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Abstract

The development of new materials with higher sensitivity to high-energy ionising
radiations, such as X- and y-rays, and a reduced cost production than nowadays commercial
detectors, is motor in the high-energy detection research. In medical imaging, the sensing of the
ionising radiation can be done indirectly or directly. The latter uses a semiconductor layer that
directly converts the incoming photons into electron-hole pairs which become collected charge
carriers thanks to the presence of an electric field.

In this context, hybrid metal halide perovskites have been extensively studied during the
last decade for the detection of energetic photons. Within the lead halide perovskites,
methylammonium lead tribromide (MAPbBr3) has been chosen for this thesis work as sensing
material for medical grade X-ray detection. Efficient direct detection of energetic photons
requires, from the employed semiconductor layer, a thickness and linear attenuation coefficient
large enough to efficiently absorb most of the incoming radiation, large and balanced charge
carrier mobility-lifetime product for efficient charge collection, high resistivity and low charge
trap density to avoid charge trapping and decrease signal noise. Indeed, MAPbBr3; show good
X-ray absorption and a simple crystal growth from solution, therefore, well suited for medical
imaging. Within our team, MAPbBr; single crystals (SCs) growth via modified inverse
temperature crystallisation has been optimised in dimethylformamide. Evaluating this material
in the form of SC devices is the most favourable way to directly access its intrinsic properties.
The evaluation under X-ray irradiation exhibited a very good sensitivity, but a large dark current
density (~ LA cm™), being about 3 orders of magnitude above the specifications required for
radiation detectors.

The present thesis has been structured around three research axes to improve the overall
optoelectronic performance of MAPbBr3 SC devices in relevant medical imaging conditions.
The first axis experiments with modifying the growth solution in order to alter the bulk chemical
composition of MAPbBr; by adding chloride. MAPb(BrogsClo.15); was identified as the
composition showing the most improved charge carrier transport, with the highest sensitivity
(3 uC mGy.ir! ecm? at 50 V mm™), and the lowest dark current density (43 nA mm? at
50 V. mm). The second axis highlighted the importance of the growth atmosphere and the
induced doping that atmospheric water can have on the surface of the SC devices. SCs grown
and tested in atmospheric conditions and those in fully inert atmosphere, respectively, were the
ones with better performances, judged by a more intrinsic doping and improved electron
transport. The last axis works as an introduction to post-treatments, healing point defects via
methylammonium chloride vapours. This work proves how incorporated chloride levelled the
Pb/halide stoichiometry and reorganized the defect structure, leading to better charge carrier

transport and collection.
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This thesis work gives substantial insights regarding the synthesis in solution of hybrid
perovskites, such as MAPDbBr3;, and the influence that external stimuli have on them. It
emphasises the potential of these materials as direct convertors for medical X-ray imaging

devices, as well as the challenges that still need to be overcome.
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Résumé

Le développement de nouveaux matériaux alliant une sensibilité accrue aux
rayonnements ionisants de haute énergie, tels que les rayons X et vy, avec une production a
moindre colt par rapport aux détecteurs commerciaux actuels, est un moteur dans la recherche
sur la détection des hautes énergies. En imagerie médicale, la détection du signal de
rayonnement ionisant peut étre réalisée de manicre indirecte ou directe. La seconde méthode
utilise une couche semi-conductrice qui convertit directement les photons incidents en paires
électron-trou, lesquelles deviennent des porteurs de charge collectés grace a 1’application d'un
champ électrique.

Dans ce contexte, les pérovskites hybrides a base d’halogénures métalliques ont été
largement étudiées au cours de la derniere décennie pour la détection des photons de haute
énergie. Parmi les pérovskites a base de plomb, le tribromure de plomb de méthylammonium
(MAPDBT3) a été choisi pour ce travail de thése comme matériau pour la détection des rayons
X de qualité médicale. Pour une détection directe efficace des photons énergétiques, le semi-
conducteur utilisé doit avoir une €épaisseur et un coefficient d'atténuation linéaire suffisamment
grands pour absorber efficacement la majorité du rayonnement incident, un produit de mobilité-
temps de vie de porteurs de charge important et équilibré pour une collecte de charge efficace,
une résistivité élevée, et une faible densité de piéges de charges pour éviter leur piégeage et
réduire le bruit du signal. MAPbBr3; présente effectivement une bonne absorption des rayons X
et une croissance en solution simple, ce qui le rend bien adapté pour l'imagerie médicale. Au
sein de notre équipe, la croissance de monocristaux de MAPbBr3 par modified inverse
temperature crystallisation a été optimisée dans du diméthylformamide. L'évaluation de ce
matériau sous forme de dispositifs monocristallins est la maniére la plus favorable pour accéder
directement a ses propriétés intrinséques. L’évaluation sous irradiation X a montré une trés
bonne sensibilité, mais une densité de courant d’obscurité élevée (~ pA cm2), prés de 3 ordres
de grandeur au-dessus des spécifications requises pour les détecteurs de rayonnement.

Cette thése est structurée autour de trois axes de recherche visant a améliorer les
performances optoélectroniques globales des dispositifs de MAPbBr; dans des conditions
d'imagerie médicale pertinentes. Le premier axe porte sur des expériences visant a modifier la
solution de croissance afin de modifier la composition chimique globale de MAPbBr3 en
ajoutant du chlorure. Il a été¢ découvert que la composition MAPb(Bro3sClo.15)3 présentait la
meilleure amélioration du transport des porteurs de charge, avec la sensibilité la plus élevée
(3 uC mGyair' cm? a 50 V mm™), et la plus faible densité de courant d’obscurité
(43 nA mm? a 50 V mm). Le deuxiéme axe a mis en évidence l'importance de 1'atmosphére
de croissance et du dopage induit par I'eau atmosphérique sur la surface des dispositifs. Les

monocristaux grandis et testés dans des conditions atmosphériques et ceux dans une atmosphére
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entierement inerte, ont montré de meilleures performances, a en juger par un dopage plus
intrinséque et un meilleur transport des ¢lectrons. Le dernier axe constitue une introduction au
post-traitements, en réparant des défauts ponctuels a l'aide de vapeurs de chlorure de
méthylammonium. Ce travail démontre comment le chlorure incorporé peut équilibrer la
steechiométrie Pb/halogénure et réorganiser la structure des défauts, conduisant a un meilleur
transport et une meilleure collecte des porteurs de charge.

Ce travail de thése apporte des informations substantielles sur la synthése en solution
des pérovskites hybrides, tels que MAPDBr3, et l'influence des stimuli externes sur ces
matériaux. Il met en évidence le potentiel de ces matériaux en tant que convertisseurs directs

pour les imageurs médicaux de rayons X, ainsi que les défis qui restent a surmonter.
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Introduction

The strong penetrating capability of high-energy ionising radiation (X- and y-rays) is
attractive for non-destructive probing of condensed matter. In medical imaging, the information
carried by the ionising radiation signal that has interacted with the human body can be sensed
indirectly or directly. The former employs a scintillator, converting high-energy photons into
ultraviolet (UV)-visible light (e.g. CsI(TI), Nal(Tl)) and in turn photodiodes convert that light
into electric signal. The latter is more straightforward as it uses a semiconductor layer
(e.g. a-Se, Hglb, CdixZnxTe (CZT)) to directly converts the incoming photons into electron-
hole pairs that become collected charge carriers thanks to the presence of an electric field.

Direct conversion offers significant advantages, including enhanced sensitivity to
X-rays and improved spatial resolution. Consequently, patients are exposed to lower levels of
X-rays, leading to improved diagnosis of various pathologies. Conversely, the current
technologies mentioned earlier face challenges due to either a low absorption coefficient (a-Se)
or high costs and limited compatibility with large surfaces (CZT). As a result, there is a pressing
requirement for a photo-conversion material that can integrate all these properties, with the
halide perovskite family emerging as a promising candidate for the next generation of
semiconductors.

Direct detectors for high-energy photons require semiconducting materials with a
thickness and linear attenuation coefficient large enough to efficiently absorb most of the
incoming radiation, large and balanced charge carrier mobility (u) - lifetime (7) product (ur
product) for efficient charge collection, high resistivity and low charge trap density to avoid
charge trapping and decrease signal noise.!

During the last decade, halide-based perovskite materials have generated strong and
growing attention for being promising candidates for optoelectronic applications, and in
particular for high-energy radiation detection. Indeed, hybrid (organic-inorganic) halide
perovskite materials show good X-ray absorption, thanks to the presence of heavy elements

367 sufficient ur product,® and simple crystal growth

such as lead,>> a defect tolerant nature,
from solution.”!° Therefore, heavy metal halide perovskites are well suited for direct X-ray
detection applications like medical imaging.!! Additionally, these materials, in the form of
single crystals (SC), exhibit no grain boundaries and possess very low trap densities.>%7-12
From a fundamental point of view, working with SCs is the most favourable way to directly
access their intrinsic bulk properties, which is critical to identify the best compounds for
practical applications.

Methylammonium lead tribromide (MAPbBr3, with MA* = CH3NH3") is among the
most studied hybrid halide perovskites for high-energy radiation detection,>*!3 being more

stable than its iodide-based counterpart, methylammonium lead triiodide (MAPbI3).!* It also
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has a simpler phase diagram with no secondary phases of close compositions, and no phase
transition close to room temperature. Within our team, during my predecessor’s PhD thesis
work, Dr. Smail Amari, MAPbBr3; SCs growth via modified inverse temperature crystallisation
(MITC) has been optimised in dimethylformamide (DMF) for direct X-ray radiation
detection.!>!¢ Their optoelectronic properties have been evaluated under X-ray illumination
during the PhD thesis work of Dr. Oriane Baussens, with standardised characterisation and
charge carrier transport analysis.!!"'” While the growth optimisation allowed reaching a very
good sensitivity, they always presented a large dark current density (~ pA cm™), being several
orders of magnitude above the specifications required for radiation detectors.!® This crucial
figure of merit for detectors corresponds to the leakage current of the device in the dark, and
must be minimised by a combination of increased bulk resistivity and electrode engineering.!®-?°

In this context, the present thesis has been structured around three research axes to
improve the overall optoelectronic performance of MAPbBr3 SC device under X-ray radiation
in relevant medical imaging conditions, and in general, to better understand the associated
crystal growth chemistry and underlying physics as a semiconductor.

Chapter 1 of this work presents a bibliographic recompilation of all-important notions
and requirements to understand, not only MAPbBr3 positioning inside metal halide perovskites
(MHPs), but also compared to state-of-the-art commercial detectors. First, generalities on high-
energy detection, followed by the principles of X-ray medical imaging and associated materials
are presented. A review on MHP materials follows, specifically on hybrid lead halide
perovskites (LHPs) for the desired application. Both advantages and disadvantages of this
family of materials are exposed. Chapter 2 describes in detail the theory and experimental
procedures performed by our team to characterise MAPbBr; SC devices, establishing key
optoelectronic figures of merit. It regroups the common materials and methods employed in the
three research axes developed afterwards. These three studies were formulated querying in
which stage of the material fabrication process we could intervene to attain the desired detection
characteristics: before, during and after SC growth. Chapter 3 describes the first approach, the
“before”, to boost the material performance. The precursor solution was modified in order to
alter the bulk chemical composition of MAPbBr3 by employing anion engineering within the
halide elements. In order to do so, bromine was partially substituted with chlorine during crystal
growth leading to compounds of general formula MAPb(Br-xClx)s. The second approach, the
“during”, is exposed in Chapter 4. MITC crystal growths took place in different atmospheres to
evaluate the impact of the environment chemical composition in the SC chemistry and X-ray
response. Two crystal growth conditions were then tested during this study, one being in a
standard laboratory and the other dry-inert glovebox atmospheres. The testing atmosphere is
also assessed by performing a full inert synthesis-characterisation circuit, with samples having
never seen atmospheric conditions. Chapter 5 addresses the third and last approach, the “after”,
to fight against the intrinsic nature of our base material. The study works as an introduction to

post-treatments, highlighting the influence of temperature and chemical healing of defects.



23

The manuscript covers a large spectrum of characterisations and topics. The
understanding of perovskites remains elusive for several aspects presented in both this work
and the literature, due to the complexity of these enigmatic family of materials. Nevertheless,
this thesis accents the potential that hybrid LHPs have as high-energy ionising radiations
detectors and give substantial insights regarding its fabrication in solution and the potential they
have for X-ray medical imaging.
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Chapter 1 — Generalities on high-energy radiation
detection, medical X-ray imaging and metal halide

perovskites
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Chapter 1

Generalities on high-energy radiation
detection, medical X-ray imaging and
metal halide perovskites

Introduction

To analyse matter, high-energy radiation with strong penetrating power is required to
interact with the constituent atoms while traversing it. This radiation coming through called
ionising radiation can be in form of photons or particles and has primordial information after
that interaction. To detect the resulting radiation, detectors must be conceived based on the
wave or particle physical properties. One of the most popular application having a huge societal
impact is medical radiography, which is the focus point of this thesis work. Among the wide
range of ionising radiations, X-rays are used for such purpose. Their potential harmful effects
on patient had always pushed scientific research and industry to create detectors every time
more sensible with improved image resolution. Within this context, hybrid lead halide
perovskite materials have seen the light as new family of materials satisfying the needs of more
performant X-ray detectors.

The following chapter is divided in two main parts. The first part presents an overview
on the detection of high-energy radiation, specifically on X-rays and the materials employed
for such purpose. A focus on the world of X-ray imaging and the underlying physical
mechanisms takes place. It features the requirements and current state of X-ray radiation
detection systems. The second section introduces the nowadays-popular metal halide perovskite
materials, which includes hybrid lead halide perovskites. A review is made on this family of
materials highlighting, firstly, the potential role they have as a semiconducting detector material
meeting the needs the X-ray imaging applications, and secondly, the diverse forms perovskites
can take, including polycrystal films and single crystals. Special attention is given to the
synthesis of the latter. The chapter depicts all along the obstacles and challenges ahead
hindering their performance and the efforts that have been made, and still need to be done, to

mitigate their effects.
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1 High-energy radiation detection and X-ray imaging

1.1 Ionising radiations usage and detection

Since the discovery of X-rays in 1895,! will and effort have been focused on developing
efficient large-area X-ray detectors for applications ranging from crystallography,” medicine,?
to space exploration.* In the last decades, the medical field has seen a rise in the use of tests
involving high doses of radiation, such as computed tomography (CT) imaging, bringing
attention on radiation safety. To give some numbers, the number of CT scans performed in the
United States rose from 3 million in 1980 to over 80 million in 2010. As for the dose involved,
a one-time chest CT scan can have a dose equivalent to 2 years accumulation of natural
background dose. Over 3.6 billion diagnostic X-ray examinations are performed every year in
the world allowing resolving between 70 % and 80 % of diagnostic problems.> While the risk
of cancer is relatively low for both patients and clinicians in well-equipped facilities, specific
subsets of patients may be at greater risk from radiation exposure because of repetitive exposure
and potential DNA damage.®® From an imaging system point of view, to put things simply for
low dose techniques, if higher doses are needed, it is mainly because the detector exhibits a low
sensitivity which devolves from the properties of the sensing material used.

All medical applications employing X-rays imaging, being general radiography or other
niche applications such as CT or mammography, would benefit from the development of more
sensitive detection materials with lower manufacturing expenses. For instance, mammography
has substantially increased globally.?

Beyond X-rays, an ionising radiation is defined as a radiation that is expected to produce
an ionisation event, as opposed to a non-ionising radiation (e.g., visible light, infrared). It can
be in the form of either electromagnetic waves (e.g., X- and y-rays) or particles (e.g., a- and
B-particles). Figure 1-1-1-A illustrates the positioning of ionising radiations in the
electromagnetic spectrum.’ X- and y-rays can range from kilo- to mega electronvolts
(0.1-1000 keV and 0.1-10 MeV, respectively) and are used in various photonics applications,
such as medical imaging, industrial inspection, astronomy, nuclear energy industry, high-
energy physics and radioisotope identification in homeland security.®'®!! Figure 1-1-1-B
shows high-energy radiation spectrum and associated applications in different spectral regions.
High-energy radiation detectors are classified into two primary types depending on the
detection principle: indirect and direct detectors. On the one hand, indirect detection is a two-
step process. First a scintillating material absorbs the high-energy photons and converts them
to ultraviolet (UV) or visible light. These lower energy photons are subsequently detected and
converted into electric signal by standard photodiodes arrays or photomultipliers.!! On the other
hand, direct detection is a single step process. A photoconductive material absorbs the high-

energy radiation and the photogenerated charge carriers in it are collected using external
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circuitry, which if pixelated allows generating a digital image. Figure 1-1-2 illustrates the basic
principles of both detection methods.

A
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Figure 1-1-1 Ionising radiations. (A) Different types of electromagnetic radiation and
associated applications. Two families of radiations can be distinguished: non-ionising and
ionising. The latter includes high-energy photons: X- and y-rays.'? (B) The electromagnetic

spectrum between soft X-rays and y-rays, and their respective wavelengths and photon energies.
Applications over various spectral regions are indicated.'3
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Figure 1-1-2. Schematic representation of both types of X-ray detection: indirect and direct.

A brief summary of the advantageous characteristics associated to both types of X-ray

detection is depicted below in Table 1-1-1.

Table 1-1-1. Advantageous characteristics associated with indirect and direct X-ray detector
technologies.!!

Direct detectors Indirect detectors

e Simpler to manufacture e High operational stability

*  No operational device e No external bias required

thresholds
e Higher spatial resolution e Lower manufacturing cost
e Simpler device operation e High temporal resolution

The basic principle of operation of an X-ray detector is described through the Shockley-
Ramo theorem and the ionisation energy (i.e., electron and hole pair creation energy) that is
introduced and used in formulating the responsivity of the detector.!*> We will now discuss the

two types of detection and relevant figures of merit.
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1.2 Indirect X-ray detection

As introduced before, indirect detection is a two-step process. The first one corresponds
to the interaction between high-energy photons and the scintillating material: energy is lost by
the high-energy photon and gained by an electron. It can lead to three main physical processes:
(i) photoelectric absorption, (ii) Compton scattering, and (iii) electron and hole pair formation
for energies above 1.022 MeV.!* In the case of photoelectric effect, the incoming energy is fully
absorbed by a bound electron, commonly a core electron located in the K- or L-shells, ejected
into vacuum, thus ionising the host atom.!> In contrast, the Compton scattering happens at
higher energies and is attributed to inelastic interactions between a weakly bound electron and
the high-energy photon. Only a fraction of the incoming photon is absorbed (a photon of lower
energy is scattered) and the scattering electron is excited to a higher energy state. All processes
are characterised by different absorption coefficients that are ultimately determined by the
atomic number Z of the scintillating material and the photon energy.

The overall process leads to the generation of excitons of lower energy than the
incoming photons (loosely bound hole—electron pair) that are transported to defect states, or
activators (typically, thallium (T1) or cerium (Ce)), within the scintillating material where they
ultimately recombine and generate visible photons. The emitted light can then be detected using
different types of photodetectors such as silicon (Si) photodiodes, thin-film phototransistors
(photo-TFTs), photomultiplier tubes (PMTs), complementary metal-oxide—semiconductor
(CMOS) photodetectors, silicon avalanche photodiodes, or charge-coupled devices (CCDs)
coupled with the scintillating element.'!

One of the main strengths of indirect scintillator detectors is that they are of low
production cost and more stable than direct high-energy radiation detectors.!*!® The most
important figures of merit for scintillators include the light yield, light decay time, and
environmental stability. The light yield describes the number of photons that are generated
during the ionisation process per unit energy. The recombination centres in the scintillator could
induce radiative but also nonradiative recombination (non-emissive and hence a loss in terms
of process) due to the presence of defects and/or impurities. The growth and use of single
crystals (SCs) as scintillating medium can suppress the concentration of these defects (trap
states) and improve the luminescence yield of the system while helping to accelerate the
photoluminescent processes.!!

Even when using SC scintillators, the ultimate spatial resolution achievable by indirect
imagers remains limited. Indeed, at the scintillation step, visible photons are emitted within a
given solid angle, so each high-energy photon absorption event has a certain spread in the
detectable light (Lambertian reflectance). Because of that, the spatial resolution achievable by
indirect detection is generally close to the thickness of material used. In the case of standard

) 17,18
b

scintillators, oxides, such as gadolinium oxysulfide (Gd20:S can achieve good sensitivity
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with very thick layers (several hundreds of micrometres), but at the expense of spatial
resolution.

For medical imaging, commercial indirect detection is dominated by materials such as
micro-columnar thallium-activated caesium iodide (CsI(Tl)) for medical radiography
(~ 180 pm pixel pitch),'”? or thallium-activated sodium iodide (Nal(Tl)) for scintigraphy
(~ 4 mm pixel pitch).2!->2

1.3 Direct X-ray detection

The operating principle of direct high-energy radiation detectors is based on the direct
conversion of the incoming X-ray photons into charge carriers by the sensing material, which
is typically a semiconductor. As for the indirect detection, the interaction between the soft
X-ray photons and the sensing material relies on photoelectric absorption, while the detection
of hard X-ray photons is based on Compton scattering. Absorption of high-energy photons
results in the generation of electron-hole pairs. As an example, for medical radiography 50 keV
photons, 10 000 electrons are generated within a semiconductor with a bandgap of 1.5 eV,
compared to 1 000 electrons measured in Csl. The resulting charge carriers are collected thanks
to the presence of an external electric polarization field and a specific device electrode

6,23

engineering. The operation and efficiency of such detectors and the corresponding

definitions and figures of merit that characterise them are listed in the following subparts.
1.3.1 X-ray absorption and linear attenuation coefficient

To begin with, the greater the interaction between the incoming radiation and the
semiconducting material, the better the performance of the detector. In the case of X-ray
medical imaging, almost all the incident X-ray radiation (> 90 %?2*) should be absorbed within
the photoconductor to avoid unnecessary patient exposure. The linear attenuation coefficient a
of this material characterises its ability to efficiently absorb high-energy photons.!!*> Expressed
differently, the X-ray attenuation depth J, the reciprocal of a, must be substantially less than
the photoconductor layer thickness L. The fraction of incident photons in the beam that are
absorbed by the photoconductor depends on a of the used material and its thickness L; and is

given by Equation (1-1):%

~

A=1—e ¥ =1—-¢73 (1-1)
Where A is the quantum efficiency, the X-ray attenuated or absorbed fraction, « is the linear
attenuation coefficient (cm™), § is the attenuation depth (cm) and L is the photoconductor
thickness (cm), as mentioned above. From this equation, one can determine the attenuation
depth 6, which corresponds to where the beam has been attenuated by 63%,> while an

attenuation of more than 90 % can be achieved for a photoconductor thickness at least three

times larger than o: L = % = 36. Materials with high linear attenuation coefficients are thus of
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interest. The coefficient a is a function of the photon energy E,s, the atomic numbers Z and
mass fraction of the constituting atoms, and the resulting density ps of the material. If the
sensing material is not a SC, the density also depends on structural properties and morphology,
the effective density is then lowered. Thus, high density materials with high atomic numbers Z

are favoured.!!-?¢
1.3.2 Ionisation energy

Another key concept of the direct detection is how the absorbed high-energy photons
are efficiently converted into charge carriers. This corresponds to the electron-hole pair creation
(or ionisation) energy W, which is defined as the energy required to create a single free electron
and hole pair, calculated by dividing the total adsorbed energy by the total number of extracted
electrons.!!?* This energy has to be relatively low to promote the photogeneration of a maximal
number of charge carriers. Given the above definition, the free or collectable charge generated
Q in the sensing material from an incident and absorbed radiation can be calculated from W and
is defined by Equation (1-2):

E

Q= e (1-2)

Where @Q is the collectable charge created in the material (C), e is the elementary charge
(1.60217663 x 1071 C), E is the absorbed radiation energy (eV), and W is the ionisation energy
(eV). For many crystalline semiconductors it is well-known that " can be estimated using the

so-called Klein equation, which is made explicit in Equation (1-3):2"-2

14
W =—E;+05 (1-3)

Where E is the material bandgap (¢V). This rule suggests that semiconductors with a narrow
bandgap should be preferred for low . Unfortunately, narrow bandgap semiconductors suffer
from higher concentrations of carriers at thermal equilibrium. Such concentrations lead to high
residual conductivity in the absence of high-energy radiation (high dark current) which is
detrimental for the application (see below).?* Thus, ideally the sensing semiconductor should
realize a compromise between a sufficiently narrow bandgap for efficient photogeneration of
charges and a sufficiently wide one to limit the dark current and associated noise.?* In this
compromise, the minimisation of the ionisation energy W can be achieved by other means than
tuning the bandgap. While it is a function of the bandgap of the absorbing material, it has been
shown in the case of some materials like a-Se that W decreases sharply with the applied electric
field. This behaviour can be described by Equations (1-4)° and (1-5):%°

o, B
wWw=w"+ 7 (1-4)
W =22E;+E,, (1-5)

Where W© is the intrinsic energy of electron-hole pair generation at “infinite field”, B is a

constant that weakly depends on the X-ray photon energy, F is the applied electric field, and
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Epp is the photon energy. Assessing the ideal W is a multi-parameter problem, which will
depend on the nature of the employed material and an appropriate model describing what is

happening in the inside.
1.3.3 Dark current, noise and electrode engineering

The dark current of the photoconductor is the current measured while being under a bias
voltage in absence of detectable radiation. In imaging, it corresponds to an offset, which is
suppressed by subtracting the image measure in the dark to the image under X-ray illumination.
If this offset is too high, the residual noise on the resulting images can degrade the signal-to-
noise ratio (SNR), raising the minimal signal and limiting the maximal exposure time. It should
therefore be negligibly small. There have been several attempts to estimate what would
constitute a negligible dark current density Ju. but it is generally accepted that it should
preferably not exceed 10 pA mm2, depending on the clinical application.?>*° The dark current,
in most photoconductive semiconductors, is normally attributed to one of two factors: the rate
of injection of carriers from the contacts into the photoconductor and the rate of thermal
generation of carriers.> On the one hand, a small dark current requires the contacts to the
photoconductor to be non-injecting, meaning that there is a proper alignment of the energy
levels of the semiconductor and each specific electrode for extraction of electrons and holes,
this is called electrode engineering. On the other hand, the rate of thermal generation of carriers
from various defects or states in the bandgap should be negligibly small (i.e., dark conductivity
tending to zero). Small dark conductivity generally requires a wide bandgap semiconductor,
which conflicts with the condition of smaller ionisation energy, as exposed above. A

compromise has to be found.
1.3.4 Mobility-lifetime product, charge collection efficiency and sensitivity

After charge carrier generation, the applied field F drifts the electrons and holes in
opposite directions towards their respective collection electrodes. During this charge transport,
due to recombination or trapping, carriers are partially lost. The drift mobility of the carrier is
characterised by x and its mean lifetime 7, which is directly affected by recombination or deep
trapping. The electron and hole mobility—lifetime products (ur) expressed in cm? V! are key
parameters and highlight the quality of a semiconductor X-ray detector. The larger the ur
product is, the higher the charge collection efficiency (CCE, labelled here ncc) of the detector
and its performance. Each charge carrier, electron and hole, possess its own ut product, denoted
Uete and uuth, respectively. The mean distance drifted by the carrier, before it is trapped or
disappears by recombination, is another important notion and it is symbolised by wuzF. This
distance is called the schubweg (travel or stroke length). Since most of the charges must be

collected, for both electrons and holes, we need to ensure that the electron and hole schubwegs
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are both much longer than the thickness of the photoconductive layer, that is, uzF" >> L. The
drift ur product is normally called the range of the carrier, that is, its schubweg per unit field.!!°

The CCE is self-explanatory; it corresponds then to how good the original charge
created within the material is extracted. This figure of merit does not have a unique explicit
formula. However, it is particularly informative as it takes into consideration many aspects of
the device: the nature of the sensing material, device configuration, charge injection on the
electrodes, to name a few influencing parameters. It is a function of the attenuation depth J, the
schubweg for both charge carriers, as well as device dimensions. If the photoconductor layer is
made thicker to capture more of the radiation (towards increasing X-ray attenuated fraction A),
the utF >> L condition would eventually be lost, and CCE would start limiting the sensitivity,?®
which is described below.

The overall conversion efficiency of the incident radiation to collected charge relies on
the three distinct processes discussed above. First is the X-ray attenuation in the

photoconductor, determined by A, and the absorption of the radiation energy, determined by

(%) Epn, per attenuated photon in which a,, is the energy absorption coefficient at the energy

of interest. The second process is the conversion of absorbed radiation to electron-hole pairs,
which is determined by ionisation energy W. The third process is the drift and eventual
collection of the photogenerated charge carriers, the efficiency of which is determined by CCE.
It is useful to define the X-ray sensitivity S of a photoconductor as the charge collected per unit

of incident radiation per unit of area, made explicit in Equation (1-6):%

o
545 x 103 e —2Ep,
S= AZ n
(aen) w ce (1-6)
Pa 7 gir

Where S is the device sensitivity (C m? R™") (R = Roentgens) in SI units. The first term gives
the incident photon fluence per Roentgen unit, the second is the attenuated fraction of the
incident photons A, the third is the number of electron-hole pairs created per absorbed radiation

energy, and the fourth is the fraction of those charges that are actually collected ncc. The

Aen

) is the energy absorption coefficient per unit density for air. All terms in
4/ air

quantity (
Equation (1-6) depend on the photon energy and, for most semiconductors, only the last term
Ncc, depends on the applied field.

