plotted as shown in Fig S11

Figure S11. Change of the voltage ratio as a function of the frequency w, showing the characteristic
frequencies of the measuring transfer function.

Therefore, the high-frequency limit corresponds to the ratio C,./C,, as assumed in the
main text. The low-frequency limit equals 1, indicating that in the long-time (exciding
the measuring time window) 1/, should approach V;. The important cutoff frequency of
the transfer function is determined by the time constant R,.C,, that in our experiments
result in orders of magnitude longer than the time scale of the saturated signal.

To conclude, for times approaching ~ R, C, the charging transient at C, follows the
exponential trend, which indicates the exponential charging of the reference capacitor
through the sample shunt resistance.

Q) = Qo(1 — e~t/Rxbo)
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8.1 Candidate’s contribution

Nature of Contribution Extent of Contribution

e  Growth of the single crystal’s samples

e Performed all the structural and optical
characterization techniques.

o Carried out all the long-time transients’ 0
measurements 50 %

o Contributed to interpretation of the
results

e Wrote first draft of the manuscript

o Contributed to the reply to the referees

8.2 Brief summary

Long-term dark current is explored here for a set of lead-halide perovskite thick samples
of different crystallinity and composition. The general trend: dark current exhibits an
exponential-like rise that reaches steady-state depending on the applied electrical field.

The coupling between ionic drift and the time- A
MAPDbBr; MAPbDI,

scale of the electronic current is highlighted.

lonic drift mobility is calculated through ion

electrical field

Current

time-of-flight at different applied bias.
Dissimilar trends for p dependence on the
electrical field is found for MAPDI3 and ‘ ‘
MAPDBrs; hypothetically connected to the time

v

chemistry of the defect formation
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Abstract

lon transport properties in metal-halide perovskite still constitute a subject of
intense research because of the evident connection between mobile defects and device
performance and operation degradation. In the specific case of X-ray detectors, dark
current level and instability are regarded to be connected to the ion migration upon
bias application. Different compositions (MAPbBrs and MAPDI3) and structures
(single- and micro-crystalline) are checked by the analysis of long-term dark current
evolution. In all cases, electronic current increases with time before reaching a steady-
state value within a response time (from 10* s down to 10 s) that strongly depends on
the applied bias. Our findings corroborate the existence of a coupling between
electronic transport and ion kinetics that ultimately establishes the time scale of
electronic current. Effective ion mobility u;is extracted for a range of applied
electrical field ¢ and several perovskite compositions. While ion mobility results field-
independent in the case of MAPbIs, a clear field-enhancement is observed for
MAPbDBr3 (du;/0¢ > 0), irrespective of the crystallinity. Both perovskite compounds
present effective ion mobility in the range of u;=~ 107-10%cm2V1s? in

accordance with previous analyses. The ¢-dependence of the ion mobility is related to
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the lower ionic concentration of the bromide compound. Slower-migrating defect drift
is suppressed in the case of MAPDBTr3, in opposition to that observed here for MAPbDIs.
1. Introduction

Perovskites have been explored in almost all fields of material science.’?
Considerable efforts have been made on examining the causes of hysteresis in the
current-voltage curves,®® the nature of charge traps, defects,®”’ grain boundaries,®
origins of ion migration,®*! not only in the field of solar cells and light emitters
devices,? but also as key materials in fuel cells®® and electrodes for water
electrolyzers.!* By tailoring the composition of the perovskite compounds, a variety of
physical properties appears, such as ferroelectric,™® dielectric, piezoelectric,
magnetic,’®  catalytic,'”  photovoltaic,  electronic-ionic-conduction,’®  and
superconducting properties.*®

Recently, metal halide perovskite materials (HP) have been successfully used in X-
ray imaging and ionizing radiation detectors.??! Using their optoelectronic properties,
the compounds can be tuned to adapt desired functionalities. The chemical formula
APDbX3 (were A is a cation and X the halide anion) comprises reasonably high-Z
elements which are helpful to stop high-energy radiation photons. HPs exhibit the so-
called defect tolerance which is connected to the transport properties allowing to
maximize the product of the charge mobility and carrier lifetime by minimizing the
bulk/surface defect density.?>2* Furthermore, direct semiconductor radiation detectors
based on Pb-halide perovskites can be grown and processed in solution at relatively
low temperature and from low-cost basic raw materials.?>2

Fast and efficient detection of hard X- and y-ray with high energy resolution is
critical for medical and industrial applications.?” The direct conversion X-ray detectors
transform the incident X-ray photons directly into electrical signals, and present an
advantage in terms of high spatial resolution in comparison to indirect detectors as
Csl.?® Besides optimization in material composition and device architecture, the
current conventional direct detectors, such as amorphous selenium (a-Se),?® suffer
from their low mobility—lifetime (uz) product and small atomic number which limit
their sensitivity. 2* 30 In contrast, HPs exhibit large pz-product and strong stopping
power. However, the persistent drawback of ion migration results in deleterious and

instable dark current.312® In fact, induced dark current and also photocurrent drift
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under a large electric field negatively alter the intrinsically good performance as X-ray
detectors.3