A high detection sensitivity is needed for X-rays detectors to generate high-quality
images with good contrast at the lowest possible X-ray dose. The sensitivity can be improved
by using two different approaches: (i) increasing the uz product within the sensing material; and
(ii) increasing the applied bias. The latter however is often limited by a simultaneous rise of
noise/dark current.!! Sensing materials that combine a high ur product and have a low trap
density exhibit two key features for achieving efficient direct X-ray detection.

The ut product for a given sensing material can be estimated by using the standard or

modified Hecht equation which are defined by Equations (1-7)' and (1-8)°>734, respectively.
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The Hecht model considers a device with a planar geometry having two parallel electrodes that

cover the whole detector area:

LZ
0= QO;TV [1 B e_ml (17)
LZ
QoutV 1 —e KV
Q = 12 14+ ﬁ (1'8)
Vu

Where, like in Equation (1-2), Q is the measured charge (C) (or photocurrent I(A)), Q, is the
total charge (C) (or photocurrent I,(A)) generated by the interaction, u is the mobility
(cm? V-1 s71), T is the charge carrier lifetime (s), V is the applied bias (V) (where V = F L), L is
the device thickness (cm), and s, is the surface recombination velocity (cm s!). Both previous
equations consider a single charge carrier, but for most semiconductors, both electrons and
holes contribute to the measured charge O, with different uz product. Both contributions are

taken into account by Equation (1-9):

QoV
-

_ Lx, _L(L—x,)
HeTe [1 —e ”e’eVl + UnTh [1 —e HnthV l (1-9)

Where u, and uy, are the mobilities of electrons and hole, respectively (cm? V! s71), 7, and 7,
are the lifetimes of electrons and hole, respectively (s), and x,, is the position where the electron-
hole pair is created, where the X-ray absorption takes place inside the semiconductor (cm). The
Hecht equation was developed to analytically characterise the charge collection process in
semiconductor radiation detectors under uniform field, and permanent carrier trapping
conditions.?! The modified Hecht or Hecht-Many equation considers additionally the surface
recombination s, developed originally for thin film photodetectors,** which requires the prior
determination of the charge carrier mobility x via characterisation techniques such as space
charge limited current (SCLC) or time of flight (ToF).

1.3.5 Additional figures of merit

Other important concepts allowing assessing the performance of direct X-ray detectors,
which are naturally linked to the ones previously introduced, are presented below:%!1-24
e The signal-to-noise ratio (SNR) defines the strength of the electrical-optical signal upon
excitation to that of unwanted signal (noise such as the dark current or the readout circuit
noise).
e The resistivity p of the sensing material needs to be sufficiently high. Thus, the applied
bias V, used to collect the photogenerated charge carriers, does not cause an important
flow of charges when the semiconductor is not irradiated (dark current), therefore

favouring the SNR.
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e The spatial resolution of the detector determines the image resolution and hence its
sharpness. It is defined as the number of discernible line pairs per millimetre (Ip mm!).

e The response time, which is defined as the time taken for the detector to respond to
external stimuli (i.e., pulse of X-ray photons). Fast response helps to minimise the
exposure duration time and/or enable higher frame rate during imaging, and is important
for live medical imaging applications (e.g., cardiac surgery).

e Structural uniformity, which is determined, primarily, by the processing versatility of
the active material employed.

e The operational stability, which relates to the detector ability to maintain a specific level

of performance during operation (while being irradiated and over time).

Currently, few semiconductors (e.g., a-Se in mammography) present a combination of
properties making them suitable for direct X-ray detection for medical imaging. Because they
operate in a direct detection configuration, they present a rather good spatial resolution
(3 Ip mm! %) but the attained sensitivity remains limited for the most demanding applications,
and the cost and technical difficulties associated with the realisation of flat panels of large area
(40 cm x 40 cm) is too high to benefit the general population through standard medical
radiography.

1.4 Flat panel X-ray imagers

Among the different applications for X-ray detection, medical X-ray imaging is one of
the main applications, as well as, one of the most extensive modern applications of
semiconductor detectors.

Flat panel X-ray imagers (FPXIs) are extensively used in imaging. In direct conversion
FPXIs, the absorbed X-ray photons are directly converted to charges in the photoconductor and
are collected by a matrix of pixelated electrodes. The image is defined by the charge distribution
on the pixels. For pixel matrices, these FPXIs use either a TFT active matrix array (AMA) on
a glass substrate, or for smaller areas, CMOS, CCD, or application-specific integrated circuit
(ASIC) silicon chips as the sensor to read the image.'?

The TFT-AMA and CMOS are currently the most popular for large size panel detectors.
Several photoconductive semiconductors are used with these readout technologies: Si,!'®
amorphous selenium (a-Se),*® lead oxide (PbO),*” lead iodide (Pbl:),*® mercury (II) iodide
(Hgl»),** and cadmium zinc telluride (Cdi-«ZnxTe) (CZT)* or thallium (I) bromide (TIBr).*!

Figure 1-1-3 shows a simplified functional classification of X-ray detectors, which
involves the dose measurement, X-ray energy spectrum, and X-ray imaging in the form of
arrays. The latter class of imaging detectors is probably the most important application that has

experienced unmatched growth in the last two decades.!?® For that, semiconductors are among
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the most important class of detectors used for X-ray detection. This is where a new promising

family of semiconducting materials make its entrance: metal halide perovskites.

X-ray
detectors

Dosimetry Energy spectra

Measurement of Measurement of X-

incident dose an dose ray photon energy Imaging
rate Si(Li), Ge(Li), CdTe,
Si, CdTe, CZT, Hgl, CZT, Hel,

Indirect
conversion

Direct

Scintillator with

photodiode TFT
readout

conversion

Large area flat Small area
panel CMOS, CDD, ASIC
TFT readout with readout with CdTe,
a-Se, Hgl, CZT, Hgl,

Figure 1-1-3. A simplified classification of X-ray detectors. The orange highlighted branch is
the emphasis in this work. Figure inspired from reference.'3
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2 Metal halide perovskite materials

2.1 An overview on perovskites: history, structures and chemistry

Perovskites encompass a very large family of materials. The first material identified
with a perovskite structure was the calcium titanium oxide mineral (CaTiOs3), discovered by
Gustav Rose in 1839, and named after the Russian mineralogist Lev Perovski.*** On the one
hand, perovskite oxides have seen a blossoming during the 20" century. The ferroelectric
properties of the deformed perovskite BaTiO3 were discovered in the 1940s, becoming the first
successful ferroelectric perovskite material.*-4¢ Since that, perovskite oxides have found their
way in many applications such as ferroelectrics (PbZri«Tix03),*” superconductors (YBa,CuzO
- 1987 Nobel Prize),*® multiferroics and nonlinear optics (BiFeOs;, LiNbOs),*
magnetoresistance (Sri-xLaxMnQ3),>® among many others. On the other hand, halide perovskites
have seen a tardier rise in interest. Even though these materials haven been known since the
19" century,’! their properties, structural®>33 and optoelectronical®*3, have only been gradually
discovered in the following 20" and 21° centuries.

Whether ideally cubic or distorted, a perovskite general formula would be
ATCrIBY(X ™3 with n > 1 and 3n-1 >y > 1,>4 but the shorter ABX3 is commonly used. In this
formula, the cation B forms a network of [BXs]'**" octahedra with the X anions. Each BXs
octahedron is linked to neighbouring ones via its corners in all three directions, generating
infinite 3D [BX3]’*" networks, as depicted in Figure 1-2-1-A.

several perovskite structures: (A) SrTiO3,°¢ (B) MAPbBr3®7 and (C) CsPbBr3.® SrTiO; is the
reference perovskite structure with cubic phase and part of Pm3m space group, at room
temperature and atmospheric pressure. MAPbBr3 and CsPbBr3 are examples of hybrid and
inorganic halide perovskites, respectively, with the same cubic phase and space group as
SrTiOs. (A) focus on the inorganic framework made by the [BXs]'**" octahedra surrounding the
cation, while (B) and (C) highlight the different type of cations that can be employed in halide
perovskites. (B) depicts all possible orientations of the organic cation MA™ can have. Atomic
radii were used for these illustrations.
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This configuration is therefore sometimes called 3D perovskite. It leaves the A cation
of the general formula situated at the centre of the cell, within a cuboctahedral coordination
geometry formed by the 12 neighbouring X anions: AXi>. Figure 1-2-1-A illustrates such
reference cubic perovskite structure with strontium titanate (SrTiOs) unit cell (Pm3m space
group) as well as alternative representations of cubic perovskites, Figure 1-2-1-B and
Figure 1-2-1-C, locating the A cation at the cells corner and a BXs octahedron at the centre.

From a structural point of view, the formation of a perovskite with corner-sharing
octahedra requires the formation of both BXs octahedron and AXi> cuboctahedron. For ions
fulfilling the neutrality of the ABX; formula, this turns into two factors used to predict the
stability of the perovskite structure from the corresponding ionic radii. First, the octahedral
factor u,, is defined by Equation (1-10) and provides a measure of the BXs octahedral stability

in the material:>®

T'p

Hon = E (1-10)
Where 7; is the ionic radius of ion i (A). The octahedral rule states that this factor should be in
the range of 0.44 < u,, < 0.9. The BX¢ octahedron is the basic unit of the perovskite structure.
If the octahedral factor pos is too small the octahedron would be heavily distorted or could
simply even not be formed precluding the existence of a perovskite phase.’® Secondly, the
tolerance factor 7, introduced by Goldschmidt in 1926, is an assertion of the ability of the BXe
octahedra to encapsulate the A cation, that is to say the formation of the AXi> cuboctahedra.

The formula is given in Equation (1-11):%°
. Ta+ Ty

RRCTCNES (1-1)
Where again 7; is the ionic radius of ion i (A). For a perfect cubic perovskite lattice, ¢ is close
to 1. Empirically, many perovskites synthesised to date form in the range 0.81 < 7 < 1.0.
Hexagonal structures are typically formed when #c > 1, and non-perovskite structures are
formed when 7 < 0.8.°! Having the tolerance ¢¢ and octahedral u, factors in the right ranges is
generally indicative of favourable conditions for ABX3 perovskite formation.

While perovskite oxides are the best known, a wide range of halide perovskite materials
have been synthesised with a wide variety of ions, both organic and inorganic cations have also
been developed and exploited for a vast range of applications.®? 6

Metal halide perovskites (MHPs) have recently attracted a lot of attention. Halide-based
perovskites with formula ABX3 can also present 3D structures but unlike their oxide
counterparts, they are much rarer as they can only be formed with specific combinations of
elements. This is because the halide (X") anions (X = Cl, Br, I) impose two major differences
in comparison to the superoxide (O?") anion. Firstly, they bear a smaller negative charge, which
may only be compensated by a combination of A and B cations in lower oxidation states,

leading to general formulas A’B"(X~1); or ALB'B"(X~1)¢. Secondly, they have much larger
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ionic radii, which precludes small metal ions from forming octahedral coordination geometry
(on < 0.44).51

Because of these restrictions, B! candidate metal cations can only be selected from a
limited set of elements, including: the alkaline earths (group 2) such as Sr or Ba;®¢ the bivalent
rare earths (lanthanide series) such as Eu,%”-% Tm® or Yb,; the heavier group 14 elements such
as Ge,”® Sn,>*"! or the original Pb;>!"53 group 12 element Hg;’? or group 11 Au, forming bi-
cationic A»B>Xe structures, called double perovskites.”>’* Remarkably, there are no transition
metals that can adopt the perovskite structure with halide anions, with few notable exceptions
with Mn.” The above considerations do not apply for X = F- because of its small size, it can
stabilise the perovskite structure for virtually all the bivalent metal ions.5!

A consequence of the limited choice in B! satisfying the octahedral rule is that the
number of A! element satisfying the Goldschmidt rule is also limited to cations in a narrow
window for each selected metal B It may be a large inorganic or small organic cation leading
to full inorganic or hybrid MHP, respectively. For the largest B! metals, such as Pb**, only
three A" cations known to date are able to stabilize the perovskite structure: caesium Cs*,
methylammonium (CH3NH3", MA") and formamidinium (CH(NH.).", FA"). Whereas, in
agreement with the Goldschmidt rule, Cs™ is the only elemental cation large enough to sustain
the perovskite structure, for organic cations, it appears that it is not only the size that is important
but also the distribution of the net positive charge. Thus, MA™ and FA" are able to stabilise the
perovskite structure, but cations with similar size abiding by the Goldschmidt rule, such as
HONH;",%! CH;CH,NH5™,76 or (CH3)2NH2+,77 are not.

For a given MHP, the A" organic cation can be viewed as a structuring agent, in a similar
fashion to the amines used in the formation of zeolites. When the cation is too small, the
preferred structure is NH4CdClz-type, which can be described as double chains of edge-sharing
octahedra [BXs]*. When the cation istoo large, the preferred structure is CsNiBrs-type, which
consists of single-chains of face-sharing octahedra. If the size is even more increased, it can
giverise to perovskite-like structures with a lower dimensionality (2D, 1D, 0D).”8! That way,
“perovskites” can exist in a layered form (2D perovskite), with single plans of [BX¢] octahedra
separated by intercalated layers of spacer material (usually long amines such as butylamine,
phenethylamine, among others) or in a mixed 2D/3D form where 3D-like layers, a couple of
corner-sharing octahedra thick, are separated by intercalated layers (Ruddlesden-Popper

phase) 8283

2.2 The resurgence of metal halide perovskites in optoelectronics

The pioneering work by Miyasaka et al. in 2009 laid the foundation for perovskite-based
photovoltaic (PV) research and kicked off a scientific revolution on solar energy materials for
third generation PV (excitonic solar cells) technologies.!!** They made the first attempt to use

halide-based perovskites, methylammonium lead tribromide (MAPbBr3) (see unit cell structure
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in Figure 1-2-1-B) and methylammonium lead triiodide (MAPDI3) as sensitizers in dye-
sensitised solar cells with a power conversion efficiency (PCE) of = 3.8 %. Since then, MHP
materials have attracted enormous attention primarily due to their excellent properties. These
favourable properties include simple and flexible chemistry,3># bipolar charge conductivity,?’
long diffusion carrier lengths,3 direct and tuneable bandgap,®! high absorption coefficients,®
high quantum yield,”® and unmatched processing versatility.

From the early days, the research effort on MHP-based PVs has not been focused solely
on improving the PCE but also the stability of the cell: replacement of liquid electrolyte with
solid-state hole conductor.’’*? This effort has, for now, culminated in the demonstration of
MHP PVs with a certified PCE in excess of 26.1 % for single-junction cells and 33.7 % for
MHP/Si tandem cells (monolithic),” as seen in reference’®. Increasing the efficiency from
3.8 % to 26.1 % in over a decade is a remarkable achievement if one considers that analogous
progress in traditional technologies, such as Si and GaAs solar cells, took 20 to 40 years to
materialise. The tremendous progress is reflected in the fact that the reported PCEs for
polycrystalline (PC) MHPs PVs are inferior only to devices based on SC semiconductors such
as Si and GaAs.!!** Currently, the stability issue remains an open challenge as the main concern
regarding MHPs for PV applications is their apparently inherent chemical and structural
instability under ambient conditions.*

The same favourable properties for PV are now propelling MHPs at the forefront of

11,64

research and development for other optoelectronics applications,! %4 including lasers,”*"7 light-

98,99 190" sensors,!?! and particle detectors,'” to name a few

emitting diodes,”®” photodetectors,
examples. For sensing applications, MHPs have demonstrated the ability to convert different

environmental stimuli such as particles or photons into optical or electrical signals.
2.3 Metal halide perovskites for high-energy detection

The high-energy detection field also tries to benefit from the above-mentioned attractive
properties of MHP materials. The associated research and development efforts have been
intensified in recent years. The majority of the ongoing efforts are pointed towards improving
the sensitivity and spatial resolution of the detection elements with the additional benefit of

103

improved manufacturability.'® Thus, the discovery and development of MHPs as a new class

of materials that combine key functionalities required, with inexpensive manufacturing have

become a hot research area.%11-3:61.64

2.3.1 Outstanding response to high-energy ionising radiation

As indicated in part 1.3 and more specifically for direct X-ray detection, some key
functionalities are required from the sensing material: high X-ray absorption, high charge
carrier generation efficiency and high ur product for better charge collection. The first can be

determined directly from the crystal structure of the compound, the last two are harder to assess
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and generally need precise characterisation. In that sense MHPs present a very good opportunity
as their study for PV application provide good indications of their charge carrier generation and
transport properties. Regarding the X-ray absorption, MHP based on heavy metals inherently
fulfil this requirement with a high density (= 4 g cm™) due to their high compacity (e.g., 0.615
for caesium lead tribromide (CsPbBr3)) and atoms with large atomic number Z
(e.g., Cs (Z=155), Pb (Z=82), Sn (Z =50), In (Z=53), and Br (Z = 35)). The combined high
density and high atomic numbers lead to large attenuation coefficients/short penetration depths,
and so a total absorption of hard X-rays (50-100 keV) within hundreds of micrometres typically.
Optoelectronically, their characterisation for PV showed sufficient ur products
(=10 - 102 cm? V1),32:104-106 Jow charge trap density (108 — 10'* cm3),107-109 4 defect tolerant
nature,>?8811% ghort detection times (~ ns),!''"!13 and a relatively high bulk resistivity
(= 107 — 10" Q cm) 3LIO7I4MS From a technical point of view, they can be synthesised in
solution under mild or ambient conditions offering desired processing versatility at lower cost,
when compared to established material technologies (e.g., cadmium telluride (CdTe) or CZT
under controlled atmosphere in high temperature Bridgman-Stockbarger furnaces''6).

Unsurprisingly, perovskite materials studied for PV application have also been
prominently considered for high-energy radiation direct detection, with hybrid organic-
inorganic compositions such as the prototypical MAPbX3 (X = Br, 1), having attracted most of
the attention to date,!'”!'® as well as, the inorganic CsPbBrs.!%!" Figure 1-2-2 shows the
attenuation coefficient a of MHPs of various compositions commonly studied along those of
commercial materials (a-Se, CdTe and TIBr). As can be seen, the MHPs present attenuation
coefficients similar to those of commercially deployed materials, meaning that they can achieve
the required stopping power for X- and y-rays within reasonable layer thickness, in the range
of several hundred-micrometre layers. Moreover, some MHPs (e.g., MAPbBr3, MAPDI3) offer
particularly wide absorption range that spans from the visible to hard X-rays part of the
electromagnetic spectrum making then an excellent choice for several applications
(e.g., mammography ~ 20 keV region, general radiography ~ 70-100 keV region).!!

The seminal work on direct solid-state X-ray detection by a MHP was carried out by
Stoumpos et al. in 2013 on CsPbBr3.3* Since then, the field of high-energy radiation detectors
based on MHPs has flourished, with a certain number of technological and scientific hurdles to
overcome and remaining open questions, in particular for the specific application of medical

radiology.!!



46 Chapter 1

10* 3
—— MAPDBTr,
MAPDI,
102 - CsPbBr,
a-Se
— CdTe
102 - — TIBr

—_—
A
ul

N

o
o

nl

Linear attenuation coefficient o (cm™)

10 100
Energy (keV)

Figure 1-2-2. Linear attenuation coefficient a of several perovskite compositions (MAPbBr3,
MAPDI3, and CsPbBr3) compared to classic high-energy radiation detection semiconductors
(a-Se, CdTe and TIBr) as a function of photon energy. The plots are based on simulations
performed via NIST (National institute of standards and technology) database.'?°

2.3.2 Halide perovskites: new materials for medical X-ray detection and

imaging

To date, all commercial X-ray detection systems, based either on direct or indirect
detection systems, suffer from one or the other of the following shortcomings.!! Low sensitivity,
low X-ray absorption cross-section (e.g., a-Se for photon energies > 30 keV used for general
radiography), material instabilities (e.g., Pblz and Hgl>), high charge trap density (e.g., CZT),
limited spatial resolution (e.g., CsI(Tl)), high processing temperature during material
crystallisation processes (e.g., Si, CZT) or high manufacturing cost (e.g., CdTe, CZT).
Therefore, there is room for improvement for these detection systems at the sensing material
level and that is where new materials like MHPs can provide a decisive edge. MHP-based
prototype detectors have been developed for X-ray detection, showing the potential they have
for such application.3?121.122

Among the above mentioned MHP having attracted the most scrutiny for direct X-ray
detection, our group has selected the methylammonium lead tribromide (MAPbBr3) as the
model MHP material. This composition does not give the highest X-ray absorption (see
Figure 1-2-2), close to 2-mm thickness layer is sufficient to absorb over 80 % of incident
20-70 keV X-rays,?* but it presents an interesting compromise. Unlike MAPbI3, which absorbs
X-ray better, MAPbBr; has no phase transition in the device storage and photodetection
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operating temperature range -20 °C —+ 80°C.!?* It is also more chemically and thermally stable
than its iodide-based counterpart.!>* MAPDbBr3; crystals will not suffer important volume
variations leading to defect formation, and eventually, to fractures or peeling off the readout
electric circuit. Also, the material can also be elaborated via low temperature synthesis in
solution (< 100 °C),>*!2° and is relatively easy to obtain in the pure perovskite phase without
parasitic ones, unlike CsPbBr3.!26:127 Additionally, MAPbBr3 features most of the favourable
optoelectronic characteristics for high-energy detection already mentioned, making this
semiconductor an interesting candidate for large-surface imaging application.

The upcoming part lists important aspects regarding synthesis of hybrid MHPs.

2.4 Synthesis of hybrid halide perovskites

The fact that MHPs can be synthesised in solution under mild conditions offers great
flexibility in both synthesis route and chemical compositions. In recent years, there has been a
great diversification of the types of MHPs in all sizes and forms: perovskite quantum dots
(0D),'?® perovskite nanowires (1D),'?° perovskite nanosheets/nanoplatelets (2D),'*° and 3D

Blinverse opal-like,!* 133

textured perovskite assemblies (i.e., cuboid-like, coral-like,">” or maze-
like!3* morphologies, etc.) highlighting their potential in a wide range of optoelectronic
applications. Ultimately, all these varieties rely on the two main forms of the perovskite:
polycrystalline (PC) films and single crystals (SCs). For the former, a fine balance between
perovskite nucleation and growth is critical to the film microstructure (uniformity and surface
coverage), which essentially determines the performance of optoelectronic device.!3>137 The
perovskite film format has been intensively researched and, as mentioned in part 2.2, has
already produced high-efficiency solar cells. The study of MHP in the form of SCs is more
recent, as it requires a perfect control of nucleation to favour only growth.

Generally, the hybrid halide perovskites that are of interest to us here are characterised
by relatively low incongruent melting temperatures but can advantageously be crystallised in

solution by several methods.3¢
2.4.1 Polycrystal films

Perovskite films can be prepared by chemical and physical deposition techniques,
mainly including one-step solution processing, two-step sequential deposition, vapour
deposition and vapour assisted solution processing.!*®!13° The experimental conditions of the
deposition allow controlling the film quality. One-step solution processing is the simplest
deposition method. As shown Figure 1-2-3-A, this method is implemented by spreading (here
spin coating) a precursor solution or ink onto a substrate to form a homogeneous liquid film,
which is dried and later annealed. In this modality, the precursor solution consists of perovskite
precursors PbX> and MAX (X = Cl, Br, I) dissolved in a polar aprotic solvent such as
y-butyrolactone ~ (GBL),  N,N-dimethylformamide @ (DMF) or dimethylsulfoxide
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(DMSO0).21:92:140.141 Ty the shown example, MAPDI; is synthesised by spin-coating a solution of

Pbl2:MAI in GBL. This method can allow large-area full-printing manufacturing if a technique

other that spin coating is used such as spray, blade or slot-die coatings.!4?144

A B L 4 : 4

Pbl,/DMF CH;NH,l/IPA
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e Jd> P

PbL, + MAI

Figure 1-2-3. MHP PC film fabrication methods examples. (A) One-step solution-
processing method. Reproduced from reference.®> (B) Two-step spin-coating procedure.
Reproduced from reference.'*> Both examples are for MAPbI; synthesis (IPA = isopropanol).

The two-step deposition method was further developed to gain a better control of the
perovskite film morphology. In this method, only one precursor solution (PbXb>) is firstly spin-
coated onto the substrate, followed by dipping or spin-coating a MAX-containing solution, as
depicted in Figure 1-2-3-B, and annealing to form the perovskite film.!4%:14>:146 Vapour
deposition method has also demonstrated to be an effective way to deposit uniform and dense
perovskite but relatively thin films (~ hundreds of nanometres).'4’

Additionally, other techniques were developed like chemical vapour deposition by
simultaneous sublimation of the precursors,'*® or by combining solution and vacuum deposition
processes, like for low-temperature vapour-assisted solution process.!'#°

The study of hybrid MHP PC films has mostly been driven by PV applications where
very thin films (~ pm) with very large surface area (~ m?) are needed. With such extreme aspect
ratio, control over morphology and microstructure of the crystallised films is primordial. To
that end, the use of additives,'*° both thermal'>! and solvent!? annealing, as well as atmospheric
effects!> and solvent engineering!>* are being investigated to improve the film performances.
Such processes are poorly appropriated to reach the high thicknesses (> 100 um) required for
X-ray detection.



49

2.4.2 Single crystals

The second main forms in which perovskite compounds have been studied are SCs. SCs
have continuous, ideally undistorted, crystal lattices. There are no grain boundaries within the
material, which results in fewer defects than PC counterparts. Because they are usually
synthesised under milder conditions than PC films, SCs generally present improved optical and
electrical properties, given their lower charge trap density, longer charge carrier diffusion
length, and higher stability.®%!5> Therefore, like for any other semiconducting material, a good
understanding and fine control of SC growth of perovskites can further reduce the density of
structural defects and boost their optoelectronic performance.®> For example, it was projected
that perovskite SCs hold huge potential to further boost the PCE up to 25% in solar cells.!>®
More fundamentally, bulk crystals are extremely valuable objects to assess and benchmark the
intrinsic fundamental photophysical properties of a given material. They allow comparing
different chemical composition and crystallographic packing without additional effects from
grain boundaries in PC thin films or dimensionality in 2D nanoplates, 1D nanowires or 0D
quantum dots. That is why in this work a special care has been given to the synthesis of bulk
mm-sized SCs, to be able to grow them reproductively with comparable structural quality in
order to study the correlation between their structures and optoelectronic characteristics.
Moreover, the typical dimensions of the crystals (> 500 pm) match well the thicknesses required
for high-energy radiation detection.

2.4.2.1 Growth of bulk single crystals

Almost all standard crystal growth methods have been used successfully for the growth
of bulk MHP SCs. These include antisolvents vapour-assisted'®> and cooling-induced
crystallisations,'®” seeded solution,3%!2>158 = golvothermal,! hydrothermal,'® or melt
growths.>*1%! Figure 1-2-4 shows schematic diagrams of some of these typical growth methods.
Figure 1-2-4-A depicts an example of antisolvent vapour-assisted crystallisation method for
production of both MAPbI; and MAPbBr3 SCs using GBL and DMF as solvents, respectively,
and CH>Cl, (DCM) as diffusing antisolvent. Figure 1-2-4-B, in turn, illustrates a type of seeded
solution-growth employing lead acetate (PbAc) and hydroiodic acid (HI) for MAPDbIs.
Figure 1-2-4-C shows a typical melt growth for CsPbBr3, the Bridgman-Stockbarger method,
which consists in heating up PC material above its melting point and slowly cooling it from one
end of its container, where a seed crystal is located.

As mentioned before, only inorganic MHPs are melting congruently. As a results melt
growth methods are not suited for hybrid MHPs but only for inorganic MHPs such as
CsPbBr3.3¢162 Solution growth methods, on the contrary, can be applied to both inorganic and
hybrid MHPs such as MAPbX3 (X = Br, I). Indeed, their key requirement is to dispose of a
suitable solvent. In the case of MHPs and more specifically lead halide perovskites (LHPs), the

least soluble constituent is the lead halide salt PbX». Its counterpart, be it inorganic, such as
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CsX, or organic, MAX, being more soluble, any solvent able to dissolve significant amounts of
PbX; is a potential solvent for the crystallisation of LHP SCs in solution. MAPbX3 (X = Br, I)
can be grown in solution using solution temperature lowering (STL) which is part of the
cooling-induced crystallisation techniques. This classic technique benefits from the direct
solubility of MAPbX;3 in HX acid solution, which decreases with decreasing solution
temperature.'®>-19 The crystallisation can then be triggered and controlled by modifying
specific growth conditions such as temperature, pressure, amount or nature of the solvent as we

will see below.
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Figure 1-2-4. MHP SCs growth methods examples. (A) Antisolvent vapour-assisted
crystallisation method for both MAPbI3 and MAPbBr3. Reproduced from reference.!* (B) Top-
seeded solution-growth method for MAPbI;. Reproduced from reference.®® (C) Vertical
Bridgman furnace for CsPbBr3. Reproduced from reference. !

2.4.2.2 Thermodynamics and Kkinetics of hybrid lead halide perovskites

crystallisation in solution
2.4.2.2.1 Thermodynamic equilibrium in solution, supersaturation and metastable zone

Crystallisation is the process of producing a crystal, an ordered solid phase, from a
disordered liquid or gas phase. The crystallisation process can be divided in two steps:
nucleation and crystal growth. The predominant step depends on the experimental conditions
and dictates the number of crystals and the resulting average size. To control the crystal size is
fundamental for any crystallisation process.

Nucleation from solution consists in the formation of a stable solid phase from dissolved
building blocks, the solute. Thus, it corresponds to the appearance of a solid phase in a liquid
with the creation of an interface. As such, nucleation involves two opposing effects: an energy
gain associated with building blocks going from a dissolved to a crystallised state and the
energetic cost of forming the interface between the solution and the crystallised particle or

cluster. Thermodynamically, the energy gain derives from the change in chemical potential of
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the solute Au associated with the dissolved-to-crystallised transition. This gain is proportional
to the number 7 of building blocks or solute molecules involved. The interfacial energy cost on
the other hand is determined by the crystal/solution interfacial energy y and the particle surface
area S,. Therefore, the Gibbs free energy change associated with the formation of that particle
of surface area S, and containing n solute molecules can be expressed as in Equation (1-12):

AG= —nlAu+S,y (1-12)
Here the eventual anisotropy of the particle is overlooked and the same interfacial energy is
considered for all facets. In this expression, the number of solute molecules 7 in the particle
increases like the third power of the particle dimension. The particle surface area S, also
increases with the particle size but like the square of the particle size. If one considers, like in
the classical nucleation theory, that the particle is spherical, the Gibbs free energy change
associated with the formation of a particle of radius » can then be expressed by
Equation (1-13):

47 13
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AG = ———Ap+dmrty (1-13)

Where Q is the volume of a solute molecule. From this expression, one can see that for particles

of smallest radius 7, the 7?2 term in the interfacial cost is dominant, leading to a positive AG:
the smallest particles are thermodynamically unstable. For particles with 7 large enough, the r3
term dominates and AG is negative: the particle is stable. The nucleation event corresponds to
the moment when a particle no longer tends to re-dissolve but to grow. There is a specific
threshold value 7", the critical radius, where an increase in 7 no longer leads to an increase in AG

but to a decrease (smaller or more negative). In other words, the critical radius is defined by

IAG
ar

. =0. From the above expression of AG, one gets the Gibbs-Thomson-Freundlich
T

Equation (1-14):
. 20y
r= E (1-14)
The variation of Gibbs free energy at that nucleation threshold AG*is maximum and positive;
its value is the activation energy of nucleation, made explicit in Equation (1-15):
16w Q% y3  4mr*?y
- 3ap 3

The steady nucleation rate j, is the number of particle per unit of time and solution

AG”

(1-15)

volume crossing that r* threshold (nucleation events s”! ¢cm™). It can then be expressed from

the nucleation activation energy as in Equation (1-16):167:168

_46”
jo = @ I"'Nye *8T (1-16)

Where @ is the frequency at which the solute molecules diffuse from solution to the critical
particle (s!), 7" is the non-equilibrium Zeldovich factor (which gives the probability that a

nucleus at the top of the barrier will go on to form the new phase, rather than dissolve), N is
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the density of adsorption sites (= 1 x 10'> cm™2) on a crystalline particle surface, kg is the
Boltzmann constant (1.380649 x 102 m? kg s> K'") and T is the temperature (K). The pre-

exponential term @"/ N, in the equation is a very weak function of Ax compared with the
AG*
exponential term e *sBT, which varies very strongly.'® As a result, the nucleation rate is

practically zero for low Au and increases greatly beyond a threshold value Ax”. 1t is only past
that threshold that spontaneous nucleation may be observed within reasonable time and volume
of solution.

What is apparent from the above expressions is that the crystallisation is driven by the
change in chemical potential Ax of the solute going from dissolved to crystallised state. The
underlying idea is that the solute in the dissolved state was at a higher chemical potential, was
out of equilibrium, and that it returned to a lower energy state, to equilibrium through the
crystallisation process. These considerations lead to defining the two most important
parameters of crystallisation in solution: the deviation from equilibrium or supersaturation,
which is based on Ax and the equilibrium in the dissolved state or solubility limit.

The solubility limit of a chemical species, the solute, is the maximal quantity that can
be dissolved in a given solvent under given conditions (pressure, temperature, etc.). Beyond
that limit, any solute introduced in solution would be in excess, and cannot be dissolved and
will remain in a solid form. So, at the solubility limit, an equilibrium is achieved between
crystallised and dissolved solute. The thermodynamic of this equilibrium can be defined by
Equation (1-17):

0 ATGO
K°(T) = <= e  RT (1-17)

Where K° is the equilibrium constant of the dissolution, C%s the standard concentration
(1 mol L), s is the solute solubility limit, A,.G%is the associated Gibbs free energy of reaction
(J mol") and R is the gas constant (8.314463 J K-! mol'). In this expression several
simplifications have been made. First, the amount of solute corresponding to the solubility limit
should be described by its activity, which is assimilated here to its concentration. The activities
of the solid phase and solvent are approximated to 1 and the surface tensions are neglected.?*

The solubility limit s can subsequently be expressed as shown in Equation (1-18):

_AGO A-S® —A-HO
s=C% RT =(C% R e RT (1-18)

Where A,.S%nd A, H® are the entropy and enthalpy of reaction, respectively. When considering
both terms independents from the temperature, Equation (1-18) becomes the Van’t Hoff
equation. For most solute-solvent cases, the dissolution is endothermic (A, H® > 0) as strong
solute-solute bounds are broken and replaced by weaker solute-solvent ones. In these cases, as
per Equation (1-18), the solubility limit s will increase with increasing temperature: this is
called direct solubility. In some cases, especially when the solute is susceptible to combine with

the solvent to form a defined compound, a solvate, the dissolution of the solute can be
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exothermic (A,H°® < 0) as the total enthalpy of the reaction now combines that of solute
dissolution and solvate formation. In those few cases, the solubility limit will decrease with
increasing temperature corresponding to a retrograde or inverse solubility, as shown in
Figure 1-2-5.

The driving force of crystallisation is the change in chemical potential A associated
with the solute going from solvated to crystallised state. As mentioned above, the crystallised
state is at equilibrium with the solute at the solubility limit, so they have same chemical
potential: y; — py = 0, where y; and p are the chemical potentials of the dissolved (liquid) and
crystallised (solid) phases, respectively. Hence, Au can be derived solely from the current
chemical potential of the solute in the solution compared to that at the solubility limit s in the

same conditions (pressure, temperature, etc.) as shown in Equation (1-19):

C
Myt =y =ty =k Tn () (1-19)

Here again, the quantities involved are not, as required, the solute activities (actual and at the

solubility limit) are not used but the actual concentration C and the solubility limits. A practical,

adimensional, quantity is generally used to define the deviation from equilibrium, the

supersaturation f = g It is related to Ay through the relation: Ay = kgT In(B). Alternatively,
the relative supersaturation o, is also often used, it is defined as in Equation (1-20):

C—s

s
For the crystal growth step, the driving force remains the change in chemical potential,

0,y =

=p-1 (1-20)

the supersaturation. In Figure 1-2-5, this corresponds to how far above the solubility limit (at
the same temperature) the solution has been brought. The higher the supersaturation, the higher
the growth rate will be. However, if SCs are to be grown, spontaneous nucleation can become
a competing and more efficient crystallisation route at too high supersaturation. As discussed
above the nucleation rate j, remains negligible up to a limit Az*. So, if one manages to maintain
a solution below the corresponding critical supersaturation £*, this supersaturated solution will
crystallise not by spontaneous nucleation but by crystal growth alone. This range of
supersaturation is called the metastable zone as shown in Figure 1-2-5.24125:16° Beyond the
metastable zone, the solution is in the labile zone, where crystallisation occurs through both
growth and nucleation, the later becoming more prevalent as the supersaturation is increased.
Hence, to ensure a steady high-quality growth of SCs, it is crucial to control the solution
concentration, and to maintain it in the metastable zone.

The growth of SCs involves many phenomena on multiple scale in both space and time.
The growth rate is influenced at a microscopic scale by events such as the deposition rate of the
solute molecule onto the crystal surface or the diffusion of these molecules towards an
incorporation site, but also on a macroscopic scale by the diffusion rate of the solute in the

solution (mass transport) or the crystallisation heat extraction, to name a few.
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Figure 1-2-5. Retrograde solubility and supersaturation of a chemical species in a solution as a
function of temperature. Three zones are highlighted: the unsaturated, metastable and labile
zones. Within the metastable zone, there is just enough energy for crystal build-up but not for
creation of new solute particles or clusters. The term f* symbolises here the energy AG* to
overcome the spontaneous nucleation limit. Inspired from references.?*1¢°

Even though, the complexity of crystal growth is not further developed, put simply, high
quality crystal growth is favoured by lower temperatures, stationary growth conditions, good
stabilisation of the crystal/solution growth interface and high chemical purity.

One can notice that the different physical quantities above were introduced considering
a simple dissolution. In practice, as was alluded to when retrograde solubilities were mentioned,
the thermodynamic equilibrium can involve more reactions than the simple dissolution of a
solute in a solvent. This happens to be the case with most of the hybrid LHPs and among them,
the ones involved in this work. Therefore, although the chemistry of the system is discussed in

several instances along this work, a few insights are introduced at this point.
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2.4.2.2.2 Hybrid lead halide perovskites solution equilibrium

The first challenge in the synthesis of hybrid LHPs, between which MAPbX3 and
FAPbXs, is often to identify a solvent that can efficiently dissolve both organic and inorganic
parts. For LHPs, the lead halide precursor (PbX3) is the most challenging to dissolve. For that
reason, the synthesis for LHPs in any form (quantum dots, thin films or SCs) is conducted in
highly coordinating polar aprotic solvents such as DMF, DMSO, GBL or mixtures of them.

The coordinating ability of the solvent helps to dissolve the Pb** ions through the
formation of Pb-solvent molecule complexes. Unsurprisingly, many lead-halide solvate phases
have been identified as “intermediate” compounds in the synthesis of LHPs.!7%!7! The existence
of these solvates has a profound impact on the thermodynamic behaviour of the precursor
solution and so on the crystallisation of LHPs. For one thing, the reference compound in
solution is no longer the dissolved form of the perovskite but a solvate. As indicated above, in
that case the enthalpy of formation/destabilisation of that complex is included into the enthalpy
of the overall dissolution process and, for most LHPs in the solvents mentioned above, it leads
to retrograde solubilities: see Figure 1-2-6-A for the case of MAPbBr; in DMF. These
complexation and de-complexation reactions are temperature-dependent and different phases
may be predominant in different temperature range. This dynamic then dictates the shape of the
solubility curve which can change dramatically between different temperature intervals as is
exemplified in Figure 1-2-6-B by the solubility curve of MAPbI; in GBL,** which presents
both types of solubilities. It is worth nothing that the solvent molecules are large compared to
halide anions, and so do not allow the construction of the octahedra frame that cages the organic
cation; they may not easily substitute the halide in the perovskite structure.

Nayak et al. identified another feature of these solutions, which is the breaking up or
dissolution of lead-containing colloids provoked by a temperature increase or changes in acidity
of the solution and the solvent strength. They suggested that the colloid dissolution would
increase the concentration of free ions in the solution, leading to supersaturation and the onset
of crystallisation with increasing temperature.!”? These free ions are the primary phase serving
as building blocks for the crystal construction. As discussed above, the presence of colloids is
not necessary to explain the retrograde solubility. Both representations are not mutually
exclusive and share a common consideration: a secondary phase is present in solution. Even if
the perovskite compound that we are interested in is the most stable compound (the one with
the lowest solubility with increasing temperature), the existence of the other compound has
major impact on the crystallisation process. This less stable phase may be present in solution in
the form of colloidal particles, as the formation of intermediate compounds with higher
solubility is often first kinetically favoured over that of the most stable form (Ostwald’s rule).

Within our group, solution chemistry studies have been performed to identify the

potential origin of such “colloids” for MAPbBr3, which results are summarised in Chapter 2.
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As we have seen, the LHP crystallisation is not trivial and the solvent selection has far-
reaching implications. Any procedure aiming at growing large SCs of high quality should take

into consideration the existence of these complexes.

2.4.2.3 Lead halide perovskite solution growth and inverse temperature

crystallisation

There are several ways to induce the crystallisation of perovskites from precursor
solution. It may be by solvent evaporation resulting in a solute concentration increase beyond
the solubility limit (spin coating of LHP films for PV, see Figure 1-2-3-A) or by lowering the
solubility limit below the actual solute concentration by gradual addition of a non-solvent
(antisolvent vapour-assisted crystallisation, see Figure 1-2-4-A).

An alternative, more suited to large volumes of solution, hence to the production of large
crystals, is to use the dependence of the solubility limit on temperature. In that case, a solution
of known solute concentration is set at the temperature allowing being at the solubility limit.
Then, the temperature is varied to bring the solution to the supersaturated region. As the
crystallisation consumes part of the solute in solution, the temperature is steadily adjusted to
try to match the concentration decrease by a diminution of the solubility limit and maintain the
system in the metastable zone. Because hybrid LHPs present retrograde solubilities, the
crystallisation will be triggered and maintained by an increase in temperature, leading to what
is called inverse temperature crystallisation (ITC). In 2015, Bakr et al. developed this crystal
growth approach with DMF and GBL for the growth of MAPbBr; and MAPbI3 SCs,
respectively, with size and shape controllability.!?® The growth is carried out in the most simple
manner by preparing highly concentrated solution (usually 1 M), corresponding to a solubility
limit around 50-60 °C, and bringing it straight to 80°C, creating a very significant relative
supersaturation o- ( ~ 40 %). After nucleation (often a single event in a 10 mL vial), a rapid
growth of the nucleated crystal takes place under the very high supersaturation. A schematic of
the procedure is shown in Figure 1-2-6-C. For each run, such process leads to a unique (or two,
at most) SC of several millimetres in size in a matter of a few hours. There are several aspects
of those growths that deserve to be discussed. The first is concerning the first step that is the
nucleation of a unique crystal. It is extremely unusual to have such low nucleation rate
especially considering the very high relative supersaturation employed and the high temperature
of the solution. This suggests either exceptionally large metastable zone width or exceptionally
slow nucleation kinetics. Another point is the high growth rates observed. In usual solution
growth technique such as STL, the applied supersaturation is limited to 2-5 % and the growth
rate achieved is of ~ 1 — 3 mm day™ (~ 0.04 — 0.13 mm h'"). Growth rates R, generally have

the following dependency on the relative supersaturation o,.: R, « 0. Therefore, considering

the high relative supersaturation involved here (~ 40 %) growth rates two orders of magnitude

higher (~ 5 mm h' — 1 e¢m h') could be expected which is far from what is observed
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(< 1 mm h!), yet still higher than conventional solution growth rates. However, this ease of SC
growth contributed greatly to the appeal of this family of materials with the possibility to get
mm-sized SCs to study with nothing but a hotplate and a couple of hours. If larger crystals are
desired, because the temperature range can hardly be further increased, the volume of solution
could be increased but then the nucleation of a single seed becomes less probable.

Figure 1-2-6-D depicts a variant to the ITC designed to solve that issue: a unique seed
crystal is first created in a small volume of solution, and then transferred to an unspoiled new
solution for further crystal growth. This transfer can be performed several times to fabricate

cm-sized SCs.!>3

All variation of the ITC synthesis technique are labelled in the literature as
modified inverse temperature crystallisations (MITCs). In this context, our group has elaborated
synthesis protocols for MAPbBr; material leading to SCs of standardised controlled quality,

which are described in Chapter 2.
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Figure 1-2-6. ITC and MITC methods examples. Solubility curves of (A) MAPbI; and (B)
MAPDBTr3; in GBL and DMF, respectively. Reproduced from reference.!”* (C) ITC apparatus in
which the crystallisation vial is immersed within a heating bath. Reproduced from reference.!?°
(D) Large-size crystal growth using seed crystals by MITC method. Reproduced from
reference.%

Whatever the ITC variant used, growth is almost systematically under very high
supersaturation, which is known to favour several types of structural defects: incorporation of
impurities, formation of liquid inclusions, among others. But despite their fast growth rates,
both MAPbBr; and MAPDI; SCs exhibited charge transport characteristics comparable to those

grown by slower conventional techniques like antisolvent vapour-assisted crystallisation.!?® Via
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ITC, sizable MAPbCl; SCs were later synthesised through judicious selection of DMSO—-DMF
co-solution'”* and the successful growth of FAPbX3 SCs took place.!”?

To recapitulate the solvents used to synthesise MAPbX3 SCs via STL and ITC/MITC,
and the associated type of solubility, Table 1-2-1 is given below.

Table 1-2-1. Summary table of solvents used for MAPbX3 SC synthesis.

Material Crystal growth solvent Type of solubility
MAPbDI; GBL'*, HI/H,0'* Retrograde, direct
MAPbBr; DMF'%, HBr/H,0'® Retrograde, direct
MAPbHCl; DMSO/DMF'"* Retrograde

2.4.3 Defect formation and ion migration in halide perovskites

There can be a very wide variety of defects in a crystal, from extended defects, visible
to the naked eye (e.g., PC, fractures, major heterogeneity or impurity incorporation), to atom
size structural defects (point defects). Any of these may have a significant impact on the
relevant properties of halide perovskites: charge carrier density, optical and charge transport
properties. For each structure, deeper insights into which defects in the crystals may be
associated with trap states are of major importance for the optimisation of the optoelectronic
properties for the targeted application. This knowledge usually marks the difference between
materials that are said to be “mature” and those still in an exploratory phase. The first step in
this process is to identify what type of defects are actually present in the studied crystal. In this
part, a short review on defects for halide perovskite crystals is described, mainly focussing on

defect formation during crystal growth, point defects and related ion migration.
2.4.3.1 Crystalline defects

Anideal crystal structure is a perfectly ordered organisation of atoms, ions or molecules.
As such, it represents a configuration of particularly low entropy. Therefore, for temperatures
above 0 K, the system lowers its energy by introducing some degree of disorder, some deviation
from the ideal periodicity. These deviations can take the form of spatial disorder or chemical
substitution (entropy of mixing). These arrangements are driven by the energy cost associated
with the formation of bounds that are distorted or of different nature (ionicity) and the gain in
entropy. The latter being all the more important with increasing temperature, a higher density
or more pronounced deviation from perfection can be tolerated at higher temperature. That is
why it is generally advisable to synthesise crystals at the lowest possible temperature. Thus,

having a certain level of defects is unavoidable but the synthesis stage can control what type
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and in what density they are present. A brief description is made by defect family, in order of
increasing dimensionality.

Firstly, there are 0D defects, also known as point defects. They correspond to a deviation
from the ideal structure by just one atom or ion that can have the wrong charge or be at the
wrong position (e.g., missing, substituted, interstitial). To unequivocally identify each type of
defect, the Kroger—Vink notation is usually used to describe electric charge and lattice position
of the point. It is primarily used for ionic crystals and is particularly useful for describing
various defect reactions.!” This notation is popular among halide perovskite literature, and goes
as follow in Equation (1-21):

Mg (1-21)
M represents the involved species: it can be an element (e.g., O, Si, Br, Pb), a vacancy (V), an
electron (e) or an electron hole (h). S corresponds to the lattice site (element) that M occupies
or i if it is an interstitial position. C indicates the charge deviation of that defect from that of
the site occupied (charge on the current site minus the charge on the original site). A null charge
is denoted by x, a single net positive charge by » and a single net negative charge by . The
doubling of the last two then represents net double positive and negative charges, respectively.
It has to be noted that the systematic indication of C is not common in the halide perovskite
literature given that determining the defects in these materials is still an active research topic.

Among 0D defects, a first subgroup is the intrinsic point defects where only elements
pertaining to the ideal structure are involved. They include vacancies (VX ), interstitials (A¢) and
antisites (BS), corresponding respectively to a missing 4 species, an 4 species located between
sites, and a B species located at the site of another, here 4, with respect to the perfect crystal
lattice (ABX3). On the other hand, defects involving chemical species not originally belonging
to the crystal are labelled extrinsic point defects or impurities. They include also interstitials
(Zf) and substitutions (Z5), where Z is the foreign species. Figure 1-2-7-A depicts some
examples of point defects in a crystal lattice.

Even though entropy dictates that some level of point defects will be present in the
structure, as experimentalist, one has to find the growth conditions keeping all these defects as
low as possible and the composition as close as possible to the stoichiometric perfect crystal
structure. Indeed, both intrinsic and extrinsic point defects can strongly affect the optoelectronic
properties. The ability of the structure to accommodate different species can also be used in an
advantageous way. In the last few years, using the possibility to make substitutions on all three
sites of the ABX3 perovskite structure, compositional engineering for PVs led to more complex
"mixed” perovskites. In the formula, A and X sites are occupied by mixed cations and anions,''®
such as in FAMA | <PbX3!7® or (FA/MA)PbIBr3;«,'”” to provide an optimal optical bandgap
in solar cells. Additionally, the incorporation of inorganic cations such as Cs and Rb improves
the thermal, moisture, and photoelectric stabilities of mixed perovskites and favours the stability

178,179

of perovskite phases, especially true for double- and triple-cation FA\MACsi—x—yPbX3
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alloys.'8181 In these cases, a gain in entropy is achieved (entropy of mixing) without

compromising the integrity of the perovskite structure.
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Figure 1-2-7. Defects in crystals. Schematic of different types of defects. (A) Intrinsic point
defects in a NaCl type lattice composed of ions of A and B. The element C (green) is an extrinsic
impurity. Reproduced from reference.'®? (B) Two types of line defects: (left) edge and (right)
screw dislocations. Reproduced from reference.!®3 (C) Grain and associated boundary: (left) at
microscopic and (right) atomic levels. Reproduced from reference.'$*
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1D defects are called dislocations, which can be described as a shift in the continuity of
the crystal atomic arrangement in one direction (Burgers vector 5) and along a line (dislocation

direction). b represents the direction and amplitude of the deformation caused by the
dislocation. If it is parallel to the direction line, the dislocation is called “screw dislocation”, if
it is perpendicular, it is an “edge dislocation” as illustrated in Figure 1-2-7-B. Dislocations of
mixed nature, dislocations where the direction line is a closed loop may exist. These defects
can be produced during or after crystal growth. During crystal growth, brutal changes in
temperature or supersaturation can lead to the formation of liquid inclusions or incorporation
of impurities. Dislocations are very efficient ways for the structure to release some of the elastic
strain resulting from these major disruptions of the lattice. Additionally, important temperature
gradients or mechanical strains can also favour their post-growth apparition. Dislocations can
modify electronic band structures. For known semiconductors like CdTe, resistivity and carrier
lifetime are weakened with increasing dislocation density.!85-188

As 2D defects, one can find stacking faults and grain boundaries. The first is an
alteration of an otherwise perfect stacking sequence of atomic plans (ABCABCABABCABC).
It is often associated with a loop edge dislocation forming the edge of the fault. The grain
boundary on the other hand is the interface between two single-crystalline domains of same or
different crystal structure as depicted in Figure 1-2-7-C. It can correspond to growth sector
boundary, crystal twinning or simply independent grain agglomeration. Even though, these are
defects are 2D, they induce 3D disorientations in the global periodicity. Because of that, they
cannot only alter the optoelectronic properties like dislocations, but also cause a loss of
anisotropy. For example, charge carrier mobility can be maximised for certain crystal
orientations only. This maximization is lost in a PC where all orientation are present.!66-18%.19

Finally, 3D defects are regrouped under the term inclusion (different phases from the
crystal structure). They have several origins, all of which are, at least to a certain degree, within
the control of the experimentalist. The inclusions can be solid, liquid or gaseous. The first might
originate from synthesising the crystal in experimental conditions where two or more phases
coexist. The phase diagram of the species is useful to set the right conditions (e.g., composition,
temperature). In the case of solution growth, selecting a solvent that does not combine with the
solute is most favourable. Liquid and gaseous inclusions can happen in case of instabilities at
the growth front because of poor homogenisation of the concentration and/or temperature at the
crystal-fluid interface. Crystals grown at high temperature, far from equilibrium and with a high
concentration of impurity are more susceptible to contain them. Naturally, these inclusions also

modify the mechanical, electronic and optical properties of the material.
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2.4.3.2 Ion migration in hybrid lead halide perovskites

As mentioned above, LHPs and in general MHPs have shown many outstanding
optoelectronic properties in spite of the remarkably limited care given to their elaboration. This
earned them the reputation that still holds today, of being “defect resilient” materials. If the
properties are indeed very promising, some features present real challenges for commercial
applications, the main problem being ion migration.!! Due to its inherent ionic nature and soft
structure, the LHP crystal structure can be destabilised under the influence of environment
(e.g., oxygen, temperature, humidity) or extrinsic stimuli (e.g. electric field, illumination).
MAPDBX; and FAPbX3 perovskites have often been considered unstable, the first due to the
volatile and moisture-sensitive nature of MA* 78192 and the second because of poor
thermodynamic stability of FA*!8%:193, Unbound constituent ions can diffuse within and out of
the perovskite photoactive layer, inducing many adverse phenomena, including current
intensity-voltage hysteresis or phase segregation. Furthermore, migrating ions with highly
reactive power, such as I and MA", may initiate a chain reaction throughout the whole device,
which gives rise to the irreversible device decomposition and induces the migration of other
ionic species. Thus, the ion migration will directly change the local stoichiometry and degrade
the photophysical properties of the device. It has been a pillar in halide perovskite research
since 2015, for both its characterisation and ultimately its limitation or suppression.

Understanding the dynamics behind the moving ions is fundamental. Some general
considerations can be made: smaller ions deform less the lattice during migration and are thus
more likely to migrate in response to external stimuli. However, ionic radius alone does not

allow to directly differentiate the migrating ions,!**!%

one has to rely on a more complete
description of the phenomena which is better quantified by the migration activation energy E..

Ion migration, whether it is of anions or cations, can be divided in intrinsic and extrinsic,
like for point defects. For intrinsic migration, among the different ions forming the LHP
structure, it has been established that the activation energy of Pb** is much higher than that of

196.197 There has been

other ions, implying that there should be no significant lead migration.
direct evidence derived from element distribution measurements confirming that Pb** would
only migrate when the hybrid LHP material was completely decomposed.!'** Regarding intrinsic
migration of anions (I', Br- and CI°), halogen ions have been found to have a high mobility to

196 and high reactivity with other device components,'*® leading to

diffuse out of the perovskite
irreversible degradation. For a device based on mixed-halide perovskites (AB(Xi1xX’x)3), the
light can induce a anion migration resulting in a halide phase segregation detrimental to the
performance.'®>?® Concerning the cations (MA*, FA* and Cs*), MA" also is capable of
diffusing,'® and its mobility seems to be significantly boosted under various stimuli (e.g., light,
electric field).!78:192.201.202 MA* can even initiate a degradation reaction when exposed to oxygen
and environmental humidity, causing the release of volatile gas.!”®!°22! Even though FA* is

larger than MA*, it was found to also migrate and diffuse out of the sensing material in operating
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devices.??® However, and surprisingly, there is still lacking evidence of a correlation between
FA" migration and performance deterioration. Compositional inhomogeneity induced by cation
migration may occur likewise in mixed-cation perovskites.?*2*> When Cs* is added to improve
stability; its separation has been observed but only for high dopant amounts, !89-206:207

Apart from the intrinsic composition ions, other extrinsic species have been found to
participate in migration processes. They can be impurities or dopant introduced in the reaction
system (e.g., Li"), or originate from device material degradation (e.g., protons H from the
perovskite, charge transport layers, or electrode). Li* is introduced as a dopant in perovskite
films to improve the performance of both hole and electron transport layer (HTL and ETL,
respectively).2%820% But, migrating Li* reacts with the perovskite layer and forms Li-containing
compounds, having a detrimental effect on performance.?!® The role of H" migration within
hybrid LHP materials, despite theoretical findings, remains elusive. The only possible
endogenous source of protons in MAPbX; is the deprotonation of the MA™ cation.?!! However,
since deprotonated MA is a very strong base (pKa = 10.66), free H* are unlikely to be abundant
and were found to play a negligible role.?!? External source of protons may exist. Numerous
studies have established that water permeated the majority of the sample and performed a
critical role in permitting protons to be produced and migrate. One study concluded that water
can dissociate into H' at the MAPbX3 surface and promote the deprotonation of MA 213214

Finally, photoelectric devices are commonly formed by employing Ag, Au, and Al as
electrodes. Depending on their redox potential, metal ions may form at the expense of Pb**
leading to possible migrating metallic cations Ag" 2!, Au* 219217 and AI**2!® and the formation
of various types of defects. As examples, when formed, Agl induces deep-level defects in an
interface layer between the perovskite and electrode and deteriorates the performance of the
devices.?!3219220 The reaction of iodine with Au to form gold-iodide is not as easy thanks to a
higher redox potential but it can occur in presence of visible or ultraviolet light. Aul also induces
deep levels in the gap of the perovskite layer trapping both electrons and holes.??! Finally, All3

interferes with the carrier extraction of the perovskite layer.?!®

Thus, the selection for
optoelectronic devices of an electrode with good properties is not enough, it is fundamental that
it also has good chemical compatibility at the interface with the perovskite.

Figure 1-2-8 summarises all the moving chemical species detailed in this part
contributing to parasitic ion migration in an optoelectronic device and shows where they may

affect the device performance.
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Conclusion

As we have seen, the synthesis of materials with high performance for direct X-ray
detection covers a very broad range of aspects. The easiness from a technical point of view
pushes direct detection as a better alternative than the indirect one, with less critical steps. Direct
detection relies on the selection of an appropriate semiconducting material with high stopping
power of X-rays and high conversion efficiency of the energetic photons into electric charges.
LHPs present an attractive compromise with its relatively easy elaboration in solution, allowing
growing cm-sized SCs in a couple of hours via ITC method, and optoelectronic properties,
including competing mobility-lifetime products, attenuation coefficients and a defect resilient
nature, when compared with commercialised technologies.