Significant progress has been reported about substrates, selective electrodes, and
stable sensing layers for accurate detection. Highly sensitive active nanolayers has
been tested for gas based detectors to increase the long-term current stability.®® The
use of noble metals such as Pd and Pt on the host materials has been examined for
sensitivity improvement.®® Other strategies for sensing performances are based on
controlling the defect chemistry, from ion-doping/loading techniques®’ for stability
enhancement® to atomistic surface passivation to heal the surface defects,4°
introducing charge transport layers at the outer interfaces,* which may, potentially,
inhibit the ion migration. However, dark current has been reported in perovskite-based
detectors, with values larger than those registered with commercial devices,?*-*° over
which the photocurrent should be detected. Moreover, such a dark current under
continuous biasing exhibits instability, which is detrimental to the transient response
of the X-ray detectors.3* Ultimately, dark current values are too large to achieve high
quality images, with high resolution and contrast for accurate diagnosis.** Therefore,
it is essential to obtain high dark resistivity through further progress in material
composition engineering and device architecture. Also crucial is to achieve a deep
understanding on how ion migration governs the electronic current for the long-term
operational stability of the detector.*243

In this work, chronoamperometry experiments are performed to study the long-
term current transient response of different compositions of single-crystal (SC) and
micro-crystalline (MC) perovskite samples of MAPbBr; and MAPbI; at room
temperature. Dissimilar current responses are encountered for the bromide-based
perovskite samples and the iodine ones. Our findings corroborate the existence of a
coupling between electronic transport and ion Kinetics that ultimately establishes the
time scale of electronic dark current.?® In all cases, electronic current increases with
time before reaching a steady-state value within a response time (from 10* s down to
10 s) that strongly depends on the applied bias. We highlight that fitting the long-term
dark current transient curve provides an estimation of the intrinsic parameters such as
the ionic mobility which is in the range of u; ~ 107-10" cm™2 V-1 s for the studied

samples.
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2. Results and Discussion

MAPDBrs-SC of ~2 mm-thick symmetrically face-to-face contacted with Cr
electrodes and MC samples of ~1 mm-thick of MAPbX3 (X™: Br-, I") asymmetrically-
contacted with Pt and Cr electrodes were investigated in the dark by registering the
long-term current transient response after voltage biasing, as shown in Figure 1. The
transients were measured by following a previously used protocol,'° by application of
a forward bias for SC, symmetrically-contacted samples and a reverse bias (Pt
positively- and Cr negatively-contacted) for MC samples, followed by a zero-bias
equilibration period (see Figure S1) of ~3000 s. In Figure S2, the used biasing protocol
for each sample is shown, which exhibit sufficient reproducibility. An increasing trend
in the current transient can be seen (Figure 1), although some particularities were
observed, at different times scales, depending on the sample composition and
crystallinity.

By first examining the global transient response of a MAPbBr3-SC (Figure 1a)
under continuous application of forward bias, the current increases from a rather
constant value at shorter times (t < 1-10 s), and finally saturates approaching steady-
state values Ji at longer times. This behavior has been noticed previously in MAPbBr3
single-crystal samples®® and agrees with the evidence that the higher the bias the faster
the current increase. In Figure 1b, an additional feature appears during the transient of
a MAPbBr:-MC sample under reverse bias. At the beginning of the transient for t <
5-50 s, a slight decrease of the current is observed, while for ¢t >100 s an exponential
growth can be identified, as in the case of SC, that finally reaches a current steady state
J1. As observed, the initial decrease represents a minor feature of the overall current
evolution.

Figure 1c displays the more complex current transient response of a MAPDbI3-MC
sample. Once more, for shorter times (t < 50 s) initial current tend to slightly decrease.
Afterwards, the current grows and seems to saturate at Ji. This is consistent with
previous observations in Figure 1 a and b registered for Br-based perovskite samples
at that polarization times. Interesting, the transient response of MAPDbI3-MC is
different for bias lower than -10 V: a second current increase appears, which tends to

a larger saturation value J; at longer times.
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Then, the magnitude of the electronic current J, both for the first and second
current increase, can be described as a function of the time constant z of the ion

migration process (see below) as

J=Ji1—e™tm) D

being J; and 7; (i = 1, 2) the corresponding saturation current and response time for
each current increase step. Fitting of Equation 1 to the current rise is plot in each
transient as a solid line in Figure 1. As noted previously, the time constants reveal the
dynamics of the ionic transport within the device,** and can be assimilated to an drift-
induced ionic time-of flight that effectively controls the time scale of the electronic
current transient toward saturation, while the amplitude of the current response is
determined by the electronic carriers (electrons and holes).™ It is also noticeable that
inverted hysteretic responses are observed in Fig. S6, “*#7 which correlate to the
increment of the current over time reported here and inductive behaviors in the
frequency domain.*’

Following the insights from our recent paper,*® we are able to rationalize the current
phenomenology by assuming that the measured current is always an electronic current.
However, a coupling between ionic and electronic currents exists in such a way that
the slower species (ions) condition the value of the measured current, which actually
monitors the faster carriers (electrons/holes). As ions move by effect of the electrical
field (and eventually accumulate in the vicinity of the contacts), the kinetics of the
electronic response follows the slow ion rearrangement. Whatever the ionic/electronic
interplay mechanism is behind the current transients, it is evident that initial
homogeneous distribution of ions at zero bias hinders the charge extraction at short
times, while the applied bias favors the electronic current flowing at longer times. The
latter effect can be possibly due to (i) an increment of the effective electronic doping
in the bulk perovskite via field ionization, (ii) a local increment of effective doping
caused by ion redistribution (dynamic doping).*® These two mechanisms would imply
an increment in electronic conductivity (and consequently current) over time after bias
application.*®*° Finally, (iii) a reduction of contact electronic barriers via electrode
polarization caused by ion accumulation, fostering as a consequence carrier injection

or (iv) a combination of all these effects may also occur. Elucidation of the effective
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mechanism occurring in perovskite-based devices needs of an exhaustive analysis of
different structures (electrodes, active material, buffer layers...) aimed at creating a

coherent picture.
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Figure 1. Long-term current response upon a biasing protocol for a) ~2 mm-thick
MAPDBrs-SC b) a ~1.5 mm-thick MAPbBrs-MC c¢) ~1 mm-thick MAPbIs-MC. Note the
experimental current transient with the corresponding fittings (black solid lines) for each curve
following Equation 1. The parameters J; and J, correspond to the steady-state current during
the first and second exponential rise respectively. After each bias, the device is kept under
short-circuit (0-V bias) conditions to observe the relaxation current. See the long-term current
response of each sample for the other two cycles in Figures S3, S4 and S5 respectively. In the
inset is shown the top-view image of each sample. Data in a) reproduced from ref.° (under
Creative Commons public use license, CC-BY).

Now let us consider the behavior of the steady-state electronic current. From the
long-current transients of Figure 1, one can obtain the J1—V curve in Figure 2 using the
steady-state values of the first current step. The current value Ji has been marked in
Figure 1 for the three samples presented. From an allometric fit with a power law of
the type J; o V5, the extracted power £ attains values between 0.98 and 1.05 with an
average variability of = 0.07, which suggests an apparent ohmic conductivity regime
for electronic charge carriers within the explored bias range after current saturation
(long time). Note that steady-state current is plotted as a function of the applied
electrical field & = V/L, being L the sample thickness, for a better comparison among
different structures. The steady-state values in Figure 2 are higher than those
encountered with fast cyclic-voltammetry (J — V curve) (Figure S6). One example is
observed in Figure S6b with lower electronic current because of a much faster speed
of electrons/holes compared to that of ions using a scan rate of 500 mV/s. That
observation signals the necessity of full ion relaxation before concluding about of
electronic transport regimes in halide perovskite devices.*?

We express the total characteristic time from the time constant t of the current
transient increase as t.= 41, which relates to the 98% of the transition to the steady
state (instead of the 63 % when only t is used). For the sake of simplicity, one can
assume a homogeneous ionic charge transport across the device. Under these

conditions, the ionic time-of-flight mobility can be estimated through the simple form

LZ
M =5 (2)

In Figure 3a, the ion mobility has been obtained by using the total time ¢, obtained

from the first current step (closed dots) for polycrystalline samples of different
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thickness of MAPDI3. Also plotted in Figure 3a is the y; estimated for the second
current step (open dots). Remarkably, ionic mobility exhibits a rather constant
behavior with the increasing bias independently for the iodide samples.

On the contrary, Figure 3b shows y; to increase with the electric field & = V/L
for MAPbBr3 with different crystallinity. From the analysis of Figure 3b, using an
allometric fitting, one can calculate a power m ~ 1.2 £ 0.05 for the relationship pu; «
&™. See below for more comments about this last point. We also notice that the use of
Equation 2 assumes ion drift occurring along the whole sample thickness. Notably, the
ion transport would take place in narrow zones L.f < L (either internal bulk regions
or in the vicinity of the external contacts related to the ionic Debye length), meaning

that the mobility values represented in Figure 3 could be overestimated.
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Figure 2. Steady state current as a function of the electric field ¢ during the first current
increase step for times t > 100 s for three different perovskite samples is shown with the
corresponding linear fitting (solid lines). The ohmic behavior is highlighted.