The solvents used for organic-inorganic hybrid LHPs present a very convoluted
chemistry, given origin to an intermediary phase after precursors dissolution but a very broad
metastable zone, ideal for crystal growth. ITC and MTIC methods, by rising the temperature,
provoke an important supersaturation in solution, thus inducing rapid crystal growth. The
synthesis of a crystal comes with a specific set of defects defined by the experimental
conditions. Identifying and limiting the defect structures is at the core of perovskite materials
research. Point defect along with parasitic ion migration ceil the optoelectronic properties of
MHPs and specially, hybrid LHPs.

Within our group, among the vast family of MHP and LHP materials, MAPbBr3 was
selected to fulfil the task of semiconducting material for direct X-ray detection. Based on the
thesis results of my predecessors, Smail Amari** and Oriane Baussens,*?* and respective works,
MAPDBE; still lacks the requirements for this application at the moment, including relatively
low resistivity, high dark current density, as well as electrical stability over time while applying
an electric field. Thus, the main goal of this work is to investigate ways to improve the
behaviour of MAPbBr3 under X-ray illumination. Three axes of study were approached to attain
this objective and better understand the sensing material. The first consists in elaborating mixed
halide perovskite compositions, resulting in entropy gain without disrupting the integrity of the
SC structure. This anion engineering within the halide elements plays with the solution
chemistry before crystal growth. The second exposes the impact of the environmental
chemistry, by synthesising SCs in different atmospheres and evaluating the presence of
extrinsic species during synthesis and characterisation. The third works as an aperture to
understand the influence of annealing and chemical healing treatments on the stoichiometry of

the perovskite under controlled atmosphere.
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Chapter 2

Materials and methods

Introduction

The following chapter describes all the technical aspects of the synthesis and
characterisation of methylammonium lead tribromide (MAPbBr3) perovskite single crystals
(SCs) and devices based on them. Crystal growth via inverse temperature crystallisation (ITC)
and modified versions (MITCs) methods are detailed as well as the device optoelectronic
characterisation.

As indicated in the previous chapter, defects in the crystal structure can and often play a
major role in the semiconductor optoelectronic properties. The type and number of defects
formed can be influenced by the crystal growth conditions. These conditions encompass a broad
spectrum of elements influencing the crystal growth, such as the nature of the chemical
compounds involved, their purity, the environment (e.g., temperature, humidity) as well as the
eventual perturbations. As we are interested in revealing the impact of specific modifications
in the crystal structure, it is of paramount importance to avoid as much as possible variations
of other parameters. To that end, it is crucial to synthesise SCs of similar quality and
characterise them with a standardised protocol. In the past years, our group has developed
during Amari’s and Baussens’ thesis works, on the one hand, a crystal growth process leading
to SCs of reproducible quality,! and on the other hand, a standardised optoelectronic
characterisation protocol.? Both are detailed hereafter.
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1 Growth of single crystals of reproducible quality

The gradual understanding of MAPbBr3 growth in solution has led to a strict MITC
method allowing synthesising mm-sized SCs of reproducible quality. The sample
reproducibility is of the highest order of importance for the evaluation of a given optoelectronic

property or to see the impact of a parameter change during the life cycle of a SC sample.

1.1 Growth solution and chemical system

As seen in Chapter 1, to grow hybrid MAPbX3 (X =1, Br, Cl) requires specific synthesis
conditions given the complex chemistry behind. The solvent used has to be able to dissolve
both organic and inorganic parts: so far, just a few solvents known are able to do this task
successfully. In the case of MAPbBr3, N,N-dimethylformamide (DMF) is the polar aprotic
solvent accomplishing this. A MAPDbBr; solution is prepared by dissolving in DMF,
halogenated precursors lead (II) bromide (PbBr2) and methylammonium bromide (MABr). Due
to the low solubility of PbBr, high purity of this precursor is required (5N) to avoid an insoluble
fraction, thus altering the stoichiometry of the crystal and creating defects.

The materials used for the synthesis of MAPbBr; SCs were: DMF (Sigma Aldrich,
anhydrous, 99.8 % and Acros Organics, 99,8%, Extra Dry over Molecular Sieve, AcroSeal®
(zeolites)), PbBr> (Sigma Aldrich, 99.999 % trace metals basis; Alfa Aesar, Puratronic®,
99,998% (metals basis); and ultra-dry, 99,999% (metals basis)), MABr (GreatCell Solar,
2 99 %). The materials used for the preparation of the growth solution were used as received.
Different products are given for DMF and PbBr>, which use depend on the different studies
described in the upcoming chapters.

A typical growth solution is a stoichiometric mixture of precursors PbBr2:MABr 1:1 in
DMF at 1 mol L' (I M). A 1:1 ratio is targeted for the growth of a stoichiometric SC.
Concentrations lower than 1 M may require higher solution volumes or temperatures to produce
SCs of same dimension than that at 1 M, which complicate laboratory synthesis. Concentrations
higher than 1 M can lead to the apparition of a white solid phase at low temperature (~ 25 °C)
corresponding to lead-solvent (Pb-DMF) solvates, encapsulating then Pb?* available to build
the inorganic octahedra perovskite network. Thus, a 1 M concentration represents a good
compromise, allowing a practical and homogeneous precursor solution at room temperature.

Within a 20 mL borosilicate glass flask, PbBr; is firstly introduced, then MABr and
lastly DMF. The precursor solution preparation takes place in a glovebox (Ar atmosphere, H2O
and O contents below 10 ppm) at CEA LITEN, to avoid any interaction with the environment
(e.g. humidity, dust particles), such impact is precisely the subject of the study presented in
Chapter 4. DMF is known to be hygroscopic.’ Both precursor powders and solvent were mixed
with a magnetic stirrer overnight at room temperature for full dissolution of the precursors and

stabilisation of all chemical species present. A 1 M solution has an equilibrium temperature of



&9

Teq = 58.3 °C, far above room temperature. The next day, the solution is filtered using a
borosilicate glass or polyethylene syringe and polytetrafluoroethylene (PTFE) filter with a pore
size of 0.2 pm with the objective of eliminating any non-miscible parasitic solids. At room
temperature, the growth solution obtained is well below the solubility limit and while being in
an Ar atmosphere, it can be stored without any risk of spontaneous crystallisation or

degradation. It is usually used for crystal growth within 24 h.

1.2 Single crystal growth

In previous work, it has been shown that one of the main sources of variability in crystal
quality originates from the seed the crystal grows from, especially if the seed results from
spontaneous nucleation.!* Therefore, all the crystal growths conducted here are seeded growths,

high quality seeds being selected among the ones produced by spontaneous nucleation.
1.2.1 Seed preparation and preliminary steps

The formation of seed crystals is simply based on bringing the growth solution beyond
the metastable zone, as shown in Chapter 1, to trigger the formation of nuclei within the
solution. By starting from a temperature below the equilibrium temperature of the perovskite,
namely 7e; = 58.3°C (for 1 M PbBr.:MABr 1:1 solution, see retrograde solubility curve (s-T)
in Figure 2-1-1), and setting an abrupt change of temperature, usually 2 81.5 °C, spontaneous
nucleation is naturally induced. To produce seed crystals, the growth run has to be interrupted
so little crystals (~ 1-2 mm long) can be extracted from the solution. To facilitate spontaneous
nucleation, we ensured that the meniscus of the solution is well embedded in the heating system
used. Indeed, the solvent evaporation, being increased by the meniscus curvature, leads to a
local increase in solute concentration and a favoured point of nucleation.

A monocrystalline seed crystal has to be selected with specific characteristics to produce
high quality SCs. The seed crystal has to be ideally ~ 1 mm long, with regular edges and plane
surfaces, indicative that it is not made up of several agglomerated crystals but effectively a SC.
Seed crystals were then further selected through observation between crossed polarisers
according to their level internal stress. Examples of selected and rejected seed crystals can be
observed in Figure 2-1-2-A and Figure 2-1-2-B, respectively.

Because the equilibrium temperature of the growth solution is about 58.3 °C, the next
challenge is to engage the seed in the growth solution at a temperature significantly higher than
the room temperature, but just below equilibrium to effectively start the growth run. Two
methods have been used. The first consists in simply dropping the seed crystal inside the
precursor solution while being heated at this temperature below equilibrium. The seed rests at
the bottom of the vial hopefully in the centre before the growth starts, as shown in the
schematics depicted in Figure 2-1-2-C and Figure 2-1-2-E. While being simple, this method
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presents several shortcomings. First, it risks projecting solution on the inner walls of the vials

that can later lead to parasitic nucleation.

1.0
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Figure 2-1-1. Retrograde solubility of MAPbBr3; in DMF. ® The MAPbBr3; Van’t Hoff fitting
equation is extracted from Amari’s work.* ® Grams of perovskite per millilitre of solvent at
20 °C (density considered constant).

Second, the bottom of the vial being not perfectly flat, the growing crystal will
accommodate this bottom shape rendering a significant portion of the volume unusable. The
other method consists in gluing the seed crystal on a flat surface at the bottom of the vial and
then adding the growth solution in. In that case, the seed crystal is mounted on a piece of Si
wafer with silicone glue (Elkem Silicones CAF 4). The ensemble is then glued to the bottom of
the vial, mostly in order to avoid dead space bellow the wafer where solution would be trapped
and parasitic nucleation would take place. In addition, sufficient exposed area to the solution
must be secured to allow large SC growth with a proper positioning of the silicone glue at the
bottom of the seed crystal. Figure 2-1-2-D and Figure 2-1-2-F illustrate how the SC is fixed
to the bottom of the vial on a Si wafer. Both the seed crystal secured at the bottom of an empty
vial and the growth solution are thermalized at the temperature below equilibrium, then the
solution is added to the vial containing the seed and the growth run is started. The starting
temperature is selected so the solution handled is undersaturated, ensuring that it will not trigger
any nucleation. It has also to take into consideration any uncertainty on the actual solution

equilibrium temperature.
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Because of the strong dependency on temperature of the MAPbBr3 solubility in DMF
(high curve slope), any uncertainty on the solution concentration, on the weighted precursors
can shift significantly the equilibrium temperature (about 1 °C for an error of a couple of
milligrams). To accommodate for this uncertainty the initial temperature is chosen 2.3 °C below
the equilibrium: 56°C for the targeted 58.3°C. This is followed by two temperature steps, called
the regrowth protocol: one to stop the seed partial dissolution (Tieve 1 = 58.8 °C) and the other
one to ensure the reconstruction of seed (Tievel 2 = 62.6 °C) under moderate relative

supersaturation (o, <7 %).

1 mm 1 mm

C Flask D Flask

MAPbBr; SC MAPDBr; SC

CAF 4

——
E

1 > Si
MAPbBr; SC @

Figure 2-1-2. Seed crystal selection and preparation. (A) Seed crystal with low dislocation
density, preferable for seeded crystal growth, observed between crossed polarizers.
(B) Mechanically stressed seed crystal with many dislocations. Schematic representations of
seeded crystal growth preparation with non-glued seed crystal (C) side and (E) top views, and
glued seed crystal (D) side and (F) top views. The schematics are not in scale.

s

CAF 4
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1.2.2 Crystal growth

1.2.2.1 Setup

With a seed crystal in the growth solution under moderate supersaturation, as indicated
in Chapter 1, the crystallisation is controlled through the modification of the precursor solution
temperature. Because the solubility is retrograde, this corresponds to a temperature increase.
The advancement of the growth relies then on a setup with a programmable heating device. As
it is highly beneficial to dispose of several samples for each growth condition considered, a
setup allowing the simultaneous growth of up to six crystals has been developed at Institut Néel,
CNRS, as depicted in Figure 2-1-3-A. It consists of a Peltier temperature regulator equipped
with a six-vials slots heating Al plate, in charge naturally of the seed containing-vials heating.
The bench is coupled with a double jacket for the precursor solution thermalisation, thermally
regulated with water by a Thermo Haake refrigerated-heating circulator (ThermoFisher
Scientific), equipped with a PT100 probe. Thermal conductive paste is used in the slots for good
plate-vials heat transfer.

In order to improve the control of the growth conditions, a calibration of the actual
temperature in the vials as a function of the system setpoint was performed. A first study
evaluated the vertical temperature gradient in 3.5 mL of DMF contained in a vial (representing
7 mm of solution height), then a second one establishing the correlation between the
temperature setpoint and that at the flask bottom for the different slots. All details concerning
the correction needed to achieve the right temperature at the flask bottom can be found in
Appendix — Chapter 2.

The growth solution is naturally convected, given the fact that forced mechanical stirring
would induce spontaneous nucleation in the solution (higher surface exposed to the solution,
higher chances for nuclei to appear). Small growth solution volumes favour then the
homogenisation of the solution and reduce the gradient temperature. The solution volume in
each vial is then fixed to 3.5 mL, ensuring additionally that the solution meniscus is aligned
with the plate upper level to be slightly colder than the bulk of the solution and avoid nucleation.

A starting growth run, just after solution addition on the seed crystals is shown in
Figure 2-1-3-B.
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Figure 2-1-3. Six-single crystals simultaneous production setup. (A) Simultaneous
production Al plate (right) with double jacket containing the precursor solution (left).
(B) Ongoing crystal growth inside six flasks with 3.5 mL of precursor solution on crystal growth
bench.

1.2.2.2 Temperature increase management and supersaturation evolution

In addition to using good seed crystals, another key element to achieve reproducibly
high crystal quality is by avoiding harsh variations in the growth conditions. Thus, it is highly
beneficial to try to maintain a constant supersaturation during growth.>® This is hardly done
during growths varying abruptly the temperature. For example, the ITC presented before as
being a simple and easy method to produce hybrid lead halide perovskite (LHP) SCs,’
corresponds to a single temperature step going from a point below equilibrium to a point in the
spontaneous nucleation zone (labile zone) (2 81.5 °C). It is translated into a violent jump in

supersaturation: going from 7 % to up to 42 % in 30 min (see red plot in Figure 2-1-5), and
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later gradually decreasing as the temperature is maintained. Our group has demonstrated that,
even with good quality seed crystals this temperature profile leads, in a significant portion of
growth runs, to PCs or SCs of reduced quality.

Usually, strategies to grow crystals of good quality are based on linear temperature
profiles. They are in most cases successful, very easy to set, practical and allow less violent
supersaturation variations than the ITC, but in the case of MAPbBr3 in DMF the limits of that
approach is reached rapidly. Indeed, like for most hybrid LHPs in polar aprotic solvents, the
solubility of MAPbBr3; in DMF in highly nonlinear. It presents a very pronounced curvature
with a slope decreasing significantly as a function of temperature as previously seen in
Figure 2-1-1. Therefore, as the growth proceeds, a slower temperature increase is necessary to
create less violent supersaturation changes. A linear temperature profile can hardly maintain a
constant supersaturation, as depicted by the blue plot in Figure 2-1-5: firstly, a less violent
supersaturation increase than that of ITC is induced by the profile, going from 7 % to up to
34 % for a 4 h-temperature profile. As the crystal grows, the number of sites to incorporate
solute molecules also increases. Accordingly, the crystal ability to consume solute from the
solution increases during the growth. Both phenomena lead to the same consequence: when a
linear ramp is employed for a wide temperature range, once the maximum is attained, the
supersaturation finishes by decreasing with advancing growth (in the example, after 4 h). Linear
ramps can lead to long growth times as well as strong variations in supersaturation, reducing
potentially the crystalline quality.

With the objective of maintaining constant the supersaturation, to stabilise the crystal
growth mechanism and so to produce homogeneous SCs with low defect content, within our
group, a nonlinear temperature profile was defined. This profile aims to compensate at any
given time the crystal consumption of solute by a temperature variation adapted to the actual
s-T curve. It corresponds to a mass balance between the desaturation-saturation of the growth
solution. This balance depends on several parameters. On the one hand, the desaturation varies
according to the growth mechanism involved, the crystal size, and supersaturation; on the other
hand, the saturation, the creation of supersaturation, relies on the solubility, the actual
temperature and the solution volume. By considering several types of crystal growth
mechanisms: rough growth, bi-dimensional germination, and spiral growth, a unified solution
was defined allowing having the temperature as a function of time. The specific case of
MAPDBBr; in DMF is described below.

Let first consider the desaturation side of the mass balance: the solute consumption. The
observation of the microtopography of MAPbBr3 SC faces showed characteristic growth
hillocks indicating that the growth mechanism involved is a step flow with screw dislocations
emerging from the faces serving as step sources, which is called spiral growth. The unitary steps
exiting from the dislocation at the surface tend to bend and, as they advance, roll up in a spiral-
shape around the dislocation to form growth hillocks that ultimately cover the whole face.
During this type of growth, the incorporation of crystallising entities takes place at kinks in the



95

unitary growth step. If one considers the step roughness to be constant over the temperature
range of the growth run, then the number of incorporation sites is proportional to the step length.
Using the Archimedean spiral as model, one can see that the arc length of the steps circling the
dislocation is proportional to the spiral outer diameter, which corresponds to the width of the
face it was formed on. In other words, in a spiral growth, the ability of a crystal to desaturate
the solution is proportional to the faces width. If one assumes (as is often the case) that under
constant supersaturation the crystal will grow homothetically, thus at any given time all its faces
widths are proportional to a chosen characteristic lineal dimension L(?) (e.g., crystal width,
height).

As aresult, the solute mass deposition rate (C;—T, solute lost to the growth) can be seen as

being proportional to L(?):

dm _
Frin K L(t) (2-1)

Where k is the parameter taking into account not only the proportionality of the number of
incorporation sites to L(t) but also the incorporation rate at those sites, dependent in turn on
the supersaturation or mass transport. Because we considered the crystals to grow in a
homothetic way, the volume of the growing crystal V. can be defined at any time from the
chosen characteristic lineal dimension L(z):

V. =B, L(t)® (2-2)
Where £, is a constant taking into account the growth morphology of the crystal. From this
volume and the crystal density p; (g cm™), Equation (2-1) can then be written as a differential

equation on L(?):

dm dL(t)3 dL(t)3
ar =~ Pabv—g— = paBr— =K LD (2-3)
dL(t)? 2 kK
Hence g - %= §Pd 5 (2-4)

Where a, (mm? h'!) is the parameter representing the growth kinetics (mass deposition rate)
depending on the crystal morphology, supersaturation, and mass transport. After integration of
Equation (2-4):
1
L(t) = (Ly® + ay t)2 (2-5)
Where L, is the initial characteristic length of the seed crystal (mm). Finally, from this

expression, the mass of the growing crystal, corresponding to the first term of our mass balance,

can be expressed as follows:

3
m(t) = pa By (Ly? + a3 )7 (2-6)
Figure 2-1-4 shows the evolution of the characteristic lineal dimension for different a.

parameters.
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Characteristic lineal dimension L(t) (mm)

Time (h)

Figure 2-1-4. Evolution of characteristic lineal dimension L(z) for different kinetic parameters
a2=1.5,4.4,11 and 20 mm? h! for Ly = 1 mm.

One can see that, under our assumption of stationary incorporation of growth units, L(z)
increases rapidly at the initial stage of the growth but then fades significantly. That is why the
popular strategy to modify the temperature ramp during the growth to maintain a constant
extension of the crystal (constant growth rate, linear L(?)) is not optimal either, as it means that
to maintain the elongation, the incorporation rate at the kinks has to increase with increased
number of sites.

If we now consider the other side of the mass balance: the supersaturation generation,
in other words, the mass made available by the temperature variation, one of the key points to
take into account is the non-linearity of the solubility limit as a function of temperature. As

discussed in Chapter 1, it usually follows a Van’t Hoff type Equation (2-7):

s(T)=4 eg (2-7)
Where A (g mL!) and B (K) are terms linked to entropy and enthalpy of precursors dissolution
and complex reactions, and T is the temperature (K). The overall mass of solute mg,;,; made
available for the growth at any given time is then directly linked to the solubility limit and the

actual temperature 7 via Equation (2-8):

B B
Mgolute (t) =A Vs(eE - em) (2'8)

Where V; is the solution volume (mL) and T, is the temperature at the beginning of the crystal
growth (°C) setting the initial supersaturation to be maintained throughout the growth
(To # Teq). Thus, the mass balance equilibrium is achieved and maintained at every moment of
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the crystal growth if the crystallised mass m(t) — m, is equal to the mass made available for
growth by the temperature variation, where my = p 8, L,> is the mass of the seed crystal (g).
By combining Equations (2-6) and (2-8), on can extract a nonlinear expression of the

temperature as a function of time for spiral growth:

3 B B
pa By (Lo* + @y )2 — my = AVy(eTo — eT®)
T(t) 5
f—t =
35 B ]
In [—p 4 é” (Lo — (Lo® + ay t)2) + €To (2-9)

Equation (2-9) is thus called an adaptive temperature profile. As indicated before, it
takes into consideration the solubility non-linearity (4, B), the growing crystal morphology (f),
the initial conditions: seed dimension Ly, temperature 7y and volume of the growth solution V.
If several seeds are used, Ly is the average characteristic dimension and V; is the total solution
volume divided by the number of seeds. With this equation, one can easily predetermine an
adapted nonlinear temperature profile if the solution volume, the starting temperature or the
number of seeds changes from one growth run to the next.

The only adjustable parameter left for optimisation is the kinetic parameter a.. Because
it includes many aspects of the growth, it has to be defined for each solute-solvent system and
for each targeted supersaturation to maintain constant. To validate the ability of these
temperature profiles to maintain a constant supersaturation, growth runs were conducted with
timed image acquisition to measure L(z) and so m(?), to follow experimentally the mass balance.
Figure 2-1-5 presents the estimated relative supersaturations from the mass balance. As can be
seen, the temperature step of the ITC (red plot) as well as the 4 h-linear temperature profile
(blue plot), correspond to important variations of supersaturation. Therefore, even if these
temperature profiles lead to SCs, they are not favourable for the synthesis of materials of
optimal homogeneity and quality. With adaptive temperature profiles on the contrary, limited
supersaturation variation may be achieved (green plots).

Even if this type of ramp softens the supersaturation changes, thus the defect formation,
in the specific case of MAPbBr; in DMF a compromise had to be found. Indeed, the kinetic
parameter o maintaining the initial supersaturation of 7 % would lead to a growth run of several
days to reach the final temperature of 81.5 °C. Yet, in our system, if the metastable zone width
is larger than 40 % in the first hours, it seems to reduce over time and spontaneous nucleation
occurs within 10-12 h even at much lower supersaturation. Therefore, a compromise was
identified with a kinetic parameter oz of 11 mm? h'! leading to growth runs shorter than 12 h
but corresponding to a mass balance equilibrium at 15 % supersaturation. In that case either the
starting supersaturation was set at 7 % (7o = 62.6 °C, o> = 4.4 mm? h'!) and the system slowly
drifted towards15% (dark green curve in Figure 2-1-5) or set at 15% (7p = 67.2°C,
a> = 11 mm? h') and the adaptive temperature profile kept it constant (light green curve in

Figure 2-1-5). The standard crystal growth procedure considers 7p = 62.6 °C as the starting
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temperature of the profile and 81.5 °C as the ending temperature. Table 2-1-1 recaps in detail

all parameters necessary to employ adaptive temperature Equation (2-9).

] ——TC
81.5°C ——MITC - Linear

—— MITC - Adaptive a, = 4.4 mm? h”’
—— MITC - Adaptive a,, = 11 mm? h”’

81.5°C

Relative supersaturation o, (%)

[¢)]

Time (h)

Figure 2-1-5. Relative supersaturation evolution as function of time for a 4 h-crystal growth
for three types of temperature profiles. Red plot: ITC protocol with a setpoint of 81.5 °C. Blue
plot: Linear temperature ramp (+ 5.6 °C h™'). Green plots: Adaptive temperature ramps for
a>=4.4mm?h'! and 11 mm? h'l.

Precursor solution and seed preparations, as well as crystal growth, were performed by
myself with the assistance of Julien Zaccaro and Thibault Lemercier, with the collaboration of
Giovanni Armaroli in Chapter 4.
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Table 2-1-1. Summary of all parameters involved in a spiral crystal growth with adaptive
temperature ramp for MAPbBr3; in DMF.

Parameter Value for MAPbBr1; in DMF
A 2.23x10° gmL!?
B 1780 K
Pd 3.82 gecm™>?
By Y, ©
Lo ~ 1 mm
Ty 62.6 °C Y
Vs 3.5mL°
o2 Adjustable (in mm?” h')

% 4 and B term values were determined during Amari’s thesis work.!

® The density p; of MAPbBTs3.
© The seed crystal volume is considered half a cube: V, = % cube volume = % L3 with B, = Y.
9 Last temperature of the regrowth protocol.

® Volume of growth solution per vial.

1.2.2.3 Specificities of MAPbBr3 growth in DMF

Some peculiarities of the crystal growth of MAPbBr; in DMF have already been
mentioned: a retrograde solubility, a surprisingly wide metastable zone width (in the first hours
at least) leading to a low nucleation rate and a high growth rate at supersaturations of up to
40 %, when most standard growths in solution are conducted under 2-3 % supersaturations. All
these features can be traced back to the formation of a complex between the lead and solvent
molecules. Speciation calculi based on the equilibrium constants of the PbsDMFs*? complex as
well as bromoplumbates species [PbBry]*" showed that in our chemical system (1M
MABT:PbBr; stoichiometric solution in DMF), the lead-solvent complex is the dominant lead
species in solution (50 %) while the perovskite building block PbBr3~ only accounts for 33 %.!
Incidentally, while tracking the MAPbBr3 growth kinetics for the development of the adaptive
temperature ramps, we have observed a marked reduction of the growth kinetics at the end of
the growth runs in spite of still having significant relative supersaturation (7-10 % calculated
from mass balance). It appears that the growth rate drops when the crystallisation yield reaches
33% (33 % of the lead species in excess in solution are consumed by the growth). This limitation
of the crystallisation yield could be explained by the presence of lead-solvent complex in
solution. As long as the crystallisation yield is below 33%, the growth proceeds from the PbBr3"
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species in solution and the growth kinetics are determined by mass transport, surface diffusion,
incorporation kinetics, to name a few. Growth beyond the 33 % crystallisation yield would then
require the destabilisation of the PbsDMFs"? complex which needs additional energy, and has
slower kinetics, becoming the limiting factor for the growth. Growing very large crystals,
beyond the 33% yield, then requires extremely long times to accommodate this slower kinetics,
which then run into the limitation of spontaneous nucleation. This change in crystallisation
regime is not taken into consideration in our model of adaptive temperature ramps. It is thus
primordial to apply this method in a low crystallisation yield region where the o> values are

dependent on supersaturation and not on complex destabilisation.



101

2 Device fabrication

The grown crystals present a very favourable cubic morphology with widths and heights
of a few millimetres. They can readily be made into optoelectronic devices by polishing the top
and bottom surfaces (by removing the seed, creating a flat surface), and then depositing metal

electrodes.

2.1 Standard polishing procedure

The polishing step is very important on perovskites and on materials in general, because
it creates the active surface, which is then in direct contact with the metallic electrode. The
protocol, previously established by Marian Chapran, was executed at CEA LETI, and it is
detailed below.

The SC to be polished is mounted on a movable piston, depicted in Figure 2-2-1-A and
Figure 2-2-1-B, maintained perpendicular to the polishing plan by the polishing tool body,
shown in Figure 2-2-1-C. The crystal is fixed to the piston by the same silicone glue (Elkem
Silicones CAF 4) used for the crystal growth. A glass slab is intercalated between the crystal
and the piston to avoid any redox reaction between the Pb** of the crystal and the aluminium
piston. The first side of the crystal to be polished is the seed side. The top natural growth face
is fixed to the piston and will serve as a crystallographic orientation reference. The other crystal
face is first lapped on a series of disks with silicon carbon abrasive of decreasing grain size,
down to a few micrometres: P400, P1200, P2400 and P4000. If the amount of material to be
removed is limited some of the coarser grains may be skipped. During that lapping process, a
fluid is added to help clear the material removed from the crystal. In our case isopropyl alcohol
(IPA) was selected as it is a very mild perovskite solvent and so contributes to the removal of
material and leads to smoother surfaces. The polishing procedure is then both chemical® and
mechanical: the surface is totally reconstructed. After that lapping stage, a flat surface has been
formed, its roughness is then reduced by the polishing stage. The two polishing steps are
conducted with free diamond abrasive in anhydrous pastes (1 and % um) on different support
disks (RAM and NT, respectively) to obtain an optical-grade surface. All disks and pastes were
purchased from PRESI.’ Because of the relatively low hardness of the hybrid perovskites, all
lapping and polishing steps are conducted with limited pressure and last only between 20 to 60
seconds each. At the end of each step the SC surface is clean thoroughly with ethyl acetate
(EtOAc). Table 2-2-1 reports the disks and lubricants (solvents or pastes) used in the various
steps. The crystal is then carefully removed from the support. The process is repeated for the
other side (non-seeded side). After polishing both sides, the crystal is put in a toluene bath
overnight to wash away any impurity from the process, as illustrated in Figure 2-2-1-D, and

then cleaned one last time with toluene.
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/

Figure 2-2-1. Polishing procedure of SCs. (A) Al pistons with glued glass on top beside
hybrid SCs waiting for gluing procedure. (B) SC glued on piston with Elkem Silicones CAF 4.
(C) Two-part metallic handle used for lapping and polishing. (D) Polished SCs left overnight
in toluene for cleaning.