On mixed conductors as HPs, one must be cautious about whether the measured
signals are due to ionic or electronic defects, otherwise mistaken conclusions may be
drawn.®! Identifying the type of mobile defect is not easy and a number of reports
predicts the facile migration of halide-related defects, under biasing conditions, rather
than MA and Pb vacancies, with calculated activation barriers of ~0.5eV and 0.8 eV,
respectively.® 52 Correlations between specific ionic defects and electronic doping

mechanisms have been made based on how the doping concentration is modified
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during the application and switching-off of an external bias.'% ¢ Recalling now Figure
1, one can speculate about the halide vacancies Vx" as the ones that dominate and
establish the general time response of the first current step, with typical migration
times in the range of 10-10* s. Only in the case of MAPDbIz-MC samples (Figure 1c),
the second exponential rise can be possibly originated by (i) imperfections on the
perovskite surface or at the grain boundaries introducing alternative, and much slower,
ion migration paths (ii) further enhancement in the ion drift of slower-migrating
defects at higher electric fields, for instance Vma and Ve, or (iii) a combination of
these effects. Nevertheless, the J; values in Figure 2 followed an ohmic regime
irrespective of the sample crystallinity or composition, which may indicate that the
electronic drift regime is proportional to the electrical field in most of the cases.
Hence, our findings confirmed that the electronic-ionic coupling mechanism behind
the current transients rely in how the ionic movement establishes the kinetics of the
electronic carrier response in HPs materials.

lonic mobility have been determined by many techniques such as: impedance
spectroscopy (IS),*84% 5253 nuclear magnetic resonance (NMR) spectroscopy,>-°
photocurrent transient,® > PL quenching method (PLQ),*° temperature-dependent
conductivity (TDC) measurement,®’® and chronoamperometry measurements.® 4
Previous works shown values between p;~1-3x10° cm? V! st for MAPbBr3
perovskite single crystals by analyzing the resistance response during a diffusion-
relaxation mechanism.*® The same methodology has been applied for MAPDI3 thick-
pellets*® obtaining self-consistent patterns by registering both, current transients and
impedance spectra, with values encountered also in the range of ~ 10°% cm? V1 s,

The behavior of y; as a function of the electric field in Figure 3a exhibits values
within the range of 5x107 to 3x10® cm? V! s for various micro-crystalline samples
of MAPDI3, which agrees with those reported for the iodine-related defect ionic
mobilities. Remarkably, a é-independent ion mobility indicates a bulk origin, rather
than interfacial, for the mechanism behind the observed electrical response. The y;
calculated for the second exponential rise is found to be in the order of ~ 10 cm? V!
s, with a similar, é-independent behavior. Therefore, it makes sense to assume, for
this second step, that the electronic response relates to other possible moving ions,

such as MA* and Pb?* with much lower mobility.>*% This is in accordance with the
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suppression of MA" migration in MAPbBrs, while it is actually observed for
MAPbDI3.%1 An alternative explanation for the second step in the transient response
could be related to the role of grain boundaries. However, bromide-based devices,
either of single- or micro-crystalline structure, do not exhibit such as feature at longer
times, so as to move us to disregard it as structurally-originated.

By examining Figure 3b, a different trend occurs for bromide samples as p; o< &™,
compared to iodine ones. Several models have suggested to rationalize for a field-
dependent mobility behavior in different materials with du/d¢ > 0. For instance,
surface-charge decay in insulators were described to exhibit nonconstant carrier
mobility.52-%3 In the specific case of ion migration in electrolytes of different ionic
strength, molecular dynamics simulations recently revealed that ionic conductivity is
constant for strong electrolytes. On the contrary, weaker electrolytes or molten salts
exhibit applied-field enhancement of the ion mobility.®* Considering a perovskite
sample at room temperature, the field-dependent mobility observed for MAPbBr3
would indicate a weaker character for the bromide-related defect formation in
opposition to a more favorable defect formation of iodide-related. Several theoretical
predictions for MAPDBr3; suggest a stronger Pb—Br bond® and considerable lattice
contraction by stronger hydrogen bonding to the surrounding Pb—Brs octahedra.5!
These effects could, presumably, increase the bromide-related defect formation energy
reducing the observed concentration of bromide mobile ions in MAPbBr3; compared to
iodide concentration in MAPbI3,* which also explains the superior ambient stability
of the bromide compound.