Table 2-2-1. Polishing procedure employed.

Step Polishing disk Solvent/paste
Lapping P400/P1200/P2400/P4000 IPA
Polishing RAM I pm anhydrous

diamond paste

1
Polishing NT Va wm anhydrous
diamond paste
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2.2 Metal electrode deposition

Chromium metal (Cr, Sigma Aldrich, powder, 99.5%, —100 mesh) was selected as the
metal electrode because of its compatible work function, neutral chemical reactivity towards
the hybrid LHP and more stable electric signal when compared to typical Au,'® which reacts
chemically with halide perovskites, as seen in Chapter 1. The electrode deposition was done by
evaporation of Cr in a Braun evaporator via Joule heating inside a glovebox under Ar
atmosphere. The Cr is placed over a crucible at the bottom of the machine, and the SCs at the
top, over a W nacelle, cased within a chuck, as seen in Figure 2-2-2-A. A metallic Ni or alloy
mask is used to define the geometry of the electrode on the perovskite, maximising the coverage
of the surface. A 2 x 10 bars vacuum and a 0.8 A s deposition rate were used during the
procedure. The temperature of the chuck, and thus of the samples temperature does not exceed
100 °C. Thicknesses of 100 and 30 nm were deposited on each side, respectively, leading to
devices with a Cr (30 nm)/perovskite SC/Cr (100 nm) configuration. The thinner Cr layer was
used to act as a semi-transparent electrode. This configuration provides the electrical contact
for bias application and charge collection while being transparent to the excitation laser used in
the Time of Flight (ToF) experiments. A sample device example is shown in Figure 2-2-2-B.
The procedure was exclusively executed by Marian Chapran or Stéphanie Lombard at CEA
LITEN.

Figure 2-2-2. Cr electrode deposition. (A) Evaporator inside: the Cr crucible and the sample
chuck are located at the bottom and top of the machine, respectively. (B) Perovskite SC device
with Cr electrodes deposited on each side.
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3 Optoelectronic characterisation

The optoelectronic characterisation represents a key aspect, indicating if our MAPbBr3
material fulfils the requirements needed for direct X-ray detection. As presented in detail in
Chapter 1, the sensing material has to present electric stability (no hysteresis, low dark current
while being under bias) and environmental resilience (no photochemical reactivity with the
surrounding environment, e.g., humidity, oxygen, radiation). The semiconductor has to present
as well high resistivity and relatively high sensitivity towards X-ray illumination. The
standardised protocol for medical grade X-rays detection allow assessing resistivity, dark

current, current stability over time, sensitivity and charge carrier transport properties.
3.1 Test box

The standard procedure employs a brass box for current density-voltage (J-V), current
density-time (J-t) and sensitivity-voltage (S-V) measurements. The SC device is sandwiched
between conductive silicone layers on the inside, as depicted in Figure 2-3-1-A. The silicon
layers are doped with Cu and Ag, to assure better electrical conductivity and a softer interface
with the internal contacts given the delicate mechanical handling of the SC. The boxes work as
Faraday cages to avoid interactions with any external electromagnetic field. The box side facing
the X-ray source possess a hole with a lead collimator, allowing the irradiation of a small and
controlled area of the SC electrode. The test box is connected to the ground and keeps also the
SC device in the dark. Figure 2-3-1-B depicts an example of SC inside brass box being tested

under X-ray illumination.

Figure 2-3-1. Optoelectronic standard test box. (A) Interior of brass box with SC device in
the inside, sandwiched between silicone layers. (B) SC device being tested inside brass box
under X-ray illumination.
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3.2 Sensitivity tests

3.2.1 X-ray source

X-rays are generated via a sealed tube with a W anode and operated at a 70 kV
accelerating voltage, which is typical for chest radiography. The emitted X-ray photons are
internally filtrated by a 0.8 mm-thick Be and 2.5 mm-thick Al plates. To evaluate the radiation
received by the SC device after X-ray absorption by a “human body”, a 21 mm-thick Al layer
is additionally added to simulate the average human body density. A total of 23.5 mm Al
filtration takes then place. This filtered X-ray source corresponds to a standardised radiation
quality labelled RQAS. The resulting spectrum of the X-ray beam, presented in
Figure 2-3-2, is rather broad (35-67 keV), with an average photon energy around 53 keV.
Experimental sensitivity S values were measured by irradiating with this source, the devices
with 10 X-ray pulses of 100 ms at 4 Hz, corresponding to a 24 uGyair dose per pulse. The test
box is located 1 m below the source. The incident X-ray dose was calibrated using a UNIDOS
dosimeter (PTW), shown in Figure 2-3-3. The X-ray tube setups are summarised in
Table 2-3-1. The experimental settings follow the characteristic medical radiography setups

described in IEC (International electrotechnical commission) 62220 International Standard.!!
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Figure 2-3-2. Photons distribution », at 1 m, as a function of their energy £ coming from
medical grade RQAS5 quality X-ray source. N is based on a simulation from references.!>!?
Average photon energy is around 53 keV.
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Wt

Figure 2-3-3. PTW UNIDOS dosimeter used to calibrate the X-ray dose delivered by the tube
in atmospheric conditions.

Table 2-3-1. X-ray tube setups.

Tube voltage 70 kV
X-ray mean energy 53 keV
Tube current 100 mA
Filtration 0.8 mm Be, 23.5 mm Al
Work distance Im
Pulse width 100 ms
Pulse frequency 4 Hz

3.2.2 Mobility-lifetime product, Hecht equation and sensitivity

measurements

As stated in Chapter 1, one of the key figures of merit for direct conversion is the
mobility-lifetime (u7) product of the charge carriers. While being under X-ray radiation, a
measured charge or photocurrent Q is generated within the sensing material, corresponding to
extracted electron-hole pairs created in the SC bulk. Theoretically, the generated charge O may
be related to the ur product via the Hecht equation'# or its modified version.!>'7 The Hecht
equation considering the contribution of both electrons and holes to the photocurrent is defined
in Equation (2-10):
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T,V __Lx_ T,V _L@—0
Q) = Q, {“eL—j 1—e uefeV] +“hL2’l [1—e ﬂhthl} (2-10)

Where @ is the measured charge (C), Q, is the total charge (C) generated by the interaction (or
integrated photocurrent for both), y, and p, are the mobilities of electrons and hole,
respectively (cm? V! s, 7, and 7, are the lifetimes of electrons and hole, respectively (s), x
the distance from the entrance electrode and the X-ray interaction position within the crystal
(called here depth) (cm), V is the applied bias (V), and L is the device thickness (cm).

This equation derives from the Ramo theorem and only describes the current induced
on the electrodes by the motion of photogenerated charges inside the semiconductor in the
presence of charge recombination via trapping sites.!® A few hypotheses, some mentioned in
Chapter 1, are assumed by the Hecht equation: (i) the device has a planar geometry (the
electrodes face each other and their dimensions largely exceed the thickness of the detector);
(ii) each charge carrier is defined by one mobility value that is constant with the electric field,
the charge carrier can only be trapped once (no detrapping); and (iii) the electric field F is
uniform throughout the detector and is equal to VV /L.

As a first step to determine the charge Q, the energy deposition by incident X-rays as a

function of the depth is calculated following Equation (2-11):
E'(x) = ) N(E)-E-AGxE) @11)
E

Where E* is the deposited energy (keV), x is the interaction depth (cm), E is the energy of the
incident X-ray photon (keV), N is the number of photons at each energy E from the incident
RQAS quality spectrum (photon distribution shown in Figure 2-3-2), 4 is the absorbed fraction
which is a function of the depth x and incident photon energy E. The latter is computed as for
Beer-Lambert’s law in Equation (2-12):

A, E) =T, (x,E) — T.(x + dx,E) = e~ 0cs(E)-pax _ p=0cs(E)-pg-(x+dx) (2-12)
Where T, is the transmitted fraction, g, is the photon cross section as function of energy
(cm? g1, and py is the material density (g cm™). At the given energy and for MAPbBr3, the
photoelectric cross-section dominates over Rayleigh and Compton scattering, which can be
neglected. For illustrative purposes, the deposited energy £E* was simulated for a 2 mm-thick
MAPDBBr; SC, plotted in Figure 2-3-4, to show that the entire crystal volume contributes to the
generation of charge carriers with a given distribution of the photogenerated electron-hole pairs.

A simplified schematic is shown in Figure 2-3-5.
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Figure 2-3-4. Simulated deposited energy £* on a 2 mm-thick MAPbBr3; SC, with a 1 um step.
The absorbed energy decreases with increasing depth x. Nevertheless, electron-hole pairs are
generated in the entire volume.
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Figure 2-3-5. Schematic representation of photogenerated charge carriers in MAPbBr3 SC
device with Cr electrodes while being under X-ray illumination at the anode and under bias.

The deposited energy E* is plotted as a function of the X-ray interaction position in the crystal
bulk (blue line).
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As a second step, in order to estimate both charge carrier ur products, the charge
collection efficiency (CCE or ncc) as function of the depth x was calculated using the two-
charge carrier Hecht equation (Equation (2-10)). The CCE is defined in Equation (2-13):°

UoToV Lx ] N Mhrhvl _L(L—x)l

nCC (x’ V) = LZ 1 —_ e_ lleTeV LZ 1 —e uhTh_V (2_13)

Where 1 is the charge induction efficiency. In Figure 2-3-5, electrons and holes flow in the
negative and positive x direction, with p,t,V /L and p,7,V /L being the mean free path,
respectively, while X-rays enter the device by the anode.

Finally, the measured charge Q as a function of the externally applied bias can be written

as in Equation (2-14):
E*
0 =Y eE = Y 00w nece V) (-14)

X

Where e is the elementary charge (C), W is the electron-hole pair creation energy that was
calculated using Klein’s rule W =15—4Eg + 0.5 with E; the band gap energy (eV) (see

Chapter 1).2° The theoretical total charge created in whole SC volume is then defined by
Q,=c¢e %, and the maximal theoretical sensitivity value S,..xof a device can be calculated by

dividing Qo by the electrode surface area S; (cm?) and the received dose Dy (Gyair), yielding
the sensitivity expressed in pC mGyair'! cm™ as explicitly shown in Equation (2-15):

Qo
Smax = S, Dy (2-15)

Experimentally, the measured charge O is determined by integrating the measured
photocurrent over the X-ray pulse duration. In order to reduce experimental errors, each
photocurrent measurement was repeated and the measured charge Q averaged over 10 pulses
and as for Sy, divided by the samples electrode surface area Sy and received dose Dy to obtain
experimental S value (Equation (2-16)):

Q)
Sa Dx

By sweeping the externally applied bias, one can obtain the measured charge Q as function of

sSV) = (2-16)

bias, or in other words, the S-V curve of the detector. Sy values can be used for normalisation
of the resulting S values for comparison between device samples.

As shown later in Chapter 3, the experimental data can be fitted with Equation (2-14)
by adjusting only two fitting parameters, namely mobility-lifetime product of electrons p,7,
and that corresponding to holes uyt,. The Q, value is fixed instead of leaving it as a free
parameter as commonly done in the literature. We believe that this prevents misinterpretation
of S-V data. The simulation is called a two-charge carriers Hecht fit. It is critical that the
hypothesis F = V /L is verified in order to fit correctly the data.

It has been pointed out that an externally applied bias displaces mobile ions towards the

electrode interfaces in LHPs. This leads to ion accumulation at the vicinity of the electrodes
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distorting then of the electric field in the device.?!>

Thus, given the influence that bias
background has on the sensing material, because of this parasitic ion migration in the crystal, a
rigorous protocol was established to allow reproducibility and comparability between the
different samples. That said positive biases are first measured then negative ones. 0 V-
sensitivity is measured before starting and finishing each loop. In both domains, S values are
determined for several increasing voltages (in absolute values) first forward, and then a few
selected voltages are targeted again in reserve, before going back to 0 V. A biasing protocol
example is given below (in V): 0, 5, 10, 20, 40, 60, 80, 100, 60, 20, 5, 0, -5, -10, -20, -40, -60,
-80, -100, -60, -20, -5, 0. The biasing is symmetrical. Depending on the sample thickness, the
voltage was adapted permitting to yield an internal 50 V mm! electric field. All the sensitivity
values provided in this work were then evaluated at an electric field of 50 V. mm’.

For most samples, they were tested right after Cr electrodes evaporation. When
comparative studies were considered, to make sure that the semiconductors are exposed to the
same radiation dose, so with similar potential device damage under X-rays,>* SC devices were
tested right after the other or in parallel (up to 2 devices in separated test boxes).

Figure 2-3-6 illustrates the medical grade X-ray testing platform used for determination
of S values through this work. A Keithley 487 is used as power source and Keithley 428 is used
as current amplifier. A data acquisition (DAQ) USB board NI-6221 (National Instruments) is
employed to trigger the X-ray shot and digitise the output of the current amplifier. An
oscilloscope is also used to check the different signals including their synchronisation.
Sensitivity tests were performed by Marian Chapran, Eric Gros d’Aillon, Ferdinand Lédée or
myself at CEA LETL
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Figure 2-3-6. Photo and description of medical settings used for X-ray irradiation and
determination of the sensitivity S of samples.

3.3 Current density — time

J-t measurements are recorded while performing S-V data (see part 3.2) and allow
determining the dark current density as function of the voltage J4ak-V (NA mm=2). An
acquisition rate of 1 point s! is used. Following the evolution of the current density with time
can provide valuable information on the conductivity drift ou4, as detailed in Chapter 3, or to
detect signal changes provoked by external stimulus as achieved in Chapter 4.

3.4 Current density — voltage and resistivity

The J-V characteristics are generated at the same time as J-t measurements, thus during
sensitivity tests (see part 3.2). While proceeding with the sensitivity determination protocol,
voltage values are systematically normalised to the sample thickness. The bias thus resulting
electric field F is swept forward and backward from 0 to +50 V mm™ then from 0 to

-50 V. mm’!, respectively, yielding a sweeping step of ~ 7 V. mm! in average. For each voltage
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step, a stabilisation of 30 s takes place, with a voltage ramp of 1 V s'! between each bias value.
The J-t as a function of bias is then converted into current density-electric field (J-F)
characteristics by considering the current value after a fixed delay of 10 s in general. Hysteresis
and resistivity of the device can be assessed during this procedure. Resistivity values were
estimated from the linearization of the J-F curves according to the Ohm’s law
(Equation (2-17)):

F

P=7 (2-17)

Where p is the resistivity (0 mm), F is the applied electric field (V mm™), and J is the current
density (A mm). Resistivity p values are determined by linear fitting of the data.

It is worth pointing out that Juu« in Jaark-V curves (part 3.3) is different from the J in
J-F used for resistivity determination: even though both are recorded during J-t data acquisition
in the dark. The first one is measured before recording the photocurrent induced by the X-rays
(~ 30-50 s after setting the voltage), and the second one is chosen with a certain delay after the

voltage is established (usually ~ 5-15 s) where the least hysteresis in the J-F curve was found.

3.5 Laser time of flight

Laser ToF measurements allow determining transit times # and thus charge carrier
mobilities 1. The formers are defined as the time needed for the charge carrier to fully cruise
the SC thickness. For that, a pulsed N> laser was employed using a 337 nm wavelength and an
800 ps impulsion time. The energy of the photon has to be higher than the bandgap E, of the
semiconductor (E; = 2.21 eV for MAPbBr3), but sufficiently low to generate electro-hole pairs
within a small volume close to the electrode (> 2.4 eV, < 520 nm). In other words, the ultraviolet
photons are fully absorbed within a few nanometres. The laser beam is attenuated by an optical
filter with a transmission coefficient of 0.16 before irradiating the semi-transparent 30 nm-thick
Cr electrode of the Cr/perovskite SC/Cr testing device, placed within a test box. The semi-
transparent electrode has a transmission coefficient between 0.01 and 0.004.? The device being
polarised, the charges drift towards their respective collection electrodes. Charge carriers from
the irradiated electrode are collected almost instantly. The other charge carriers transit through
the entire thickness of the device before being collected. A schematic representation of the
experiment is shown in Figure 2-3-7. The transit movement creates a photocurrent / until the
charge carriers are collected. It is possible to determine the transit time # by measuring the
duration of this photocurrent. The generated photocurrent can be described by
Equations (2-18) and (2-19):

eN ukF

=5 eV (2-18)
) L

with t, = ﬁ (2-19)
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Where e is the elementary charge (C), N is the number of generated charge carriers, either for
holes or electrons, t, is the transit time (s), u is the charge carrier mobility (cm? V! s71), F is
the applied electric field (V cm™), and L is the device thickness (cm). If a SC device is without
traps and with a homogeneous internal electric field, the charge carrier effective mobility can
be calculated using Equation (2-20), where V is the voltage (V):?

12

M:V_tt

(2-20)
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Figure 2-3-7. Schematic representation of ToF measurements. In the figure, just holes are
represented for determination of hole mobility . The 30 nm-thick Cr electrode is targeted by
the laser.

Figure 2-3-8-A depicts an example of the laser-induced photocurrent as a function of
time for a SC device. The figure shows different charge carrier transits, called waveforms, for
different voltages. The inflection points, which represent the arrival of charge carriers at the
collecting electrode, are plotted in red for each waveform. To facilitate the # value
determination, Equations (2-18) and (2-19) can be divided and multiplied, respectively, by the
voltage, yielding the V-independent relations in Equations (2-21) and (2-22):

I eNyu
=D (2-21)

LZ
t;V=— 2-22
t p (2-22)

By plotting é as a function of # X V, the example presented in Figure 2-3-8-A becomes

Figure 2-3-8-B, leaving the transit time maxima as a constant, which is determined graphically.
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Thus, with Equation (2-20), one can determine the charge carrier mobilities. Determining both
electron and hole mobilities allows unravelling more information about transport properties
within the material (e.g., symmetry and velocity of the charge transport). The experimental
setup used for this is illustrated in Figure 2-3-9. ToF measurements were executed by Eric Gros
d’Aillon and Ferdinand Lédée at CEA LETL
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Figure 2-3-8. Determination of charge carrier transit time #. (A) Laser ToF current of holes
as a function of time for different voltages. To determine the transit time # of the charge carrier,
the x- and y-axes are divided and multiplied by the bias, respectively, yielding plot (B),
independent of the voltage. A graphic determination takes then place.
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Conclusion

This chapter describes the batch production route of MAPbBr3 SCs of high reproducible
quality via adaptive temperature profiles, taking into consideration the supersaturation
evolution of the growth solution, through a seeded crystal growth process. Special attention is
given to the growth solution in terms of purity of the precursors and preparation, which takes
place within a glovebox to avoid interaction with the immediate environment. The reduced
supersaturation changes of our MITC method, when compared to original ITC and linear
profiles, results in SCs with low defect content: low strained character and dislocation
density.!* The SCs are systematically transformed into optoelectronic devices, after lapping
and polishing their faces and depositing metallic electrodes, leading to Cr/MAPbBr3/Cr
detectors.

The standardised characterisation of the SC devices via J-V and J-t allow determining
the hysteresis and resistivity p, and the dark current density Juu, conductivity oun and the
stability of the electric signal over time, respectively. The sensitivity S of the devices are also
established with the possibility to estimate the mobility-lifetime ur product via a two-charge
carriers Hecht modelling. Additionally, via laser ToF measurements, the mobility u of the
charge carriers can be estimated.

All elements necessary for the understating of the following chapters have been laid out.
Chapters 3 to 5 are focused on the results and associated discussions of the three study axes
employed to improve the X-ray response of MAPbBr3; and understand the underlying chemistry
and physics.
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Chapter 3

Mixed halide compositions: Anion
engineering in MAPb(BrixCly); solid
solution

Introduction

As previously described, during Amari’s' and Baussens’? PhD works, the synthesis of
MAPDBBr; SCs growth via MITC has been optimised in DMF for direct X-ray radiation
detection.>* While the growth optimisation allowed reaching a very good sensitivity under X-
ray illumination, they always presented a large dark current density Juu« (~ LA cm™), several
orders of magnitude above the specifications required for radiation detectors.> This crucial
figure of merit for detectors corresponds to the leakage current of the device in the dark, and
must be minimised by a combination of increased bulk resistivity p and electrode engineering.®’

In this context, to reduce the dark current and improve device stability, it has been
recently proposed to modify the bulk chemical composition of MAPbBr; by partially
substituting bromine with chlorine leading to compounds of general formula MAPb(Br;-«Cly)3.%
According to several studies, this anion engineering would lead to higher bulk resistivity p,
increased charge carrier mobility x and lifetime 7z, and lower hysteresis compared to base
material.®!2 However, the origin of those improvements remains unclear. On the one hand,

1.12 attributed the improvements to the suppression of Br anions

Rybin et al.® and Wang et a
migration, induced by lattice contraction and a decrease in halide vacancy (Vx). On the other
hand, Wei et al.” proposed a dopant compensation mechanism as the source of electronic
neutrality and subsequent increased resistivity. A possible explanation of this discrepancy may
be that these different studies were based on crystals made by different methods. Indeed,
MAPDBr; can present different crystal quality depending on the growth method employed, as
it has been observed in PVs.!* As for the above-mentioned studies, the difference in growth
procedure may translate into different defect structures; hence a different impact of the halide
substitution, either mostly electronic, structural or a mixture of both. Furthermore, we noticed
that these studies draw different conclusions regarding the performance dependency on the Cl-

composition and no consensus on the optimal Cl content has been established to date.
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If defects are key in understanding Cl addition effect, then specific attention should be
given to crystal growth to ensure that the defect structures are comparable between crystals. For
instance, the studies cited above relay on spontaneous nucleation as the initial stage of crystal
synthesis. While this can lead to high quality crystals, we have observed that it yields generally
crystals with a large diversity of defect content (dislocation density, strains) and properties.*
Also, in many of these studies, mixed halide crystals are grown in DMF/DMSO (dimethyl
sulfoxide) mixtures of varying proportions.!®!? While it makes sense to compensate the lower
solubility of chloride species in DMF by introducing an increasing proportion of DMSO with
increasing Cl content, it could have an adverse effect on the grown crystals properties as it has
been claimed that DMSO favours the formation of defects (MA™ vacancies Vma) in MAPbBr3
when it is used in large proportions (> 3 %).!*

It is to avoid this kind of pitfalls that the specific procedure introduced in the previous
chapter was developed, to insure the formation of SCs of controlled quality. The growths of
MAPbB(Br;-xClx)3 SCs took place in DMF, from seeds and under conditions similar to the ones
described in Chapter 2, leading to crystals with low and reproducible defect content.* In that
sense, if an optimal Cl content was identified, it could not be argued that it resulted from an
adverse effect of DMSO or the employed crystal growth technique, but solely from the presence
of Cl in the structure. Growth solutions with different solution CI contents were selected in the
range where optimal properties have been previously identified. It was reported that Cl contents
above 19 % induce detrimental defects in the structure.!> For each content, compositional,
optical and electrical characterisations of the resulting SCs were systematically undertaken to
evaluate the crystals properties. Energy dispersive X-ray analysis (EDX) via field emission
scanning electron microscopy (FESEM), and X-ray powder diffraction (XRD) allowed to
determine the Cl content inside the crystal lattice (%Clcryst) and the cell parameter a. The optical
band gap E,, via ultraviolet-visible (UV-Vis) spectroscopy, and steady-state photoluminescence
(PL) as a function of Cl content were determined. After crystal polishing and Cr electrodes
deposition, the optoelectronic performance of each composition was evaluated via current
density-voltage (J-V) sweeps, current density-time (J-t) and laser time of flight (ToF)
measurements. The response under X-ray radiation (sensitivity-voltage (S-V) measurements)
was assessed in relevant medical imaging conditions, as detailed in Chapter 2 (pulsed X-rays at
4 Hz, 100 ms pulse duration, 24 uGyair per pulse RQAS quality beam corresponding to an
angiography exam). S-V data were subsequently modelled using two-charge carriers Hecht
equation for evaluation of mobility-lifetime xr product.

Moreover, while the performance of MAPb(Br1-xClx)3 SCs has largely been assessed for

y-ray detection,®%16:17

its performance as X-ray detector, and specially for radiography
applications has been seldom reported.®!® To contribute to the understanding of the impact of
Cl incorporation in MAPbBr3, we present here a study on the properties of mixed halide
MAPDb(Br1-xClx); SCs, grown by adaptive temperature ramps and supported by significant

device sampling per composition. The crystal growth method and characterisation conditions
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lead to the existence of an optimum in Cl content. The study is part of an article published in

early 2023.!° This chapter replicates and further expands some aspects of this publication.
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1 Precursor solution preparation and crystal growth

Cl-containing SCs were grown via the method described in Chapter 2. The crystal
growth was performed in DMF (Sigma Aldrich, anhydrous, 99.8 %) for MAPbBr3 and mixed
halide compositions. Because Cl-containing precursors are sparingly soluble in DMF,?° and to
avoid introducing DMSO for the mixed compositions, we chose to introduce chloride via the
most soluble precursor: methylammonium chloride (MACI, GreatCell Solar, = 99 %), partially
replacing methylammonium bromide (MABr, GreatCell Solar, 2 99 %) in the preparation of
the precursor solutions. A stoichiometric ratio 1:1 was kept between lead (II) bromide (PbBr»,
Sigma Aldrich, 99.999 % trace metals basis) and MAX (X = Br, Cl). Equation (3-1) defines
the total halide X content in solution, while Equations (3-2) and (3-3) defines the solution Cl
content and the ratio ¢, respectively:

[Xl¢or = [PbBr,] + (1 — &) [MABr] + ¢ [MAC!]

[Xeor = 2[X]+ (1 — &) [X] + & [X] G-D
. e [X] £
Wl = T+ A0 X+ e1X]_ 3 (3-2)
_ [MACI] [MACI]
With € = = (3-3)

[MABr] + [MACl] [PbBr,]
Where [X],,; is the total amount of halide anions in solution (mol L), [A] is the concentration
of compound A (mol L), %Cl,,, is the Cl content in solution, and ¢ is the proportion of MACI
introduced with respect to PbBry.

The selected Cl contents in solution were %Clsot = 0, 1, 2, 5, 10 and 100, where
%Clsot = 0 and 100 are the full bromide and chloride compositions MAPbBr; and MAPbCls,
respectively. For MAPbBr3 and all mixed halide compositions, the precursors were dissolved
in DMF to obtain 1 M solutions. For MAPbCls, a 2 M solution was prepared by dissolving the
precursors lead (II) chloride (PbCl,, Sigma Aldrich, 99.999 % trace metals basis) and MACI in
a DMF/DMSO (Sigma Aldrich, anhydrous, = 99.9 %) mixture (3:7 in volume).?°

Because of its inherently stochastic nature, spontaneous nucleation may give rise to
crystals of varying quality with extended defects such as grains boundaries, strains or
dislocations, which make the comparison between crystals of a given composition less
straightforward and may induce different actions of Cl" anions in the structure. To ensure
comparability, the crystals of all compositions were grown from seeds of similar quality. Firstly,
for each selected %Clso1, a high-quality seed of matching composition was obtained by
spontaneous nucleation; secondly, a seed-assisted crystal growth run in a solution of same Cl
content was performed to obtain SCs of reproducible quality and bigger dimensions for this
study. Different adaptive temperature ramps were employed to accommodate the changes in
solubility associated with the different concentrations of Cl-species introduced. The lower
solubility of Cl-species also impact the growth conditions as it leads to a global lower solubility
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and slightly lower solubility-temperature ratios for mixed halide perovskites with increasing Cl1
content. The solubility curves of MAPbBr3; and %Clsot = 10 (MAPb(Bros5Clo.15)3 in DMF can
be found in Appendix — Chapter 3. On the one hand, an average increase of 5.5°C h! for
MAPbBr3 (%Clsot = 0) and %Cls1 = 1, and on the other hand, an average increase of 1°C h'!
for %Clso1 = 2, 5 and 10 were used. Even though MAPbCI3 (%Clso1 = 100) was grown in a
completely different solvent (DMF:DMSO), its temperature ramp was also accordingly
adjusted to 1.6°C h'! as average increase. One can notice that the temperature ramp used for
MAPDBBr3 and %Clso1 = 1 was reduced by a factor of about 5 for %Clso1 = 2, 5, 10. This reduction
of the temperature ramp (1/5) was more important than that of the solubility-temperature ratio
(1/2) to ensure that the solution stays in the reduced metastable zone and avoid significant
spontaneous nucleation in Cl-rich solutions. It is because nucleation would become
predominant in growth conditions used for MAPbBr3 that we limited our study to rather low Cl
contents, in order to grow mm-sized crystals of different CI contents but under similar growth
conditions. Additionally, it has been observed that Cl concentration above %Cl = 19
(MAPDb(Bro31Clo.19)3) may induce detrimental defects (e.g., pm-scale voids on the crystal
surface,'®> MA and halide vacancies, Vma?! and Vi, >?!, respectively). At the end of the growth
process, SCs of different crystal Cl content (%Cleryst) were obtained.

The SCs were polished and Cr electrodes were deposited on each side. Ultimately, a
total of 51 crystals of 4 mm x 4 mm X 2 mm on average were grown during this work to provide
sufficient statistical weight to the characterisations. Table 3-1-1 summarises the crystal growth
parameters employed and Figure 3-1-1 shows the resulting devices with their respective

thicknesses in inset.

Table 3-1-1. Crystal growth parameters for the anion engineering study. The study is based on
six series of SC growth. Each series contains a specimen of the six compositions.

Growth

Targeted o temperatur Duration Average

Material ¥ %Clsol . emperature increase

N [mm~ h™'] range [h] o 1.-1
[70] o [°Ch']
[°C]

MAPbBBr; 0.00 9.09 65.5-85.5 3h39 5.5
MAPD(Bro.9sClo.02)3 1.00 9.09 65.5-85.5 3h39 5.5
MAPD(Bro.97Clo.03)3 2.00 1.65 65.5-85.5 20 h 07 1
MAPD(Bro.92Clo.os)3 5.00 1.65 65.5-85.5 20 h 07 1
MAPD(Bro.s5Clo.15)3 10.00 1.65 65.5-85.5 20 h 07 1

MAPbBCI3 100.00 3.10 40.1-73.3 20 h 07 1.6

9 The x values given in the above chemical formulae is given by %Cleryst, determined using
Vegard’s law (VL) and the XRD data, which are described later on.
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MAPb(Br0sCly;); MAPb(Br, ,Cly 3)s MAPD(Br; gsCly 15)3
LT B Bi ’ Ris A

i

A L owmm S mam | ostam | umem [
Figure 3-1-1. Diversity of MAPb(Bri«Cly); SC devices produced for optoelectronic
characterisation: J-V sweeps for hysteresis and resistivity p measurements, J-t measurements
for conductivity drift o4 determination, sensitivity tests under X-ray illumination and laser
ToF measurements for hole mobility w determination. SC device thickness is given in inset at

the bottom right of every picture.
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2 Chemical and structural characterisations

In general, through various physical-chemical phenomena such as differences in
speciation, complexation and diffusion, the amount of substituent incorporated in the crystal
(denoted here %Clcryst) differs from that introduced in the initial growth solution (%Clso1). For
that reason, our first task was to determine the amount of Cl in the crystals for each solution
composition. The Cl content of the crystals was determined using two independent techniques,
EDX and XRD. EDX measurements also allowed establishing the Pb/halide (Pb/X) ratio to
evaluate the impact of the addition of Cl on the SC stoichiometry. Inductively coupled plasma
mass spectrometry (ICP-MS) was also realised on MAPbBr3, for further chemical
characterisation of the SC bulk. Samples and holders for EDX and XRD characterisations are
shown in Figure 3-2-1-A and Figure 3-2-1-B, respectively.

i -

Figure 3-2-1. Material characterisation examples. (A) Series of MAPb(Bri«Cly); SCs on
metallic support glued with carbon tape for FESEM-EDX analysis and determination
of %Cleyst-epx and Pb/X ratios. (B) Series of ground MAPb(Br1xClx)3 SCs for determination of
lattice parameter a and %Cleysi-xrp content. (C) SC on UV-Vis support glued with tape: the
same crystal surface is exposed to the beam for each measurement through the small aperture.
(D) SC on PL support stuck with grease.

—
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2.1 Substitution of Br with Cl and determination of crystal Cl

content

2.1.1 FESEM-EDX analysis

A field-emission scanning electron microscope (FESEM) Ultra+ (ZEISS) associated
with a SDD (silicon drift detector, Bruker) for EDX working in high vacuum mode with a
10 kV voltage and an aperture of 30 um was used. It allowed determining both CI
content %Clerysi-epx and Pb/X ratio on flat natural faces of several SCs grown from each solution
composition. For all measurements, the acquisition was fixed at 100 000 counts (~ 2 min
integration time) with a working distance of 8§ mm. The electron beam penetration depth is
inferior to 900 nm and the pear-shaped interaction volume was estimated at ~ 1 um?® for
MAPDBBr;. For data analysis, Esprit (Bruker) software with P/B-ZAF mode for elemental
quantification was used. As the lightest element (H, C and N) belonging to the organic
molecules cannot be measured, the elements taken into account for quantification were Cl, Br
and Pb. The recorded spectra were normalised to the Br L, peak of MAPbBr3. %Cleryst-epx and
Pb/X ratio values were then determined using Cl1 K (2.621 keV), Br L, (1.48 keV) and Pb M,
(2.345 keV) emission lines, and Equations (3-4) and (3-5):

atom Cl (%)

0 =

YCleryst—Epx atom Cl (%) + atom Br (%) (3-4)
Pb atom Pb (%)
X  atom Cl (%) + atom Br (%) (3-5)

Where atom A (%) is the atomic percentage attributed by EDX quantification of element A,
and X is the total amount of halide (%).

It should be noted that, after correcting the spectra background with the Esprit software,
the personalised P/B-ZAF quantification method gives a percentage of Cl automatically: the
searched elements (Cl, Br and Pb) are set by default to be quantified (user decision). Because
of the existence of a small peak of lead, Pb M, (2.65 keV, not used for quantification in this
technique), near the quantification peak of chlorine, Cl K, (2.621 keV), during deconvolution,
Pb M, and CI K,, peaks partially overlap, even though the former is far less intense. As a result,
the software tends to always find a small percentage of Cl. Background noise and Pb M,
contribute then to it, even in the case of MAPbBr3 (about 0.2 £+ 0.1 %). This small percentage
is thus included in the uncertainty of the Cl content determination, which is especially important
for low Cl content crystals. The EDX instrument was not calibrated with reference chemical
species for chlorine, bromine and lead, but samples were compared relatively to MAPbBr3 and
MAPDCIl;, full bromide and chloride crystals, respectively. The error percentage associated
with this quantification is + 1 %. The FESEM-EDX analysis was conducted with the guidance

of Sébastien Paris at Institut Néel.
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For most measurements performed in this study, surfaces of around 10* um? were used,
and between 3 to 4 measurements were made on each SC sample. Figure 3-2-2-A shows an
example of measurements sequence and Figure 3-2-2-B illustrates the surface taken into
account in the measurements. To assess the MAPb(Br.xClx); crystals composition, at least 14
measurements were executed on five series, each containing one element of each composition
studied.

A profile study was also performed for SCs grown from growth solution
compositions %Clso1 = 2 (Figure 3-2-2-C) and 5 (Figure 3-2-2-D) to determine the composition
evolution throughout their growth. Given that the electron beam has a penetration depth below
1 pum, to evaluate the Cl distribution in the crystal bulk, SCs of both compositions were cleaved.
This gave access to the history of the Cl incorporation from seed (bottom) to the latest stage of
crystal growth (top).

onum - s - 2208 o Dt 21 421
— =29 mem Mage X ot e o E LEL

Figure 3-2-2. SEM-EDX measurements. (A) Sequence example of superficial EDX
measurements, from centre to exterior, for determination of inorganic elements Cl, Br and Pb.
(B) Window measurement example with a surface close to 10* pm?. EDX profile study on
(C) MAPb(Br0,97C10,03)3 (%Clsol =2 ) and (D) MAPb(Br0,92C10,08)3 (%Clsol = 5), from bottom (seed
side) to top.

0 pm ENT = 10 7y ‘System Vacum = 3946005 mbar  Date 21 342021
[ o2 o VR oy T

EDX spectra examples are overlaid in Figure 3-2-3 showing only a narrow energy range
centred on the Cl K emission line. Full range EDX spectra can be found in Figure A 3-2-1.
The most striking feature is the expected progressive rise of Cl™ anions in the crystal (from red
to light green lines) with increasing %Clsor. Plotting the Cl concentrations in the crystal derived
from these EDX measurements (%Cleryst.Epx) against the ones in solution %Clsor (green plot in

Figure 3-2-4-A and Figure 3-2-4-B) shows an efficient incorporation of CI anions in the
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crystal structure with a partition coefficient & higher than unity (%Cleyst > %Clsor)

(see Table 3-2-1 for overall values).

0.6
SC (%Cl,,)
——— MAPDbBr; (0%)
MAPb(Br; 65Clo 02)3 (1%)
MAPD(Br 47Clg 03)3 (2%)
2 04 MAPDb(Brj ¢,Clg 08)3 (5%)
8 . MAPDB(Brg g5Clg 15)3(10%)
3 —— MAPbCI, (100%)
@
% CIK,
€ 2.62 keV
O 0.2 4
O {
N
o = PJ"“’-—-\’\V\“\ . - A e ~
0.0 — ,\r B —
25 26 27 2.8 29 30

Energy (keV)

Figure 3-2-3. EDX spectra overlaid centred on Cl K (2.621 keV) emission line to show
progressive and preferential substitution of Br- with CI  anions. From bottom to top: MAPbBr3,
MAPDb(Bro.9sClo.o2)3, MAPb(Bro97Clo.oz)s, MAPb(Bro92Cloos);, MAPb(BrossClo.is)s and
MAPDBLCI;.

A possible explanation of the partition coefficient being above unity (k> 1) could derive
from the lower solubility of Cl-species as evidenced by the lower solubility of MAPbCI3
precursors in DMF when compared to that of MAPbBr:.2® One can then assume that
chloroplumbate complexes present in the growth solution would precipitate faster and
contribute more to the structure build-up than bromoplumbate ones. As a consequence, during
crystal growth, Cl-enriched perovskite is initially deposited and the solution becomes
progressively poorer in Cl. This drift in CI content in solution can result in significant
compositional heterogeneity between the inner/early growth and the outer/late growth parts of
large SCs. To quantify such heterogeneity in our crystals, the profile study by EDX was
performed for %Clsot = 2 and 5, to try and see any evolution of Cl content in the crystal
thickness. For %Clsor = 2, due to the level of uncertainty of EDX measurements and surface
microtopography heterogeneity of the crystal (Figure 3-2-2-C and Figure 3-2-5-A), no clear
trend was observed (relatively constant Cl content). For %Clsor = 5, on the contrary, a decreasing
Cl content can be observed, going from 8.2 + 0.6 % close to the seed (bottom) of the crystal to
6.5 = 0.6 % for later growth (top) (Figure 3-2-2-D and Figure 3-2-5-A). Because the late
growth of the crystal occurs in the solution most depleted in Cl from the initial ratio %Clsol, the
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Cl content values of the crystals estimated by EDX probably underestimate the average Cl

content of the whole bulk crystal. That is why, to obtain an estimate more representative of the

average Cl content, we relayed on XRD.

CIcryst—EDX (0/0)

Clcryst (%)
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Figure 3-2-4. Substitution of Br- by CI anions. (A) Correlation between solution Cl
content %Clsor and both crystal ClI content %Cleysi-epx (green squares) and Pb/halide ratio
(Pb/X) (purple squares) determined by EDX, respectively. Reference MAPbBr3; and mixed
halide compositions are plotted. (B) Correlation between solution CI content, %Clso1, and both
crystal Cl contents %Cleryst-epx and %Cleyst-xrp determined by EDX (green squares and dot
line) and Vegard’s law (VL) from XRD data (blue squares and dot line), respectively. Ideal
partition coefficient equal to unity (k = 1) is displayed with purple dots (% Cleryst= %Clsol).
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Figure 3-2-5. EDX profile study. (A) CI content %Cleysi-epx and (B) Pb/halide (Pb/X) ratio
determined for profile study for MAPbBro97Clooz (%Clsot = 2) and MAPbBr9.92Clo.0s
(%Clso1=5) SCs.

2.1.2 XRD analysis, Le Bail refinement and Vegard’s law

Indeed, another way to estimate the average Cl content of the crystals is through its
impact on the unit cell parameter a. XRD data were recorded on ground crystals so that whole
volume of the crystals contributes to the measurement (see Figure 3-2-1-B). For XRD, a D8
Endeavor diffractometer (Bruker) equipped with a Johanssonn monochromator working in
Bragg-Brentano 0-20 geometry was used (X-ray source Cu Ko A = 1.5406 A). An acquisition
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time of 2.5 s was set using a 0.01 ° step, 20 values ranging from 5 ° to 90 °. Le Bail refinements
using FullProf software (Toolbar FullProf Suite Version July 2017%?) were performed for lattice
parameters a determination on the resulting diffractograms, with the guidance of Julien
Zaccaro.

If one considers that a full solid solution exists for the MAPb(BrixCly)3 system, the cell
parameter a will follow Vegard’s law (VL) with varying Cl content. The latter could thus be
determined via XRD and is defined via Equation (3-6) derived from VL:

AMAPDB(Bri—xCly)3 — ®MAPDBrs

%Clcryst—XRD =

(3-6)

ApmApPbCl; — AMAPbBr,
Where %Cl -y s:-xrp 18 the molar fraction of MAPbCls in the solid solution and the Cl content
associated with XRD, @y appsr,_,c1,), 15 the lattice parameter of the solid solution (A), and
AmapbBr, A0d Ayappcr, are the lattice parameters of pure constituents MAPbBr3 and MAPbCls
(A), respectively.

The XRD patterns obtained for all compositions were very similar without any extra
peak. This indicates that all studied compositions appear isomorphous with the existence of a
continuous solid solution between MAPbBr3; and MAPbCls. It is worth saying that this is valid
in the %Cleryst range considered in this work. Therefore, the unit cell parameter a is expected to
follow VL as a function of the Cl content. Indeed, the patterns show small peak shifts
towardshigher angles with increasing Cl content, which is associated with a contraction of the
unit cell: see Figure 3-2-6-A for XRD diffractograms of all compositions and Figure 3-2-6-B
for a zoom on (100) peak shift as example. This contraction is related to the substitution of Br
by Cl- anions of smaller ionic radius (rcr (1.81 A) < rpr (1.92 A)) and consequently shorter
length of Pb—CI than Pb—Br bonds.® By performing Le Bail refinements of diffractograms from
crystals grown in each mixed halide solution composition as well as pure MAPbBr; and
MAPDBCI;, lattice parameters a were precisely determined (see Table 3-3-1). The background
was first corrected, then different parameters were adjusted one by one to reduce the global
reduced y’ coefficient, which defines how close the fitting is to the experimental diffractogram.
Such parameters were adjusted in the following order and included: the zero offset, the lattice
parameter a itself, the full width at half maximum (FWHM), peak shape, FWHM and peak
asymmetry related functions. Reliability factors for points with Bragg contributions are shown
in Table A 3-3-1.

By applying Equation (3-6) and using the cell parameters of the pure phases determined
by the refinement, the average Cl content of the crystals of intermediate compositions
(%Cleryst-xrp) Were calculated. In Figure 3-2-4-B, the resulting values are plotted as a function
of %Clsol (blue line); confirming that the Cl partition coefficient & is higher than unity. These
values are also higher than those obtained by EDX (%Cleryst-epx). That is most certainly because
XRD gives an estimation that is based on the whole volume of the crystals. Therefore, they
involve all growth stages, unlike EDX performed on the natural faces of the different SCs, only

interacting with the latest growth stage where the Cl content is the lowest. In addition,
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the %Cleryst-xrp values obtained are more reproducible with lower uncertainty: so, they were
considered to be more representative and are the ones used in the rest of this manuscript to
define our crystal Cl content. %Cleryst-xrp being shortened to %Cleryst (see Table 3-2-1 for
overall values). The resulting material compositions are then: MAPbBr3, MAPb(Bro.9sClo.02)3,
MAPb(Br0.97Clo.03)3, MAPb(Br0.92Clo.08)3, MAPb(BrossClo.15)3 and MAPbCls, corresponding
to %Cls1 =0, 1,2, 5, 10 and 100 %, respectively.
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Figure 3-2-6 XRD data. (A) Powder XRD diffractograms overlaid with principal
crystallographic planes, illustrating overall peak shifts to higher angles with increasing Cl
content. Cubic phase and space group Pm3m were maintained for all synthesised SCs.
(B) Zoom on (100) peak shift, resulting from the lattice contraction induced by the substitution
of Br- with CI" anions.
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2.2 Crystals Pb/halide stoichiometry

Because the FESEM-EDX measurements quantify all the heavy elements present in the
structure, besides the Cl content and its homogeneity in the crystals, they can also shed some
light on the lead-halogen (Pb-X) stoichiometry, which is correlated with the point defects
present. By using the EDX measurements presented above, we estimated local values of the
Pb/X ratio for the different synthesised crystals and also within the same SCs (see Table 3-2-1
for overall values). Between crystals of different composition, it appears that Pb/X ratio gets
closer to ABX3 stoichiometry (33.3%) with increasing Cl incorporation (Figure 3-2-4-A):
raising from 28.5 £ 0.4 % for MAPbBr; to 30.5 £ 1.3 % for MAPb(BrossClo.15)3, while
MAPDBCI; has a Pb/X ratio of 34.3 = 0.9 %. Now regarding the Pb/X ratio of the profile study,
within the MAPb(Bro.92Clo.08)3 SC, the same tendency was observed. That is to say a Pb/X value
closer to the stoichiometry was observed for the early stages of the crystal growth (richer in CI
at the seed side, position 1 in Figure 3-2-5-B), decreasing for the later growth (poorer in Cl,
positions 2 to 4 of the same figure). This highlights that the compositional heterogeneity is not
a simple Br-Cl substitution, but also changes in the stoichiometry of the structure, moving away
from a “Pb poor” situation with Cl incorporation. This shift of the Pb-X stoichiometry,
accompanying the Cl incorporation may be attributed to a decrease in lead vacancies Vpp, or
conversely an increase in interstitial halide X; or halide antisite Xpy. As already indicated, our
EDX measurements were limited to a depth inferior to 900 nm, so ICP-MS analyses, involving
the whole SC, were additionally done with MAPbBr; for bulk stoichiometry analysis
(see Table A 3-4-1) to complement the Pb/X ratio trends. The analyses were performed by
Sylvie Motellier at CEA Grenoble.

For these ICP-MS analyses, MAPbBr3; SCs were partially dissolved in ultra-pure water
in a mass/volume ratio of 1/200. After 24 h, a 65 % nitric acid (HNO3) aqueous solution was
added for complete dissolution of the crystals, in a volume ratio Viitirc acid/Voriginal solution Of 1/100.
The samples were overall diluted by a 2 x 10* factor before analysis. An ICP-MS 7900x
spectrometer (Agilent Technologies) was used for the quantification of elemental inorganic
content of Br and 2°’Pb. A radio frequency power of 1550 W, an Ar plasma and nebulizer gas
flow rates of 15 and 1.15 L min’!, respectively, and an integration time/mass of 0.1 s were
employed. The error percentage associated with this quantification is = 5 %. The results showed
that, for a whole SC, the Pb/X ratio corresponds to a 32.9 £ 1.7 % stoichiometry for pure
bromide samples (close to 33.3% theoretical value), when localised EDX measurement showed
a ratio of 28.5 + 0.4 %, meaning that there could be local deviations from stoichiometry of the

Pb/X ratio. These results are correlated with optoelectronic properties further on.
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Table 3-2-1. Summary of MAPb(Br.xClx); SC production and associated CI content in growth
solution, and Cl content and Pb/X ratio inside the crystal structure. ¥

Targeted  Experimental %Cleryst via %Cleryst via Pb/X ratio via

Material %Clsol %Clsor © EDX VL-XRD EDX

[%] [%] [%] [%] [%]
MAPbBr; 0.00 0.00 9 0.23+0.10 0.00 © 28.55+0.39
MAPb(BroosCloo2)s  1.00 1.11£0.10 1.37+0.19 1.60£0.11  28.89+0.20
MAPb(Bros7Cloos)s  2.00 2.07 £0.03 2.47 +0.31 2.73+0.18  28.95+0.44
MAPb(Bros:Cloos)s  5.00 5.09 + 0.06 6.56+ 0.36 7.55+£1.00  29.55+0.69
MAPb(BrossClo.is)s ~ 10.00 1043+034  12.17+091  15.19+0.68  30.50 + 1.34
MAPbHCl; 100.00 100.00 99.63 +£0.14 100.00 © 34.27 +0.90

2 All values presented in columns 3 to 6 are averages of all weights and measurements done on

the synthesised SCs.

®) The x values given in the above chemical formulae is given by %Cleys:, determined using
Vegard’s law (VL) and the XRD data.
9 %Clso1 values are here determined by the amount of MACI matter (average value is used here).

9 No MACI added.
©) Theoretical values.
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3 Optoelectronic characterisation

The incorporation of Cl in the structure not only induces a contraction of the unit cell
but also seems to affect the point defects present, which may have a significant impact on the
optoelectronic properties of the device. The most obvious one is a visible change of the crystal
colour with increasing Cl content as seen in Figure 3-3-1-A, which is a clear indication of
change in optical band gap.

Once the %Cleyst content was determined, PL and UV-Vis spectroscopies were
employed to detect optical changes caused by the incorporation of Cl in the structure, especially
on the band gap E,. Samples and holders for UV-Vis and PL characterisations are shown in
Figure 3-2-1-C and Figure 3-2-1-D, respectively.

To get a better view of which electronic modifications the Cl presence brings, a few
specificities were performed during the standardised optoelectronic characterisation described
in Chapter 2. During J-t recordings, conductivity drifts o4 were analysed to assess the stability
in the dark, and sensitivity values were normalised to the X-ray absorbed fraction of the SC
device to better estimate the impact of Cl incorporation, while getting rid of the differences of

dimension of the devices.
3.1 Optical band gap: UV-Vis and PL spectroscopies

The optical band gaps E, were determined via UV-Vis spectroscopy (see Table 3-3-1).
For transmittance data, a Lambda 900 UV-Vis-NIR (Ultraviolet — Visible — Near-infrared)
spectrometer (PerkinElmer) was used with a wavelength range of 400-600 nm, a 0.1 nm step
and equipped with a Tungsten lamp. The measurements were performed with the help of
Corinne Félix at Institut Néel. Tauc plots were charted using Equation (3-7) with the help of
Equations (3-8) to (3-10), to extract the respective optical band gaps E, of the SCs. In the Tauc
plot, E, was determined at the intersection between the x-axis and a linear fitting of the linear
part in the onset region.

(ahv)% = B(hv — E,) (3-7)
ho = hc
v=—r (3-8)
l
L n(lLO) A (3.9)
A = —logT, (3-10)

With « is the absorption coefficient (m™'), h is the Planck constant (6.62607 x 1034 m? kg s!),
v is the photon frequency (Hz), Eyis the optical band gap energy (eV), B is a constant, { 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, respectively (here ¢ = 1/2),2* ¢ is the speed of light
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(299 792 458 m s!), A is the wavelength (m), A is the absorbance, T, is the transmittance, L is
the sample thickness (m), and e is the elementary charge (C).
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Figure 3-3-1. Optical properties of MAPb(BrixClx)s SCs. (A) Resulting SCs (from left to
right): MAPDBT3, MAPDB(Bro.0sClo.02)3, MAPDb(Bro.97Clo.03)3, MAPDB(Bro.92Clo.03)3,
MAPb(BrossClo.is)s and MAPDBCI3 (targeted %Clsor written in colour above each SC).
(B) Normalised transmittance spectra overlaid showing gradual absorption transition blue shift
with increasing Cl content, synonym of increasing optical band gap E,. (C) Optical band gap
E, as a function of crystal Cl content %Cleys.. (D) Steady-state PL spectra overlaid showing
gradual blue shift of associated PL maxima with increasing Cl content.

The recorded transmission 7, plotted in Figure 3-3-1-B, shows a gradual blue shift in
absorption onset. The band gap values extracted from the corresponding Tauc plots, shown in
Figure 3-3-2, are plotted as a function of %Cleyst in Figure 3-3-1-C. This shows a linear
increase of £, with rising CI content for the considered range.

The PL spectra were recorded at room temperature with a double grating excitation and
emission spectrometers Fluorolog-3 model FL3-22 (Horiba Jobin Yvon-Spex) coupled to a
R928 photomultiplier (Hamamatsu). The excitation wavelength was 350 nm coming from a Xe
arc lamp (450 W). The measurements were conducted with the assistance of Marian Chapran
at CEA LITEN. The PL spectra, in Figure 3-3-1-D, displays also a gradual blue shift of

excitation PL maxima, corroborating the E, increase. It worth pointing out that the shoulder or
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double peak phenomenon observed for some of the SCs has been previously associated with a

combination of PL generated on the top surface (major peak) and filtered PL leaking out from

the top surface and edges of the crystal after self-absorption and multiple reflection (secondary
peak/shoulder).?* The main PL emission peak of MAPbBr3 SCs is caused by the radiative
recombination of excitons at room temperature for the cubic structure.?> A priori, the same
mechanism takes place for mixed halide MAPb(Br;«Cly); SCs.
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Figure 3-3-2. Tauc plots for MAPb(BrixClx); SCs giving optical band gaps of: (A) Eg = 2.21
+ 0.08 eV for MAPbBr3, (B) Eg = 2.22 £ 0.09 eV for MAPb(Bro.sClo.o2)3, (C) Eg = 2.21 +
0.05 eV for MAPb(Broo7Cloos)s, (D) Eg = 2.27 £ 0.07 eV for MAPb(Br0.92Clo.08)3,
(E) Eg =2.28 £0.03 eV for MAPb(Bro.35Clo.15)3 and (F) Eg =2.89 = 0.04 eV for MAPbCIs.
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Table 3-3-1. Summary of MAPb(BrixClx); SC production and associated optical band gap E,,
lattice parameter a, X-ray photon cross section g5, molecular mass M, density ps and attenuation
length 6.

Jo) 0

4 o)
Material * [eV] [A] o] femo]  gem [
MAPbBLBI3 221 +£0.08 5.928 £0.003 5.248 478.9 3.817 0.499
MAPb(BroogCloo2)s 2.22+£0.09 5.924 +0.003 5.243 477.6 3.814 0.500
MAPb(Broo7Clooz)s 2.21 £0.05 5.921 +0.003 5.239 476.2 3.809 0.501
MAPb(Bro9:Cloosg)s 2.27 £0.07  5.909 + 0.005 5.225 472.2 3.796 0.504
MAPb(BrossClo.is)s  2.28 £0.03  5.890 + 0.001 5.201 465.5 3.783 0.508
MAPbBLCl, 2.89+0.04 5.683+0.001 4.626 3454 3.139 0.689

% The x values given in the above chemical formulae is given by %Cleryst, determined using
Vegard’s law (VL) and the XRD data.

® Optical bang gap Eg extracted via Tauc plot.

© Lattice parameter a extracted via Le Bail refinement on XRD diffractogram.

9 X-ray photon cross section o obtained from NIST database at 50 keV.

) Molecular masses were calculated using targeted %Clsor values.

3.2 MAPb(BrixClx)s SC devices characterisation

Among the 51 crystals grown in this work, around one half was dedicated to
physicochemical characterisations. The other half, 24 crystals (four series), photographed in
Figure 3-1-1, were used to make Ct/MAPb(Bri«Clx)3/Cr optoelectronic devices. The results
discussed below are extracted from the measurements performed on four different series,
containing each an exemplary of every composition. From 2 to 4 SCs per composition were
evaluated, depending on the characterisation technique (J-V, J-t, sensitivity and ToF

measurements). The employed protocol is described in Chapter 2.
3.2.1 Current density stability and conductivity drifts

The first characterisation of a semiconducting material is generally the determination its
J-V curves. By doing so, the stability of the internal electric field and the ohmic behaviour of
the Cr/MAPb(BrixClx)3/Cr devices can be assessed. As voltage values were systematically
normalised to the sample thickness, J-V and thus current density-electric field (J-E)
characteristics were measured in the dark for electric fields ranging from -50 to 50 V mm!,
using a 1 V s'! scan rate. Each device was measured 5 times consecutively.

Globally, J-V sweeps of all devices do not exhibit any significant hysteresis whatever

the composition, with or without chloride: see Figure 3-3-4-A for J-V sweeps example on a
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single series and Figure A 3-5-1 to Figure A 3-5-4 for all evaluated series. Such hysteresis
feature is commonly attributed to mechanisms induced by ion migration under non-equilibrium
conditions.?® Previous studies reported a hysteresis decrease for MAPb(Br;-xClx)3 compositions
compared to the pure bromide one.®!? They favoured a structural approach to this ion migration,
by considering that the unit cell contraction and distortions induced by the presence of Cl inside
the crystal lattice would reduce Br~ anions migration and consequently stabilise the current
density under large electric field.® In our case, the reference MAPbBr3 samples are already free
from hysteresis and so do not benefit from such positive effect related to Cl addition.
Resistivity values were extracted from the J-V sweeps in the ohmic region reaching an
average value of pae = 1.1 x 10® Q cm for MAPDbBI3, the crystals with mixed halide composition
being in the same order of magnitude with the exception of MAPbCl3, which is significantly
less resistive (pavg = 2.9 x 107 Q cm) as showed in Figure 3-3-3. In the present work, we found
that the addition of small amounts of chloride during crystal growth does not improve the
resistivity as oppositely demonstrated by Wei et al.” for MAPb(Bro.9sClo.02)3 SC and Rybin et
al.® for MAPb(BroosCloos)s reaching resistivities of 3.60 x 10° Q cm and
1.522 £ 0.156 x 10° Q cm, respectively. In both studies, the increase of resistivity with optimal
chloride compositions is 5 times above their reference MAPbBr; samples. A dopant
compensation mechanistic approach has been proposed to explain the benefits of adding Cl in
MAPDBBr; by considering that it is intrinsically a p-type semiconductor due to lead vacancies
Vb and that MAPbCI; is intrinsically a n-type semiconductor due to halide vacancies Vx.’?
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£ 1.0x108 - % +
[&]
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Py
=
= .
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Figure 3-3-3. MAPb(BrixClx)3 SC devices resulting average resistivity pae as a function of
crystal Cl content %Cleryst.
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It is important at this point to define the term “doping” which is broadly used in halide
perovskites literature to describe the introduction of any kind of impurity into the crystal lattice
to control growth, stability and/or tune optoelectronic properties.?’?® We refer to electrical
doping when an impurity or defect generates free carriers or shifts the Fermi level,> which is
the case in the work of Wei et al. This doping relies on the formation of intrinsic (vacancies,
interstitials or site substitutions) and/or extrinsic (impurities) defects. In the case of MAPbBr3,
Shi et al. showed a predominantly unipolar self-doping character, with a tuning range from
degenerately p-doped under Br-rich and Pb-poor condition to intrinsic or slightly n-doped in
Br-poor and Pb-rich condition.?® According to EDX data (Figure 3-2-4-A), in our case, we are
dealing with a “thermal equilibrium grown” Br-rich and Pb-poor MAPbBr3; SC, with a Pb/Br
ratio of 28.5 £ 0.4 % (which would point to Vpy as predominant, thus p-doped) and a Cl-poor
and Pb-rich MAPbCl3 SC, with a Pb/Cl ratio of 34.3 + 0.9 % (Vx predominant, thus n-doped).
Stoichiometry is progressively reached with increasing Cl content, being the closest to it with
a Pb/X value of 30.5 + 1.3 % for MAPb(Bro.s5Clo.15)3 (similar population proportion then for
both Vpp and Vx).