Finally, it is worth mentioned the existence of clear similitudes between our
findings and the dynamic response of thin-film perovskite devices as memristors and
solar cells. The current increment in the time domain relates to the low-frequency
inductive behavior observed in memristors,% and also the change in the conduction
regime reported here for MAPbBr3-MC (initial current reduction followed by current
growth) resembles the observation of transient spikes recently reported.®’

3. Conclusions

In summary, long-term dark current has been explored for a set of lead-halide

perovskite thick samples of different crystallinity and composition. As a general trend,

dark current exhibits an exponential-like rise that reaches steady-state values
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depending on the applied electrical field. Our findings reveal the coupling between
ionic drift and the time-scale of the electronic current. MAPbBrs and MAPDI3 exhibit
different response: iodide compounds present double current rise related to the
migration of much slower defects such as MA* and Pb?*, with much lower values of
ion mobility, that are instead suppressed in the case of MAPDbBTr3. Also, the dependence
of the effective ionic mobility on the electrical field presents dissimilar trends:
constant, £-independent for MAPDI3, but clearly £-dependent in the case of MAPDBrs.
Such a different behavior may be connected to differences in the chemistry of the

defect formation between both compounds.
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Figure 3. lon mobility as a function of the electric field ¢ for a) various MAPbI;-MC

perovskite samples and b) two MAPbBrs-SC and two MC perovskite samples. While a linear

trend is clearly observed for bromide compounds, no correlation appears for iodide

perovskites.

4. Experimental section

Sample preparation: Perovskite samples of two compositions, MAPbBrz; and

MAPDIs, were analyzed. Firstly, single crystals (SC) of MAPbBrs symmetrically

contacted with Cr electrodes (see Figure 1a, inset) were prepared following the inverse

temperature crystallization (ITC) growth method previously reported.®® MAPbBrs-SC
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were growth by ITC method in DMF. In here, the perovskite precursors, CH3NH3Br,
PbBr; are dissolved (1:1 mol. %) in DMF to obtain 1 M solutions of MAPbBr3. All the
solutions were stirring at room temperature and filtered using PTFE filters to remove
insoluble particles. An aliquot of the filtered perovskite solutions is placed in a glass
flask and the temperature is rise from room to 80-85 °C leading to the spontaneous
nucleation and growth of the cubic shape single crystals of MAPDbBrs. After the
mechanically polished of the SC with sandpaper of different roughness, 100 nm of Cr
metal is evaporated at two opposite faces (see Table S1). An XRD-2D rotation
spectrum along the o cell axis was performed to probe the monocrystalline nature of
the SC (Fig S7) and Scanning Electrons Microscopy (Fig S9b) was conducted to
observe the smooth surface are of the SC after the polishing process. SC were also
characterized by UV-Vis spectrophotometry obtaining the corresponding absorption
edge at for MAPbBr3 with a bandgap of 2.18 eV (see Tauc plot, Fig. S9d).

Secondly, MAPbX3 (X =Br, I) micro-crystalline pellets (MC) of ~1 mm-thick
asymmetrically contacted with evaporated Pt and Cr electrodes of 1 cm? area (see
Figure 1b and c, inset) were made by a soft-sintering process, which is described in
detail in ref.®® The MC-pellets with a diameter of ~15 mm were made by a soft-
sintering process. The microcrystalline MAPblz and MAPbBrs powder (Xi’an
Polymer Light Technology Corp) were filled into an adjustable height powder
container with a polished cylinder placed above it. A constant pressure of 55 MPa (1t)
for 30 min at 70 °C results in thick pellets with a thickness of around 1000 um. Then,
Pt and Cr electrodes were deposited via sputtering and vapor deposition respectively.
MAPDIz and MAPbBrs microcrystalline samples were characterized by UV-Vis
spectra, SEM analysis and XRD patterns (See Fig S8, Supporting Information). Table
S1 in the Supplemental Information summarizes the general characteristics of the
samples studied. More information about the structural characterization and
optoelectronics properties can be found in references ¢ %8 70 for MAPbBrs-SC and **
% for MAPDbI3-MC samples.

Electrical Measurements: Chronoamperometry measurements were carried out
with a Source Measure Unit Model 2612B from Keithley Instruments, Inc. Current
measurements were conducted following the long-term direct-current mode (DC) bias

protocol in the ranges of + 200 to 0 V as previously reported.!® The samples were kept
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in the dark at ambient temperature and with N2 circulation to avoid humidity- and
oxygen-induced degradations.

Data available on request from the authors.

Supporting Information.
Additional information about strucutral properties and reproducibility tests of the

long-term current response.
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Table S1. Characteristics of the samples studied

Sample Number | Cristallinity | Dimensions | Sample | Electrode |Picture of| Picture

Composition of thickness |configuration[the sample| of the
samples (um) and area electrodes
MAPbI; 6 MC diameter ~15|~1000  [Pt/Cr ~ 1cm? criAu
mm y
( : ]
MAPbBT3 2 MC diameter ~15| ~1560 [Pt/Cr ~ 1cm? B Y
mm j

MAPbBr3 2 SC 3.93mmx | ~2000 Cr/Cr
3.87 mm
~0.12cm?
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Figure S1 Example on current transient response to short-circuit condition (0 V-
bias voltage) of a a) MAPbIs MC sample contacted with Pt/Cr electrodes b) a MAPbBr3

SC symmetrically contacted with evaporated Cr electrodes. Short circuit current
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Figure S2. Protocol of measurement based on long-time current transient’s response to
different voltage steps of a) a 2.2 mm MAPbBr3 SC- symmetrically contacted with
evaporated Cr electrodes and two samples of b) MAPbBr; MC and ¢) MAPblz MC
contacted with Pt/Cr electrodes. Note the reproducibility between cycles.
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Figure S3. Long-time current transient response to different voltage steps during

the 1% and b) 2" cycle of measurement of a 2 mm-thick MAPbBr; SC.
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Figure S4. Long-time current transient response to different voltage steps during
the 2" and b) 3" cycle of measurement of a 1.5 mm-thick MAPbBr; MC.
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Figure S5. Long-time current transient response to different voltage steps during
the 2"@ and b) 3" cycle of measurement of a 1 mm-thick MAPbIz MC.
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Figure S6. Current-voltage characteristics (j-V) with scan rate of a) 500 mV/s and
step of 1 V of 1 mm-thick MAPblz MC sample b) 500 mV/s and 100 mV/s and step of 1
V of firstly, a 2 mm-thick MAPbBr3 SC and secondly a 1.5 mm-thick MAPbBrs MC. In
Fig b it is remarkable the ohmic character of the characteristics j-V curve, in agreement
with previous analysis on Cr-contacted perovskite device!

Figure S7. Rotation XRD spectra along o cell axis of a crystal measured with Cu
radiation. In here only dots appear and the absence of concentric circles supports the
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monocrystalline nature of the crystal. However, is evident the high symmetry observed
in the material around one axis
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Figure S8. a) Absorbance spectra of MAPbls MC sample Inset: Tauc-plot of the
pellet (thickness ~1000 um), showing the typical absorption edge of MAPbIz in 1.60 eV b)
PXRD pattern of MAPbI3-MC sample confirming a single-phase sample with tetragonal
symmetry at room temperature. The film show the (110), (220), and (310) peaks at 14.1°,
28.4°, and 32.1°, respectively. These values are in good agreement with the reported
values®® ¢) and d) SEM images of the top view of a MAPDbIs thick pellets showing the
microcrystalline nature of the sample at different magnified areas.
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Figure S9. a) Image of the PXRD diffractogram of MAPbBr3-MC sample showing
cubic crystal lattice (Pm3m space group). The diffractogram show the (100), (110), and
(200) (210) peaks at 15.0°, 21.21°, and 30.12 ° and 33.78 ° respectively. These values agree
with those found in the literature.*® SEM images of the top view of a b) of MAPbBr3-SC
sample after a polishing procedure and a c¢) of MAPbBr3-MC sample showing a different
surface morphology d) Transmittance spectra of MAPbBr3-SC via UV-visible spectroscopy
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(SC thickness = 2.0 mm) In the inset: Tauc plot of MAPbBr3-SC for band gap determination
(E; =2.18¢eV)
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General Conclusions

In this section we present the conclusions obtained through the work developed
during the course of this thesis. In line with the initial goals of this dissertation several
materials where synthesized with the aim to improve the long-term operation stability
of these perovskite devices for X-ray detection. Moreover, the working mechanisms
of the ionic movements in SCs and MCs perovskites devices were investigated in order
to address some of the remaining concerns about detrimental effects mobile ions
provoke in these devices.

Firstly, a well-controlled seeded growth method based on the ITC procedure was
developed and optimized by exploring different growth rates of the seed crystals of
MAPDBrs perovskite. In addition, the structural and optical characterizations
techniques of the micro and single crystalline perovskite devices of MAPbIz and
MAPbDBT3 respectively proved the pure phase perovskite in both compounds.

Furthermore, we have analyzed the long-time impedance recovery involving ion
diffusion, current transient responses at 0V-bias (ion diffusion mechanism), and ion
drift under an increasing electric field. Our findings shown that the accumulation and
relaxation dynamics of the mobile ionic species is bias- and time-dependent. A
dynamic doping effect was proposed caused by moving ions that act as dopants and
locally vary the carrier density. Thus, revealing the interplay between ionic and
electronic properties in perovskite materials. Hence, we proposed a connection
between the ionic species and the electronic conductivity within the device in terms of
an electronic-ionic coupling effect.

lon migration was confirmed in perovskite devices of MAPbI3-MCs and MAPbBr3-
SCs by examining the electrical performance and dark current stability of the device.
The recorded long-term negative current undershoots at zero bias revealing the ion
displacement that follows a J « +/t dependence which is a fingerprint of diffusive
transport. The use of a robust and reliable dark current transient protocol showed an
exponential increment until saturation to steady-state at longtime under bias.
Nonetheless, different responses were observed for MAPbBr3-SCs compared to
MAPDI3-MCs and this different behavior was connected to the chemistry of the defect

formation between both compounds.
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General Conclusions

The current phenomenology has been understood by assuming that the measured
current is always an electronic current. However, a coupling between ionic and
electronic currents exists in such a way that the slower species (ions) condition the
value of the measured current. The kinetics of the electronic response follows the slow
ion rearrangement.