One would then expect a dopant compensation in our SCs, but the above-mentioned
improvements were not seen in this study for both hysteresis and resistivity, even though our
SCs are in the considered optimal range %Cl = 2 - 17 (MAPDb(BroosCloo2)s -
MAPb(Bro33Clo.17)3).5%!2 The difference in behaviour with respect to the literature could be
partially explained by the initial type of doping of MAPbBr3; and associated defect structures.
Experimental conditions leading to an n-type MAPbBr; reference would explain why addition
of Cl do not have a significant impact on the resistivity. In that case, the n-type self-
compensation brought by Cl would be inefficient. By taking into consideration just intrinsic
defect doping, we could consider to control the initial doping by tuning the precursors ratio
PbX>/AX in APbX3, A being any cation forming the 3D structure. Despite a few experimental
examples managing a transition from p-type to n-type for MAPbI; and FAPbI;
(FA* = formamidinium),3!*? just one transition from p-type to n-type with increasing
PbBr2/MABT ratio has been observed in MAPbBr3 SC.** Even if the type of doping can be
reversed, intrinsic carrier densities of ~10” cm™ (determined via Hall effect)® for both p-type
(Pb-poor) and n-type (Pb-rich) suggest a limited doping range achievable through precursors
ratio variations.?” Regarding now just extrinsic defect doping, the inclusion of impurities in
MAPDBBr3; have also been studied with the particular objective to alter the unipolar p-type
character described earlier.’® Nevertheless, none of the impurities considered could achieve
n-type doping, owing to heavy compensation from intrinsic defects, such as Vp, and V.2
Based on these arguments and the lead deficient Pb/Br ratio measured by EDX, our MAPbBr3
references could be effectively considered as a p-doped material, where no benefits in terms of
resistivity and electrical stability were obtained from adding Cl. We noticed that all attempts to
measure the n- or p-type polarity of our MAPbBr3; devices by hot probe method failed due to
lack of reproducibility and stability of the results, most probably due to interference of parasitic
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ion migration during the measurements. It is worth noting that the way Cl" anions interacts with
the host crystal lattice is unknown. Considering that we are dealing with a solid solution,
according to the XRD data, one considers that CI substitutes Br in the octahedron. However,
potentially other positions could be occupied by CI" anions, such as interstitials Cl;, creating
new defects as well as inducing other defects with other chemical species and/or band structure
modifications. We have to take into consideration that adding Cl in solution impacts several
aspects such as the chemistry involved during crystal growth: there is a decrease in solubility
and an increase in the diversity of lead complexes involved by the addition of MACL
Incorporating Cl in the MAPbBr3; structure would improve the resistivity and hysteresis like for
previous works for a given set of defects thanks to the interactions of Cl with these, causing the
reported changes in electrical properties.

An important point should be made to partially explain the diversity of optoelectronic
properties found in the literature for MAPbBr3, MAPb(Bri«Clx); and MAPbCIl3, which can also
be extended to all type of perovskites. The properties of most if not any material depends
intrinsically on the crystal growth and associated methods. In the literature, different synthesis
techniques with different experimental settings are being employed sometimes to produce
crystals that are then subsequently compared for a single characteristic or property. In the case
of SCs, even for the ITC method, sample-to-sample variability in crystal quality and
performance is well known for MAPbBr3; which can exceed an order of magnitude for a given
optoelectronic property very easily.?’ Indeed, the crystal quality depends significantly on
various experimental parameters such as thermodynamic equilibrium, impurity rate,
supersaturation regime applied to the solution through rate and nature of the employed
temperature ramp. As shown in Chapter 2, optimisation of SC growth has been one of our main
targets to attain device sampling reproducibility.!* When comparing SCs grown by abrupt ITC
method (heating up precursors solution till passing supersaturation limit temperature), linear
temperature and adaptive temperature ramps (MITC methods) taking into consideration
solution supersaturation evolution throughout crystal growth, one can reduce the variability in
crystalline quality and optoelectronic properties for the latter. Nevertheless, even crystals within
an optimised crystal growth production batch can present elements pathologically bad or with
above average performance despite having reduced this variability. We are then potentially
discussing about apparent maxima/minima with non-optimised SCs that could be benefiting
from Cl addition. This being said, small amounts of chloride could potentially have a positive
impact on resistivity or sensitivity for SCs with certain type of defects where a dopant
compensation mechanism could take place.

One possible positive impact associated with the improved stoichiometry accompanying
the Cl incorporation is an improved stability over time of the device (lower ionic conductivity).
Following the evolution of the current density with time can then provide valuable information

on the conductivity drift. For J-t measurements, the samples were constantly biased at
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50 V mm! and both dark current density and conductivity drift values were measured. The

conductivity drift is defined by Equation (3-11):

14]
Oarift = FAt (3-11)

Where 04,47, is the conductivity drift (S mm' s!), AJ is the difference in dark current density

after 10 min under bias (nA mm2), At is the time difference (here 10 min); and F is the applied
electric field (here 50 V mm™'). During the J-t measurements in the dark, the SC devices showed
stable signal over time, as shown in Figure 3-3-4-B. For the evaluation time of 10 min,
MAPbBr3; showed a conductivity drift oarz of 7.9 x 10° S m™!' s”!, which gradually decreased

I for

with increasing Cl content, reaching a minimal value of 2.9 x 10° S m! ¢
MAPDbB(Bro.85Clo.15)3. Both values correspond to drifts of 4.7 % and 3.8 % of initial dark current
under 50 V mm, respectively. This improvement may be linked to improved stoichiometry
(Pb/X ratio) of MAPb(Bro 85Clo.15)3 when compared to MAPbBr3, as shown in the previous part.
It has to be noted that all compositions drifts were lower than what was previously reported in

the literature (see Table 3-3-2 for all compositions o values).’

Table 3-3-2. Summary of MAPb(Br1.xClx)3 SC production and associated J-t analyses including
average dark current density Jyean, difference in dark current density after 10 min under bias
AJ, conductivity drift ou- and associated percentage of initial dark current drift after 10 min at
50 V. mm! %drift.

Material” [nf\”ﬁf{’zz] [nAA rJnC)m-z] S zﬁﬁs'l] %Ef%ﬁ

MAPbBr; 46.71 2.19 7.95 x 107 4.70
MAPb(Bro.05Clo.02)3 52.81 1.34 4.59 x 107 2.53
MAPb(Bro.97Clo.o3)3 79.87 1.17 4.53 x 10° 1.47
MAPb(Bro.9:Clo.os)3 58.18 1.37 4.42 x 10° 2.35
MAPb(Bro.s5Clo.15)3 22.41 0.86 2.92 x 107 3.84

MAPbCl; 109.51 4.00 8.95x 107 3.66

) The x values given in the above chemical formulae is given by %Cleryst, determined using
Vegard’s law (VL) and the XRD data.

® Juean values were established after stabilisation of the signal till the end of the measurement.
°) The selected start and end times to define 4J were averaged over 20 s.

While the benefit of CI incorporation on the resistivity remained elusive, it could still
boost the device performance for direct X-ray detection through indirect ways. Therefore, we

determined the sensitivity S for the X-ray detection devices of all Cl contents.
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Figure 3-3-4. Electric stability of MAPb(Br1xClx)3 SC devices. (A) Example of J-V sweeps
performed for a series of SC devices forward from 0 to -50 V. mm' (step I), then from -50 to

50 V mm! (step II then III), and back to 0 V mm (step IV). (B) Dark current stability of SC
devices under electrical field of 50 V. mm™.

3.2.2 Sensitivity

We measured photocurrent pulses under X-ray illumination to acquire the sensitivity
values for the different MAPb(Bri—xClx); compositions: see Figure 3-3-5 for average sensitivity
Save values and Figure A 3-6-1 for an example of stable photocurrent generated under pulsed
X-ray irradiation for the MAPb(Bro.85Clo.15)3 SC device. Comparable S..¢ values were extracted
by using the specific and reproducible biasing protocol, described in Chapter 2. An evident
difference is seen once again between MAPbBr; and MAPbCIl3. The former shows an average

1

sensitivity value of Su, = 0.88 uC mGyar! cm? and the latter an average value of
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Savg = 0.40 pC mGyair! cm?, both evaluated at 50 V mm™. For intermediate compositions
MAPbBH(BrixCly)3, an optimal performance was found for MAPb(BrossClo.15)3 reaching a
sensitivity value of Sue = 1.87 pC mGya.ir! cm? in average and a maximal one of
S =3 uC mGyair'! cm? at 50 V. mm!. This value is higher than the sensitivity of CsI(TI) - or
a-Se-based flat panels (0.5 and 0.3 pC mGya.ir'! cm™ at RQAS5 spectral quality, respectively). It
worth noting, that a comparison between this MAPb(Bro35Clo.15)3 SC and CsI(T1) or a-Se PCs
is not fair, given the different nature of the tested material and how different the way to
determine the sensitivity in a semiconductor can be. Nevertheless, MAPb(Bro.g5Clo.15)3 appears
as the most promising composition in this study, doubling MAPbBT3 sensitivity and coupling
with the Pb/X ratio closest to stoichiometry. Such improvement in sensitivity may be related to
a change in the charge collection efficiency symbolised by the uz product.> This eventuality is
discussed further down.

To get a better insight in the Cl effect on the optoelectronic properties, we measured the

charge carrier mobility as a function of Cl content by using laser ToF technique.
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Figure 3-3-5. MAPDb(Bri«Clx); SC devices resulting average sensitivity Su, as a function of
crystal Cl content %Cleryst.

3.2.3 Charge carrier mobility

In contrast to resistivity and sensitivity, a decrease in hole mobility x, was observed
when Cl content increases: see Figure 3-3-6 for average hole values u-av; and Figure 3-3-7 for
examples of transit times recorded during ToF measurements per composition. It is worth

pointing out that no electron mobility z. could be satisfactorily drawn from the measurements.
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The reason for that has already been explained by our group in a previous work on MAPbBr3
SC devices: the mobility-lifetime product of electrons (u.z.) is not large enough to allow
electrons to fully transit their path.>? Even though the average hole mobility u-ave decreases
from 15.8 to 9.2 cm? V! s7! for MAPbBr3; and MAPb(BrossClo.15)3, respectively, sensitivity
doubles, meaning an enhancement of the 1,7, product, and therefore a potential increase in hole

lifetime 7.
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Figure 3-3-6. MAPb(BrixCly); SC devices resulting average hole mobility t-av as a function
of crystal Cl content %Clcryst.

To explain such longer lifetime of charge carriers in MAPb(Bri.xClx); materials, a few
mechanisms highlighting band and defect structural alterations have been proposed. Firstly, Li
et al.’® reported, by using time-resolved photoluminescence spectroscopy with two-photon
femtosecond laser excitation experiments, that incorporation of Cl inside SCs to a maximum
of %Cl1 =19 (MAPb(Bro.s1Clo.19)3) would create longer lifetime. Higher concentrations of Cl in
the SC bulk would lead to measurable defect formation within the crystal, which would act as
trapping sites effectively reducing the PL lifetime. A Rashba effect (momentum-dependent
splitting of spin bands) in the bulk was theorised to be at the origin of this longer lifetime.!>

1.,%¢ via transient reflectivity

Secondly, another hypothesis presented by Tyler Mix et a
spectroscopy and nonadiabatic molecular dynamics simulations, explained that the addition of
Cl increases the observed rate of hot carrier cooling and the calculated electron—phonon
coupling constants. This induces a smaller ambipolar mobility,*® which would be consistent

with our hole mobility evolution. Incorporation of Cl" anions would effectively induce more
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structural fluctuations in MAPb(Bri.xClx); than in MAPbBr3 samples, additionally causing

excess energy to dissipate faster and subsequently stabilising charge carriers.
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Figure 3-3-7. Laser ToF measurements on MAPb(Bri«Cly); SC devices: (A) at 260 V for
MAPDBBr3, (B) at 170 V for MAPb(BrosCloo2)3, (C) at 200 V for MAPb(Bro.97Clo.03)3,
(D) at 150 V for MAPb(Bro.92Clo.0s)3, (E) at 120 V for MAPb(Bros5Clo.15)3 and (F) at 520 V for

MAPDBCI;.

Even

if two-photon-excited photoluminescence,

reflectivity and laser ToF

measurements rely on different phenomena, the underlying physics should be the same and
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lifetime is expected to increase with increasing Cl content up to a certain limit, perhaps thanks
to mechanisms such as the Rashba effect and/or faster hot carrier cooling. During ToF
experiments, the electron transit time was not high enough to exceed the electron lifetime;
hence, no improvement nor degradation of it with varying Cl content could be evaluated.
Despite this and not having measured ., the same logic as for holes could be applied to
electrons: a gradual increase of lifetime 7. could be considered while incorporating chlorine in

the MAPDbBr; structure, thus leading to an improvement of the electron diffusion length.
3.2.4 Two-charge carriers Hecht modelling

To back up the hypothesis of longer lifetime for both charge carriers, modelling has
been performed on S-V data to extract mobility-lifetime of the SC devices. Mobility-lifetime
product ur estimation using Hecht equation®’ or the so-called modified Hecht equation®*4° is a
powerful tool to assess the quality of an X-ray sensitive semiconductor. As seen in Chapter 2,
it relies essentially on the measurement of the photocurrent — or time integral of the
photocurrent — flowing in the material under X-ray illumination as a function of the externally
applied bias. These equations must be handled with great care, as they are based on several
assumptions that shall be verified beforehand. Both equations derivate from the Ramo theorem,
hence, they rule out any contribution that may originates from other effects that might alter the
ut product values extracted from the Hecht fits, such as photoconductive gain.*! Among the
hypotheses made explicit in Chapter 2, it is critical that the electric field F is uniform throughout
the detector and equal toV /L (F = V /L) in order to fit correctly the data using Hecht equation.
Yet, a growing number of reports tend to point out that an externally applied bias displaces
mobile ions towardsthe electrodes interfaces, and lead to distortion of the electric field in the
device.*** Ton accumulation at the vicinity of the electrode may occur more intensely during
steady-state measurements involving continuous biasing procedures,*> which is typically the
case of X-ray induced photocurrent measurements. Such effects attributed to ion migration have
been reported for several perovskite materials, MAPbBr3,*>4¢ CsPbBr3*’ and MAPbI3*® and
thus seem to be a typical feature of perovskite optoelectronics. This must be taken into account
when one carries out estimation of uz products, as a non-uniform electric field in the device
may alter the quality of the Hecht fits and lead to wrong conclusions.*

That being said, we performed a complete analysis of the integrated currents generated
under X-ray pulses. The data was fit, by Eric Gros d’Aillon and Ferdinand Lédée, using the

two-carriers Hecht equation (Equation (3-12)) to extract both electron and holes ut products:°

|74 __xL _L(L—x)
Mez—ze 1—e lleTeV:| + Mhz—;v l]_ —e ﬂhTth

Nec(x, V) = (3-12)

Where 1. is the charge induction efficiency, i, and y;, are the mobilities of electrons and holes
(cm? V- s71), respectively, T.and t), are the lifetimes of electrons and holes (s), respectively, L

is the device thickness (cm), x is the X-ray interaction position in the crystal (cm), and V is the
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applied bias (V). Unlike the one-carrier Hecht equation, the two-carriers counterpart considers
the contributions of both electrons and holes to the photocurrent, and thus requires to take into
account the distribution of photogenerated charges that decays exponentially within the depth
of the material, as seen in Chapter 2. Both, this distribution and the electron-hole pair creation
energy W were adapted for each crystal composition. This leads to a more accurate evaluation
of ut products for high X-ray energies, as well as discrimination of electron and holes mobility-
lifetime products. It should be noted that we considered a uniform electric field in our model.
The relevancy of this assumption depending on the sample composition will be discussed later
on. A deeper work is underway considering a non-uniform electric field as well as several types
of trapping centres, which will be published in a future paper.

The model depicted above was used to fit the experimental sensitivities under X-rays
for each perovskite sample. All the S-V curves and the best corresponding fits are plotted in
Figure 3-3-8, S values are normalised to the maximal theoretical values Suar, defined in the

previous chapter.
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Figure 3-3-8. All four series experimental sensitivity-voltage (S-V) curves (purple plots) and
associated fittings (colour plots) using the two-charge carriers Hecht equation allowing
extracting both holes and electrons mobility-lifetime products, w7, and pete, respectively.
S values are normalised to the maximal theoretical sensitivity value Syax.

On the one hand, it can be seen that for most of the samples, the experimental data fit
poorly to the model. More precisely, for all MAPbBr3, MAPb(Bro.908Clo.02)3, MAPb(Bro.97Clo.03)3
samples and almost all MAPb(Bro92Clo.os); samples, the S-V curves reach a plateau with
increasing voltage with a lower value than that of the model prediction. This essentially means

that even with bias values extending to infinity the charge induction efficiency will never reach
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unity — which is not in accordance with Equation (3-12). Figure 3-3-9-A depicts an example
of generated photocurrent in MAPbBr; SC device under X-ray irradiation at three different
voltages and Figure 3-3-9-C shows its associated experimental data and Hecht modelling. An
explanation lies in the relevancy of the starting hypothesis: F = V /L, which is implicitly or
explicitly admitted in the vast majority of publications involving perovskite ionising radiation

detectors 9,38,39,51-54

Yet a non-constant electric field in the device will greatly change the
outcome of the Hecht fits, as it has been showed in previous works on linear decreasing electric
fields.*>*° In addition, Liu et al. showed that ion accumulation at the vicinity of the electrodes
leads to significant decrease of the electric field in the volume of the detector as the net charges
induce by the mobile ions screen the externally applied electric field.** This effect creates in
the middle of the detector a “dead zone” for the photogenerated charges, severely impeding the

charge induction efficiency.
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Figure 3-3-9. Two-charge carriers Hecht modelling. Photocurrent generated under pulsed
X-ray irradiation during 100 ms at 4 Hz on (A) MAPbBr; and (B) MAPb(Bros5Clo.15)3 SC
devices for sensitivity measurements at 10, 30 and 70 V. (C) Series 1 MAPbBr; SC device
S-V simulation (red plot) and experimental (purple plot) curves and (D) series 4
MAPDB(Bro.ssClo.1s)s SC device S-V simulation (green plot) and experimental (purple plot)
curves. The simulated S-V curve results from the Hecht fit for two-charge carriers. Associated
ut products are displayed in inset.
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On the other hand, the model fits correctly for at least one MAPb(Bro.92Clo.08)3 and two
MAPDb(BrossClo.1s)s crystals, which implies that there is uniformity of the electric field in all
the volume of the detector for these samples. Figure 3-3-9-B depicts an example of generated
photocurrent in MAPb(BrossClo.1s); SC device under X-ray irradiation at three different
voltages and Figure 3-3-9-D shows its associated experimental data and Hecht modelling. We
believe this improvement of the fit stems from the increase of the Pb/X ratio, which gets closer
to the ABX; stoichiometry with increasing Cl content (Figure 3-2-4-A). Being closer to
stoichiometry translates into a reduction of the density of defects (e.g. halide vacancies Vx) that
in halide perovskites are mobile and contribute to ion mobility upon application of an external
electric field.?64%55 Also, at a local level, while Br anions would screen each other (low binding
energy with Pb) resulting in ion migration, Cl" anions would reduce this screening in the
inorganic octahedra, probably due to difference in binding between Pb-Cl and Pb-Br.!? The
lower defect density in MAPb(Bro.92Clo.0s)3 and MAPb(Bro.35Clo.15)3 crystals would prevent the
build-up of the ionic space charges near the electrodes, and maintain the uniformity of the
electric field in the device. These results are in good accordance with the observed decrease in
conductivity drift with increasing Cl content (Table 3-3-2). Conductivity drift is widely
attributed to the movement of mobile ions, and it was reported that lower density of defects
associated with mobile ions reduces dark current drift.’®>’” More specifically for series 4
MAPb(Bros5Clo.15)3 SC device, the two-carriers Hecht model fits the experimental data well
and yields very high ur product value of wzn = 8 x 10*% cm? V! for holes and
tete =3 % 10 cm? V! for electrons, respectively. By using laser ToF-determined hole mobility
tn, hole lifetimes for MAPbBr3 and MAPb(BrossClo.15); are estimated at 7, = 7 ps and
i, = 75 ps, respectively, confirming our initial hypothesis to some extent. These values are in
accordance with the hole ToF measurements themselves. Figure 3-3-10 shows the ToF hole
current waveforms for MAPbBr; and MAPb(BrossClo.15) devices at different biases.
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Figure 3-3-10. Hole ToF waveforms at different biases for (A) MAPbBr; and (B)
MAPDb(Bro.s5Clo.15)3 SC devices.

For MAPb(Bros5Clo.15), a clear inflection of the waveform can be observed at a moderate
voltage of 50 V, indicating a transit time for holes of #, = 2 us (see Chapter 2). It implies that
the lifetime of holes cannot be lower than 2 ps in the drift-diffusion regime. These lifetimes in

4258 All pr product values for

the microsecond range agree with results from previous works.
both electrons and holes extracted from two-charge carriers Hecht model are displayed in

Table A 3-6-1. These values are significantly better than that of a-Se, comparable to that of the
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highest quality T1Br and close to that of state of the art materials for high-energy radiation
detection, CdTe and CZT (see Table 3-3-3).>%2 However, these results suggest that further
development in the base material quality and/or synthesis is needed to attain state-of-the-art

performances (e.g. precursors purification, doping, post-treatments).

Table 3-3-3. MAPbBr3, MAPb(BrossClo.15); and some known ionising radiation detectors
mobility g, lifetime 7 and ut product values for electrons and holes

Electron Hole Electron Hole UeTe UhTh
Material mobility 4.  mobility g, lifetime z. lifetime product product
[cm? Vs [em? Vst [s] [s] [cm? V] [cm? V]
-6 -6

a-Se a) 0.005 0.14 10 10 5 x 10-9 1.4 x 10—7
TIBr® 6 - 2.5x10° - 1.6x10°  1.5% 10
CdTe ® 1100 100 3% 10° 2 %X 100 3.3 x 1073 7 % 10

-6 -
CZTa) 1350 120 10 5 X 108 1 % 10_3 6 X 10_6
MAPbBr; ") - 159 - TX10°Y g 107 1 x 10
MAPb(BrossClo.1s)s” - e - 75%10°Y 55104 g x 104

% Extracted from reference.

®) This work: series 3 MAPbBr; and series 4 MAPb(BrossClo.15); were chosen here for the
comparative table because of their relatively good Hecht fitting for two-charge carriers.

© Hole mobilities xx determined via laser ToF measurements.

9 Hole lifetime 7, estimated from the two-charge carriers Hecht fitting w7, product and
measured laser ToF hole mobility .

3.2.5 Sensitivity coupled with X-ray absorbed fraction and dark current

density

As said earlier and seen in Figure 3-1-1, the size disparity of the SC devices results in
different deposited Cr electrodes surface, illuminated surfaces and thus different X-ray
absorbed fraction. For each SC device the experimental sensitivity S was normalised to the
absorbed X-ray fraction (% absorbed X-ray). This absorbed X-ray absorbed fraction 4 was

calculated for every sample following the Beer-Lambert’s law (Equation (3-13)):

L
A=1—- e Ospal =1—¢75 (3-13)

Where o, is the X-ray photon cross section (cm? g'!), p, is the material density (g cm™), L is
the device thickness (cm), and § is the attenuation depth (cm). For the sake of simplicity, cross
section g values were obtained from the NIST database for each Cl content at the mean energy
of 50 keV, considering only photoelectric interaction,®® and ps values were derived, for each
composition, from the molecular mass and the cell parameter a determined via XRD. The
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attenuation depth values are by default determined, showing a slight increase with increasing
ClI content (see Table 3-3-1).

Additionally, and as complement to the discussion, dark current density Juuk-avg values
were also extracted, as seen in Figure 3-3-11, and remained relatively unchanged with

increasing Cl content for mixed halide compositions when compared to the base material
MAPDBBI3.
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Figure 3-3-11. MAPb(Br1xClyx)3 SC devices resulting average dark current density Juurk-avg as a
function of crystal Cl content %Cleryst.

Nevertheless, when plotting the normalised $/% absorbed X-ray values as a function of
Jaark values per SC device sample, as illustrated in Figure 3-3-12, one can see the benefits of
doping MAPbBr3 with %Cleryst = 15 (MAPb(Bro85Clo.15)3). Thus, MAPb(Bro.s85Clo.15)3 stands
out as the most interesting composition for detection of medical-grade X-rays of this study by
showing the highest S values (Sag = 1.87 uC mGyair' cm™ at 50 V. mm") and the lowest Juqri
values recorded (Juurk-avg = 43.4 nA mm= at 50 V. mm).
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Figure 3-3-12. Sensitivity normalised to the percentage of absorbed X-rays as a function of
dark current density Ju.« at 50 V. mm'.
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Conclusion

This study presents evidence of the successful substitution of Br~ by Cl" anions in
MAPDBBr; SCs, with a careful quantification of the crystal bulk Cl content. The results partially
corroborate previous works on this material.*!® Optoelectronic evaluation, meticulously
performed in X-ray medical radiography conditions and backed up by a systematic crystal batch
production, reveals the high quality of synthesised MAPb(Bri—xClx)s SCs. They exhibit no
hysteresis during current-voltage measurements and negligible conductivity drift. This linked
to the optimised-growth nature of MAPb(Br;-xClx)s SCs produced by our synthesis method,
which has allowed obtaining crystals with low defect content. We observe here an optimum in
Cl content for MAPb(BrossClo.1s)3, standing out as the most interesting composition, by
showing the highest sensitivity (S = 3 uC mGyair! cm?at 50 V. mm™), the lowest dark current
density (Jak = 43 nA mm? at 50 V mm') and the lowest conductivity drift
(oarip=3 > 10° Sms!t at 50 Vmm™). An extensive analysis of the X-ray induced photocurrent
by a two-charge carriers Hecht model indicates superior charge transport properties in the
MAPbB(Bro.85Clo.15)3 SC for both carrier types. Notably, EDX data suggest that Cl incorporation
in the crystal lattice increases the Pb/X (X = Br, Cl) ratio that approaches ABX3 stoichiometry
for the MAPb(Bros5Clo.15)3 composition. We propose that this improvement in stoichiometry
corresponds to a reduction of point defects in the lead-halide framework, thus to a lower fraction
of mobile ionic defects (Vx, Xi), resulting in an enhancement of the charge induction efficiency
under X-rays irradiation. In addition, while laser ToF measurements indicate that hole mobility
decreases with increasing Cl content, the two-charge carriers Hecht model suggests that Cl
incorporation increases the hole lifetime reaching 7z, = 75 us for MAPb(Bros5Clo.15)3. These
results confirm the generally good charge transport properties of MAPb(Br1-xClx); perovskites.
However, they highlight the need for further efforts to achieve state-of-the-art performance
levels comparable to materials such as CdTe and CZT. In particular, even if the dark current
density has been slightly reduced by the CI incorporation, its level remains significantly higher
by several orders of magnitude for the desired application. In this sense, other approaches must
be investigated to solve this problem.
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Chapter 4

Influence of crystal growth
environment and testing atmosphere

Introduction

The network of corner sharing lead-halide octahedra plays a central role in the mobility
and collection of charge carriers in MHPs. That is why, in the previous chapter, we tried
compositional engineering on the halide site. It confirmed that the chemical composition and
stoichiometry of a hybrid LHP SC can influence significantly its optoelectronic properties. In
that context, the chemical composition was intentionally altered, but other paths might alter the
perovskite composition. A possible one is through chemical exchanges with the environment.
It has been suggested that environmental H,O, or N> and O, molecules induce an n- and
p-doping on MAPbBr3, respectively,! and that, in particular, water has a passivating effect till
a certain exposure before degradation of the material.> Even though, SCs would never be
exposed to a relative humidity (RH) higher than 50 % in a laboratory, inducing this degradation,
studying the differences between growing crystals in uncontrolled standard laboratory and
controlled glovebox atmospheres can bring insights on the interactions that the perovskite has
with its surroundings. So, to estimate the impact of the environment and better understand the
mechanisms involved, it was decided to synthesise SCs under two different atmospheres. The
resulting crystals were later subjected to structural and optoelectronic characterisations to assess
the influence of the environment at various stages of the synthesis-to-X-ray response evaluation
process. These stages include: precursors and solvent storage and handling, crystal growth,
device preparation, and optoelectronic characterisation. This gives us an opportunity to identify
the eventual associated chemical species and their impact on the optoelectronic properties,
especially on resistivity p, dark current density Ju.+ and sensitivity S under X-ray illumination.