The mechanism behind the dark current transients can be explained as (i) an
increment of the effective electronic doping in the bulk perovskite via field ionization,
(it) a local increment of effective doping caused by ion redistribution (dynamic
doping). These two mechanisms would imply an increment in electronic conductivity
(and consequently current) over time after bias application. Finally, (iii) a reduction
of contact electronic barriers via electrode polarization caused by ion accumulation,
fostering as a consequence carrier injection or (iv) a combination of all these effects
may also occur.

Our findings provide insights into the halide perovskite device physics and
operating modes highlighting the mechanism though which such connection occurs.
The robust electrical model developed accounts for contact mechanisms in addition to
bulk conduction and can be used as a guide avoiding inconsistencies of the measured
electrical protocol selected. This study reveals several features to be included into a
simulation of the long-term operation of the perovskite devices for X-ray detection.
Technological realizations would benefit from this fundamental information as being
the dark current a persistent technical issue in these facilities. At the end, discerning
the transport mechanisms of mobile species under variable electrical fields at the bulk
together with the extraction of surface carrier kinetics parameters, helps to create a
coherent picture in terms of high sensitivity and high efficiency of the next generation

of X-ray detectors based on perovskite compounds.
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Conclusiones Generales

En esta seccion presentamos las conclusiones generales obtenidas a lo largo de este
trabajo de tesis. Dos muestras de diferente composicion y cristalinidad fueron
analizadas tomando en cuenta la influencia de factores extrinsecos e intrinsecos que
afectan la estabilidad operativa a largo plazo de dispositivos basados en materiales de
perovskitas para la deteccion de rayos X.

Si resumimos nuestro trabajo partiendo de los objetivos establecidos: Un método
de crecimiento fue optimizado basado en el principio de retro-solubilidad para
materiales de perovskita de MAPbBTrs. El estudio de las diferentes tasas de crecimiento
de las semillas de perovskita de MAPbBr3, permitié obtener cristales de superficie
homogénea y alto grado de cristalinidad. Mientras que las técnicas de caracterizacion
Optica y estructural para las perovskitas monocristalinas (SCs) y microcristalinas
(MCs) de MAPDbI3z y MAPDBr3 respectivamente, probaron la fase pura perovskita en
en ambos compuestos.

Se profundiz6 en los mecanismos de transporte del movimiento idnico en los
dispositivos de SCs y MCs de perovskitas mediante el uso de dos métodos diferentes.
En primer lugar, se analizd el cambio de resistencias en el tiempo a cortocircuito
(polarizacion a 0 V) de un monocristal de MAPbBrz permitiendo asi calcular el
coeficiente de difusion de iones. En segundo lugar, se exploré transitorios de corriente
a polarizaciéon de 0 V (mecanismo de difusién de iones) y bajo un campo eléctrico
creciente (mecanismo de deriva de iones) en ambos tipos de dispositivos (SCsy MCs).
Aqui se observo la existencia de una conexion entre las especies idnicas y la
conductividad electrdnica dentro de los dispositivos de perovskita en términos de un
efecto de acoplamiento electrénico-idnico. Estos hallazgos mostraron que la dinamica
de acumulacién y relajacién de las especies ionicas moviles depende del sesgo vy el
tiempo. Asi como que el mecanismo de dopaje dinamico es causado por iones en
movimiento que actian como dopantes y varian localmente la conductividad
electronica.

La estabilidad de los transitorios de corriente negativos (corriente de cortocircuito)
en oscuridad dentro del dispositivo por largos periodos de tiempo en el que se encontrd
que el desplazamiento de iones mostraba una dependencia de J o /t, que es una huella
de transporte difusivo. Estos transitorios en oscuridad mostraron respuesta

reproducibles y confiables en los diferentes dispositivos estudiados.
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En los transitorios de corriente bajo campos eléctricos variables se observo un
incremento exponencial de la corriente hasta saturacion a estado estacionario. No
obstante, diferentes respuestas se encontraron para MAPbBr3-SCs en comparacion con
las muestras de MAPDbI3-MCs fueron encontradas. Este diferente comportamiento se
relaciond a la quimica de la formacion del defecto en ambos compuestos, asi como las
distancias de enlace entre el halégeno y el atomo de plomo en la estructura.

Aunque la fenomenologia de la corriente medida se asume siempre como una
corriente electrénica, la existencia del acoplamiento entre las corrientes ionica y
electronica hace que las especies mas lentas (iones) condicionen el valor de esta Gltima.
En efecto, la cinética de la respuesta electronica sigue el reordenamiento lento de los
iones.

El mecanismo detras de los transitorios de corriente en oscuridad se puede explicar
como (i) un incremento del dopaje electronico efectivo en la perovskita a traves de
mecanismos de ionizacidn, (ii) un incremento local del dopaje efectivo causado por la
redistribucion de iones (dopaje dindmico) (iii) una reduccién de las barreras
electrénicas de los contactos a través de la polarizacion de los electrodos producto de
la acumulacion de iones que favorece asi la inyeccion de portadores o (iv) una
combinacion de todos estos efectos.

Nuestros hallazgos intentan proporcionar algunas ideas sobre la fisica y los modos
de funcionamiento de los dispositivos de perovskita de haluro. EI modelo eléctrico
desarrollado aqui es robusto y confiable y toma en cuenta los mecanismos de contacto
y la conduccion a través del material. Esto podria usarse como guia para evitar
inconsistencias en las medidas eléctricas en este tipo de dispositivos.

Este estudio revela ademas resultados experimentales que se deben incluir en una
simulacion computacional que permitan verificar nuestras conclusiones. Las
instalaciones tecnologicas se podrian beneficiar de esta informacion, ya que la
corriente en oscuridad es un problema técnico persistente en estos dispositivos. El
descifrar y extraer los mecanismos de transporte y parametros cineticos de las especies
moviles bajo campos eléctricos variables ayuda a crear una imagen coherente de como
deberia disefiarse la proxima generacion de detectores de rayos X basados en

compuestos de perovskita.
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Still, large hysteresis is often obtained when measuring the current-voltage sweeps
in metal halide perovskite materials, even in those based on single crystalline
compounds.? Indeed, hysteresis effect has been associated with the slow time
dynamics due to ionic motion inside the perovskite layer.2 Therefore, it is obvious that
mobile ionic species drift under an electric field and may diffuse at short circuit
condition even for the purest materials without any grain boundary effects or surface
defects.® Moreover, unveiling the nature of halide ion drift under an electric field
should be prioritized, because this can alter the device structure over time making more
difficult a stable operation and further commercialization.*®

Consequently, further improvements are necessary to reach superior environmental
stability and optoelectronic properties of metal halide perovskite devices for X-ray
detection. In the case of SCs, reports have shown that single crystalline compounds
are a suitable alternative to microcrystalline thin films in terms of device performance
and long-term stability.” Nonetheless, crystal engineering approaches in MHPs are
still a rising field and also new growth techniques have been reported accounting for
high quality SCs with less surface roughness, large areas (over 10 cm?) and passivated
surfaces. It is also proposed that a fully encapsulated devices may limit some
detrimental factors such as external air/moisture exposure avoiding the formation of
defective crystal surfaces.®® Figure 9.1 summarizes some of the main problems found

during the course of this thesis and several solution strategies developed to solve them.
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Figure 9.1. Schematic representation of current questions and the problem-solving strategies in

the field of perovskites based-X-ray detectors
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Table 9.1 reviews various opportunities and environmentally friendly alternatives
rising in the field. In the case of 2D perovskite materials which can inherently be
quantum well (QW), a system in which the electron motion is restricted in one
direction thus producing quantum confinement,° novel unforeseen opportunities have
been described and SCs with two-dimensional layered structures can be a suitable

solution to hinder ion migration.

Table 9.1 Challenges and Outlooks for perovskites-based X ray detectors

Challenges Outlooks

Optimization of fabrication method and
structural design.

Reproducible growth of high-quality Use of high-quality materials such as Br-

perovskites. perovskite single crystals.
Use of low-dimension perovskite
materials with 2D material.
Improving long-term stability of Use of additives, interlayer or
perovskite materials bulky organic cations

Development of novel lead-free
perovskite materials.

Another strategy relies on an accurate doping of the perovskite compound with
other inorganic cations such as Cs, designing in the extreme case a fully inorganic
perovskite. Additionally, the use of additives and interlayers will help to reduce defect
densities. Furthermore, the use of bulky organic cations has been reported as surface
passivation agents to tune the dimensionality of MHPs allowing to tailor their
optoelectronic properties while enhancing their stability.!* Finally, novel lead-free
perovskite materials for radiation detection which has been successfully tested as solar
cells, are a suitable choice that can be explored in the near future by using the
experimental methodologies described in our dissertation with the aim of a more stable
lead-free halide perovskites-based X ray detectors.

All the strategies for controlling the nature and evolution of defects in perovskite
devices are usually related to the improvement of both the X-ray detector efficiency
and the sensitivity. In Figure 9.2 is shown how overtaking the detector efficiency of
indirect convertors and its combination with the spatial resolution of direct detectors,
the next generation of MHPs devices for X-ray detection can be devised. That increase

in signal-to-noise ratio would enable a precise and early diagnosis in radiological
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imaging by reducing the minimum X-ray dose required for patients and allowing the
detection of small and low-contrast structures.
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Figure 9.2. Schematic diagram showing how to design the next generation of metal halide

perovskite-based devices for X-ray detection. Overtake the detector efficiency of Csl indirect

converters (high DQE) with a great spatial resolution (high MFT) of a-Se direct convertors.
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