This study of the influence of the environment is divided in two axes: one investigates
its impact through the crystal synthesis, the second is centred on its impact during the device
preparation and characterisation under X-ray irradiation.

Regarding the first axis, two extreme conditions were then set. The first one consists in
using precursors exposed to air for extended time, preparing the precursor solution and growing

the crystals in standard laboratory conditions, labelled the ambient condition (AC). For the



170 Chapter 4

second one, ultra-dry precursors were instead used. Both solution preparation and SC growth
take place in a dry and oxygen-free Ar atmosphere glovebox, labelled the inert condition (IC).
The optoelectronic characterisation is then performed in standard ambient conditions. If
different chemistries are involved during the synthesis, in these two different atmospheres, their
impact should be noticed while performing structural characterisation of the SCs and
establishing their X-ray response.

The second axis aims at estimating the impact that changes or possible degradation,
caused by the interactions with the environment, might have on the optoelectronic properties,
while being under bias and ionising radiation. Indeed, the potential degradation could have a
major detrimental impact, obscuring the effect of the different chemical compositions we are
trying to evidence in the first axis. Henceforth, the device preparation and characterisation were
conducted in inert atmosphere as well, to achieve a fully inert synthesis-characterisation chain
for the IC SCs. A comparison study between the AC and IC is elaborated: while the precursor
solution preparation and crystal growth develop in the respective atmospheres for both
conditions, as stated before, both families of SCs are instead prepared and tested in inert
conditions. In order to do that, the optoelectronic characterisation takes place within special
sealed test boxes. Thus, both standard and Ar testing atmospheres impact are then examined.

As for Chapter 3, the performances of the devices were assessed under standard X-ray
medical conditions. SCs were obtained via seeded crystal growths in DMF, and using adaptive
temperature ramps, leading to crystals with low and reproducible defect content.® For each
growth condition, compositional, optical and electrical characterisations of the resulting SCs
were systematically undertaken to evaluate the crystal ability to incorporate extrinsic species
and properties. Material characterisation techniques, including Fourier transform infrared
spectroscopy (FTIR), inductively coupled plasma mass spectroscopy (ICP-MS), glow discharge
mass spectrometry (GDMS), thermogravimetric analysis coupled with mass spectrometry
(TGA-MS) and X-ray photoelectron spectroscopy (XPS), were employed to check differences
in chemical composition between both families of SCs. The device preparation and
optoelectronic performance evaluation were conducted following the general procedures
already introduced in Chapter 2. Only for the inert atmosphere testing (second axis), the crystals
were conveyed under Ar to glovebox for polishing and electrode deposition. Both AC and IC
SCs were then transferred, always in glovebox, into the specifically designed inert atmosphere
sealed test boxes.

This chapter is divided into three sections: the first presents the chemical and structural
characterisations of SCs grown from both AC and IC, the second describes the devices
preparation and the optoelectronic characterisation protocols followed, and the last exposes the
optoelectronic performances in both atmospheric and inert testing conditions.

This work contributes to the understanding of the impact of humidity and oxygen on the

properties of MAPbBr3 SCs. It was performed in collaboration with the Giovanni Armaroli
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from the University of Bologna (Italy),* who performed photoinduced current transient

spectroscopy (PICTS) analyses.
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1 Impact of the environment during crystal growth

1.1 Precursor solution preparation and crystal growth

As stated earlier in Chapter 2, the purity and water content of the precursors and solvent
is primordial for the synthesis of high quality SCs. To evidence the impact of the environment,
drastically different conditions were set. The “ambient condition” (AC) represents the scenario
where the least care was taken, so the system was extensively exposed to the atmosphere of a
standard chemistry laboratory. The "inert condition" (IC) represents the scenario where only
trace amounts of H>O and O molecules were present inside Ar atmosphere gloveboxes during
both growth solution preparation and crystal growth processes.

Accordingly, two sets of precursor materials were used. For the IC, DMF (Acros
Organics, 99,8%, Extra Dry over Molecular Sieve, AcroSeal®), PbBr; (Alfa Aesar, ultra-dry,
99,999% (metals basis)) and MABr (GreatCell Solar, = 99 %), respective unspoiled new
containers were opened inside a glovebox (with H>O and O, < 10 ppm) to maintain the lowest
possible water content. The zeolites present in the Acros Organics DMF assures the anhydrous
state of the solvent. This first ultra-dry glovebox, located at CEA Grenoble, was used for growth
solution preparation and crystal storage. After precursor solution preparation, the vials are
sealed with Parafilm before being transported to a second Ar atmosphere glovebox located at
Institut Néel. For the AC, the same products were used, but they were first exposed to air for a
period ranging from 36 h to several weeks. Both precursor solution preparation and crystal
growth were executed in contact with the laboratory atmosphere.

Let us consider the example of the water intake of DMF, it was demonstrated that when
pre-dried DMF is exposed to 50 % humidity in standard atmospheric conditions at 22 °C, in a
matter of 2 h 20, the H>O concentration went from 730 to 23 150 ppm, which means an intake
rate of 90 ppm min™'.> Thus, organic solvents, such as DMF, represent then vectors allowing
the incorporation of environmental species into the solution system. It is worth noting that the
percentages given above for PbBr; refers to the purity of the metal and not the halogens.

SCs were grown by our MITC methods: stoichiometric (PbBr.:MABr 1:1 ratio) | M
solutions in DMF were prepared. The ITC method was employed to obtain seeds by
spontaneous nucleation in standard atmospheric conditions. SCs for both conditions were then
obtained by seed-assisted growths with adaptive temperature ramps, lasting between 4 to 20 h,
with different kinetic parameters a.. Because collecting, mounting seeds and transferring the
growth solution was extremely unpractical in a glovebox, for both conditions, the seeds were
just dropped into the growth solution, once the thermalisation was complete, as described in
Chapter 2. Since the whole process was carried out either under a fume hood (AC) or in the
dedicated glovebox (IC), the precursor solution preparation and crystal growth were conducted

with the atmosphere trapped in the vial above the solution corresponding to their respective
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conditions. As mentioned earlier, two main parameters were considered in this study: O, and
H>O (humidity) contents. Table 4-1-1 summarises the environmental conditions and the
potential intake of oxygen and water before (precursor solution preparation) and during crystal
growth. Figure 4-1-1 shows the setup used for IC growths inside the Ar-glovebox, which was
utilised for growth at Institut Néel. For both conditions, after crystal growth, the SCs are
subsequently dried and put in membrane boxes. All SC samples are transferred to the storage

glovebox via a sealed tube to avoid exposure to air.

Table 4-1-1. Precursor solution preparation and crystal growth vial experimental settings for
both AC and IC. Regarding the quantity of H2O and O», for the AC, the specified values are
estimations; for the IC, the specified values were measured.

Environmental parameter Products

.\ DMF

Condition H>O (0)) H,0O content ® Precursors
Standard lab ~10* ppm 2.10° ppm ~ 10* pom
Ambient (~ 50% RH)” (atmospheric) pp
Bare
Ar atmosphere <7 ppm ultra-dry PbBr;
and MABr
glovebf"w‘i;ed for  100-900 ppm 1700 - 2700 ppm  With septum and
gll(:er ¢ zeolites

9 The DMF water intake was estimated according to reference.’
® RH = relative humidity

Figure 4-1-1. Ongoing inert condition (IC) crystal growth for several parafilm-sealed vials on
growth bench within crystal growth Ar-glovebox.
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At this stage, a first important observation was made regarding the crystallisation of the
solutions prepared under these two different conditions. Statistically speaking, the solution
prepared under AC showed very little spontaneous nucleation, to such an extent that expecting
to grow SCs from spontaneous nucleation would have been unsuccessful. This is a first
indication of an impact of the environment on the chemistry of the system. In the case of
MAPbDI3;, Zuo et al. demonstrated that H>O molecules in perovskite precursors not only
influence the aggregation of iodoplumbate complexes but also the coordination environment of
Pb?" cation in precursor solutions. According to their results, HoO molecules not only
coordinate with Pb*" ions via Pb-O, but also promote organic solvents, such as DMF and
DMSO, to coordinate with Pb** ions. This coordination leads to Pb-O linkages making and
Pb-I breaking. Both behaviours of water molecules can retard the formation of high-order
iodoplumbate [Pbl,]*™ complexes,® thus impacting the kinetics of nucleation and growth of
LHPs. These reactions can help the fabrication of high-quality SCs and films by tailoring the
growth process. Extrapolating this reasoning to MAPbBr3; would allow explaining the difficulty
to grow SCs via spontaneous nucleation, even though the metastable zone of an anhydrous
solution of perovskite in DMF would have been overpassed. In other terms, environmental
water imposes an additional barrier for nucleation and crystal growth.

As seen above, the presence of foreign species in the growth solution can have a
significant impact on the build-up of the crystal, thus on the optoelectronic properties of the
final crystal. Indeed, even if in small amounts, a fraction of these impurities can be incorporated
in the crystal structure, all the more easily if the supersaturation is high. They can then lead to
the formation of point defects detrimental to the photogeneration and collection of charge
carriers. Therefore, our first concern was to try to evidence any potential incorporation of

environmental species in the SCs.

1.2 Chemical and structural characterisations

Extrinsic species such as H>O, O or CO; are made of light elements and therefore, they
are particularly hard to detect in small amounts (~ ppm). Yet, they can impact the chemical
composition of the crystal in several ways. They may form complexes in solution (like the lead-
water mentioned above),’ be directly incorporated in the crystal structure (e.g., substitution of
Br- with OH- ions),” or lead to heterovalent bi-substitution,® which corresponds to the joint
incorporation of two species with different valence than the ions they replace, but maintaining
electroneutrality in the structure. Even if H- and/or O-containing species remain undetected, the
first two ways would impact the Pb/Br stoichiometry, which is more readily measurable. The
case of heterovalent bi-substitution could be more elusive, unless it involves a heavy ion as co-
substituent.

Several characterisation techniques were employed to see any differences in growing

SCs in chemically uncontrolled and controlled conditions. Some techniques give the elemental
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compositions of the different SCs (ICP-MS, GDMS), while others give information about the
chemical species present in both crystal surface and bulk (FTIR, XPS). TGA-MS gives insights
on the thermodynamic stability and degradation of MAPbBr3.

1.2.1 Elemental analysis: stoichiometry and detection of impurities

Elemental analysis allowed detecting two things: firstly, the Pb/Br ratio of the perovskite
material, done by ICP-MS, and secondly, the potential presence of extrinsic dopers, done by
GDMS. ICP-MS and GDMS analyses are complementary techniques. The latter allows an easy
isotopic dilution analysis, while the former allows a multi-element screening with high
sensitivity.” ICP-MS and GDMS analyses were performed by Sylvie Motellier at CEA
Grenoble and Eurofins EAG Laboratories in Toulouse, respectively.

ICP-MS employed one SC per growth condition. Identically as in Chapter 3, they were
partially dissolved in ultra-pure water in a mass/volume ratio of 1/200. After 24 h, a 65 % nitric
acid (HNOs3) aqueous solution is added for complete dissolution of the crystals, in a volume
ratio Vitirc acid/Voriginal solution Of 1/100. The samples were overall diluted by a 2 x10* factor before
analysis. An ICP-MS 7900x spectrometer (Agilent Technologies) was used for the
quantification of elemental inorganic content of 7Br and 2*’Pb. A radio frequency power of
1550 W, an Ar plasma and nebulizer gas flow rates of 15 and 1.15 L min’!, respectively, and an
integration time/mass of 0.1 s were employed.

The results showed a Pb/Br ratio of 33.1 + 0.8 % and 32.7 + 0.4 % for SCs obtained
from the AC and IC, respectively, as shown in Table 4-1-2. According to these bulk
compositions, the Pb-X stoichiometry is already close to the theoretical 33.3 %, showing no
difference between both crystal growth conditions.

Table 4-1-2. Pb and Br concentrations determined via ICP-MS in a HO/HNO3 mixture and
associated Pb/X ratio for MAPbBr3 SCs grown in ambient (AC) and inert (IC) growth
conditions. ¥

207 79 Resulting Pb/Br ratio
Pb Br .
Sample via ICP-MS
[ug/kg] [ug/kg] 0
[70]
AC SC 103.4 +1 120.45+0.8 33.1+0.8
IC SC 138.1£0.7 163.0+0.4 32.7+0.4

9 The Pb and Br concentrations presented here are given per kg of MAPbBr3; SC. Only the most
common isotope was considered for quantification.

Even if the perovskite structure construction is mediated by water introduced via
hydrated precursors, as mentioned earlier in the discussion, the crystal growth leads to the same
structure. Indeed, full dissolution of the precursors in solution took place for both conditions,
especially for PbBr2. The purity of PbBr: is primordial for this to happen, given that low-purity
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products may contain lead oxides or hydroxyl groups as contaminants, provoking the presence
an insoluble fraction of solid when preparing the growth solution in DMF, as we have
previously observed. ICP-MS results corroborate then that the full dissolution of the precursors,
or solution stoichiometry, leads also to crystal stoichiometry, even with potential environmental
species involved.

In order to assess these species, GDMS with two SCs per growth condition was
performed. They were first smashed, then a small piece of crystal was put at the end of an
ultrapure Ta binder, previously analysed. An Astrum (Nu Instruments) high resolution glow
discharge mass spectrometer (GDMS) was employed using a Pin cell, alumina as insulator, an
Ar discharge gas, and a glow discharge of 1 kV and 2 mA. A Faraday cup detector was used
with an ion counting of 160 ms, ion currents of ~ 1 x 107! A (Pb), and a resolution of ~ 3500.
A standard relative sensitivity factor was used. Each content is at least measured between 3 to
5 times, averages are used in the results. The error percentage associated with this quantification
is =20 %.

Table 4-1-3 recompiles the results from the main impurities detected: Cl being the
principal one followed by Na and Al elements. Cl and Al contents seem slightly higher for the
AC SCs when compared to IC ones. No significant difference is observed for the rest of
quantified elements. For all scanned and quantified chemical elements, see Table A 4-1-1 to
Table A 4-1-4.

Table 4-1-3. GDMS analytical results on MAPbBr3 SCs grown from both ambient (AC) and
inert (IC) conditions. Two samples per conditions were used.

Element AC SC #1 AC SC #2 IC SC #1 IC SC #2
[ppm wt.] [ppm wt.] [ppm wt.] [ppm wt.]

Na 0.43 0.37 <0.1 0.52

Al 0.43 0.43 0.09 0.09

Si 0.10 0.16 0.11 0.11

P 0.19 1.0 0.08 0.74

S <0.05 0.06 <0.05 0.10

Cl 52 27 10 3.5

K 0.13 1.7 <0.1 2.7

The higher amount of impurities for the AC can be potentially explained by the longer
exposure to the local environment, when compared to the IC, hence more exposed to cross-
contaminations such as dust or chemical vapours coming for the laboratory fume hood. We
remind that the same raw materials references (precursors, solvent) were used for the AC and
IC. This extended exposition yielded a less pure growth solution, with environmental species

favouring the incorporation of impurities such as Cl and Al. Nevertheless, the air exposure and
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associated environmental impurities does not seem to affect the overall stoichiometry as seen
above. A closer look is undertaken, in the upcoming part, with respect to bulk and surface

differences, and local stoichiometries in the SCs.
1.2.2 Extrinsic chemical species: H.O and O

In the search of extrinsic species potentially differentiating both growth conditions, a
focus was made on detecting water or the hydroxyl function (-OH). Several studies have
showed how water is able to infiltrate in the perovskite structure, especially in polycrystalline
thin films. Indeed, once the thin film, fabricated in dry and controlled conditions, is exposed to
higher humidity, water can penetrate the inter-granular space of the polycrystal (PC).!° Raman
and FTIR spectroscopies bring to light the presence of characteristic vibrational modes of the
perovskite structure and that associated to the presence of water. Firstly, Raman analyses were
performed on our samples in order to study both conditions. Two different spectrometers were
employed, with the help of Pierre Bouvier at the Institut Néel. The vibrational modes of the
octahedra network are observable with this technique at low wavenumbers: lattice and MA-
inorganic cage vibrations. Perturbations in the Pb coordination sphere could be then
distinguished in theory. Given that these modes are situated near the Rayleigh ray of the source
(among others), it was difficult to differentiate peaks associated with the source and that of the
SC samples, and obtain clear measurements. It was then decided to switch to FTIR
spectroscopy, which gives similar information regarding the organic part of the hybrid
perovskite. As water makes its path through the material, a distinctive peak around 3500 cm™!
in the infrared absorption spectra appears.

Miiller et al. showed by FTIR that water infiltrates the MAPbI3 structure in a timescale
of seconds, and that the process is reversible upon exposing the film to a dry atmosphere
(e.g., N2 or 0,). Similarly, Zhu et al. evidenced the decomposition of MAPDI; into its
monohydrated form MAPbI3-H20, the source of it being the affinity that MA has with H>O
molecules.!! Even though this affinity exists, the formation of this monohydrated form is hard
and depends on the exposition time, vapour pressure, relative humidity, presence of light, to
name a few, but especially on the porosity of the material (e.g., size of the grains, flatness of
the surface, cracks). Porous structures would favour the trapping and adsorption of water.
Similar studies were carried out also on MAPbBr3;!? and mixed halide compositions
MAPDI3.Bry. 12

With the help of David Jegouso at Institut Néel, we performed FTIR using a Vertex 70V
spectrometer (Bruker) in attenuated total reflection (ATR) mode under primary vacuum
(< 1 hPa) on previously ground SCs. A Globar source, a KBr separator and a MCT (Mercury-
Cadmium-Telluride) detector with liquid nitrogen were used for the spectral response. 1 min
measurements were performed with a resolution of 4 cm™. It was decided to grind the SCs of

both conditions: firstly, to obtain contributions from the bulk of the crystals and see if the
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atmosphere humidity got incorporated in the structure and not just on the surface, especially for
the AC. Secondly, to avoid the total saturation of the detector from the high reflectivity of bare
SC surfaces, as seen during preliminary trials.

The spectral results are shown Figure 4-1-2, centred around 3200 cm™!, where potential
water related vibrational modes should be observed. The full ATR-FTIR spectra can be found
in Figure A 4-2-1. The associated peak assignation, detailed in Table 4-1-4, was mainly based

on the work of Glaser et al.!*

and almost perfectly matched the experimental spectrum, with
most of the main visible peaks identified (indexes 1 to 6). For comparison, the spectra were
normalised to the symmetrical NH3 stretch vibrational mode peak (~ 3200 cm™) as the

methylammonium is not expected to be impacted by environmental species incorporation.
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Figure 4-1-2. ATR-FTIR transmittance data normalised to the symmetrical NH; stretch
vibrational mode peak (~ 3200 cm™) between 2700 and 3800 cm™! for evaluation of potential

vibrational modes related to water presence in ground SCs grown from both growth conditions
and humidified MAPDbBr;. For index description refer to Table 4-1-4.

When comparing in Figure 4-1-2 the AC (light blue plot) and IC (orange plot) SCs, no
relevant difference is observed. The broad peak corresponds to a contribution of several
vibrational modes: including two MA modes (indexes 5 and 6) in MAPbBr3, and potentially
modes associated to the presence of water. These modes were identified from Gan’s work on
mixed halide MAPb(Ii«xBry); film:"* index 7 corresponds to intercalated H>O molecules
(3225 cm!), and index 8 corresponds to v(OH) modes of C-OH group (3400 cm). An
additional peak was also described by them at 1350 cm™ corresponding to C-OH in-plane bend,
but was not present in our spectra as seen in Figure A 4-2-1. Given that we are dealing with
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ground SCs, the presence of intercalated water would make sense, even though the grain size
of MAPDb(I1«Brx)s film is huge compared to ours. So, comparing a PC to a SC makes the
evaluation harder and less appropriate. Also, it was found that the degradation rate under
moisture scales linearly with grain size, showing that grain boundaries offer preferential sites
for water molecules adsorption.!’> That said, PCs are more affected by water than SCs.
Additionally, it has been well established that MAPbI3 is more reactive towards moisture than
MAPDBBr3, which composes the main matrix of the mixed halide perovskite discussed here.
While index 7 is less evident, the weak and broad peak around 3400 cm! pointed out by index
8 seems more accentuated than that at index 7. This peak, identical for both conditions, seems
to indicate that hydroxyl groups, coming from environment species, could have infiltrated the
SC structure in a similar manner, whether they were adsorbed on the powder surface or
incorporated in the structure as it happened for MAPbI3.«Bry film.!?

To clarify the interpretation of these peaks and on whether water was adsorbed on the
grains during FTIR test or infiltrated in the structure during synthesis, an additional SC was
ground and exposed to close to 100 % RH at 70°C for a couple of hours within a close space
by evaporating distilled water as depicted in Figure 4-1-3.

Figure 4-1-3. Humidified MAPbBr3 SC powder for evaluation of water incorporation during
ATR-FTIR analysis.

The resulting spectrum is plotted in dark blue in Figure 4-1-2. Index 7 peak did not
change and index 8 broad peak at 3400 cm!, seems slightly stronger. This peak would
correspond to C-OH groups, as said earlier, which is surprising as it does not correspond to any
species of the crystal or the environment. If DMF molecules remained adsorbed on the crystal
surface, this would mean that a protonation would be required, which is very unlikely
(pKa= -0.3). The presence of C-OH resulting from a reaction involving the crystal and
environment would also be speculative at best, like for the primary amine from the structure
with environmental CO> forming methylcarbamic acid (CH3-NH-COOH).!¢ This absorption
band at 3400 cm! is also visible in some FTIR spectra of PbOHBr, but not always, and a sharp

band at about 3500 cm™! would also be expected.!”!® In Figure 4-1-2, indexes 9 and 10 were
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placed respectively where the O-H signature was found by Miiller et al. in MAPbI3 PC7 and the
hydroxyl vibrational mode for PbOHBTr.!® No peak was observed in those ranges.

The deconvolution of the observed peaks, especially the ones indexed 5 to 8 was also
performed but resulted problematic due to the noisy baseline of the three spectra, and yielded,
for, a given index-vibrational mode, peaks of similar areas.

Even though the identification of this peak is uncertain, the fact that it showed no
significant difference between the AC and IC, and that reinforced post-growth exposure to
water lead to a barely amplified bump at 3400 cm™!, suggest that this ambiguity could be
associated with an environmental impact on the perovskite surface. It worth repeating that, after
synthesis, all SCs were stored in the same glovebox, potentially exposed the same chemical
entities (e.g., solvent vapours). In spite of very different synthesis environments, there is no
clear sign of environmental species (e.g., H20, Oz) or one of their by-products (e.g., hydroxyl
group) being incorporated in the structure during crystal growth. A possible explanation of the
resilience of MAPbBr3 synthesis in solution against environmental species should lay in the
chemistry of system. Among the several entry ways of these species (e.g., water uptake by
hygroscopic DMF or MABr), the most serious one to consider would be the environmental
degradation of PbBr; precursor into stable lead oxide or hydroxide compounds (e.g., PbOHBr)
prior to the synthesis. But even in that case, the interaction of water with MAPbI3, highlighted
by Zuo et al and discussed earlier in this chapter,® introduces an important mechanism: their
work claims that in solution, water coordinated to Pb?" promotes the formation of lead-solvent
complexes (e.g., with DMF or DMSO). If these highly coordinating solvent used for hybrid
LHP synthesis!® are able to displace not only water but all the environmental species
coordinated to lead, then it would explain the resilience of MAPbBr3 synthesis towards these
species. Upon dissolution of the precursors, lead becomes fully coordinated with solvent
molecules, whatever the original species coordinating it or present in solution. These molecules
can later be replaced with halide ions upon the crystallisation of the perovskite. The most stable
phase, under the right thermodynamic conditions is then grown, depending on MAPDbBr;
concentration and temperature. This considered, one would be surprised to find no impact of
those impurities in the grown crystals, especially if they are produced by degraded precursors,
as they would at least induce a deviation from stoichiometry. It is important to remember at this
point that SC growth presents a significant difference from that of thin film prepared for PV
applications. In the latter, the solution or ink is fully evaporated: so, all species contained are
crystallised. In SC growth, because the solubility remains quite high at the final temperature of
the process, only a fraction of the dissolved precursors crystallises in the form of perovskite
(the crystal growth yield is not total, see Chapter 2). In our experimental conditions, more than
half of the dissolved ions remain in solution (the crystallisation yield of MAPbBr3 is below
33%, see Chapter 2). It can then constitute a buffer large enough to accommodate deviations
from stoichiometry, avoiding a major impact on the SC composition, and making it more

chemically resilient than thin films made by evaporation.
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Table 4-1-4. Assignment of the different peaks measured in ATR-FTIR based on the literature.
Below are the wavenumbers of vibrational modes, corresponding to those identified in various
studies for similar materials or potentially present chemical species.

Index Wa\[lsrrllll_llr?ber Peak assignment Material studied
1 2724 +S§1131\11111{—1332221(1 o MAPbBr; SC/PC 9"
2 2836 Asym. I\fﬁ bend v \jAPbBr, SC/PC
3 2937 Sym. CHj; stretch v, MAPbBr; SC/PC ™
4 2966 Asym. CHj stretch vg MAPbBr; SC/PC '
5 3148 Sym. NHj stretch v, MAPbBr; SC/PC
6 3194 Asym. NHj stretch vy MAPbBr; SC/PC
7 3225 Intercalated H,O MAPb(I;xBr,); PC ¥ 13
8 3400 v(OH) modes of C-OH  MAPb(I;Bry); PC *
9 ~ 3500 O-H signature MAPbI; PC?7
10 3505 v(OH) PbOHBr ¥

9 PC = polycrystal (thin film).
® PbOHBEr is synthesised in a aqueous solution containing KBr and lead (I1) acetate.

With the doubt of whether the FTIR observations correspond to the bulk or surface of
the hybrid structure, a special attention was given to the characterisation of IC and AC crystals
surface. To try to elucidate the question of the absorption peak at 3400 cm™! and evidence the
possible presence of foreign species, XPS analysis was performed by Anass Benayad at CEA
Grenoble. A total of four SCs were used: for each condition, one crystal was devoted to surface
analysis and another one was cleaved inside an Ar atmosphere glovebox (same glovebox as for
IC SC synthesis and storage, described in Table 4-1-1) for the analysis of the bulk of crystals.
The sample holder was mounted with the four samples in the same glovebox as depicted in
Figure 3-2-1-A. A PHI Quantes instrument (ULVAC-PHI) using a monochromatic beam
(X-ray source Al Ky = 1486.6 eV) of 30-50 um in diameter and 12 W of power was employed.
For the crystal surface analysis, a single measurement took place, and for bulk analysis, the
beam was focused on 4 to 5 points of the cleaved surfaces. As illustrated in Figure 3-2-1-B, a

distinction was made between “bottom” and “top”, corresponding to the last stage of growth
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and seed sides, respectively. High-resolution core level analyses were performed using a pass
energy of 69 eV, which corresponds to an energy resolution of 0.6 eV. All XPS measurements
were carried out under ultra-high vacuum (UHV) conditions (7.10°8 Pa). Each core level peak
was recorded within one to three scans with a scan rate of 0.1 eV s!'. The binding energy
calibration was performed using self-contained perovskite metallic lead (Pb%) Pb 4f7»
(136.9 eV) (Fermi level alignment to 0 eV). The core level binding energies were recorded
within an error of = 0.1 eV. Curve fitting and background subtraction were accomplished using
MultiPak (ULVAC-PHI) software for quantitative analysis.

A

Cleaved SC
for bulk analysis

Bare SC
for surface analysis

Ambient condition Inert condition

Seed side TOp

Bottom

Side view of samples

Figure 4-1-4. XPS analysis. (A) AC and IC SCs for surface and bulk analyses via XPS: two
samples per atmospheric condition are used for the study. Bare (bottom) and cleaved (top) SCs
allow analysis of the surface and bulk chemistry, respectively. (B) Schematic representation of
cleaved SCs of both growth conditions for bulk analysis: the study is divided in “top” and
“bottom” regions, each with 2 and 2-3 measurements on the cleaved surface, respectively.

A first qualitative scan was performed to identify all elements present in surface and
bulk samples. In Figure 4-1-5, we can see the different orbital peaks measured on the crystal
surface for both conditions. Besides little variations in terms of intensity, both spectra are almost

identical with no peak corresponding to other elements than those belonging to the perovskite,
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with the exception of oxygen. High resolution spectra were subsequently recorded for the
following orbitals: C 1s, N 1s, O 1s, Br 3p, Br 3d and Pb 4f. All spectra can be found in

Figure A 4-3-1 and Figure A 4-3-2.

Pb 4fy),
Pb 4f;,

Inert condition
—— Ambient condition

Pb 4p,,
O1s
Pb 4d,,
Pb 4d

N1s 512

C1s

Br3s
Br3py,,
Br 3psp
Br 3d

Pb 5d

Intensity (a.u.)

I ! I ! I I | !
1000 800 600 400 200 0
Binding energy (eV)

Figure 4-1-5. XPS overview scan on bare surface of both AC and IC SCs. This type of scan is
performed to qualitatively identify the main elements orbitals.

The study focuses on O and C, and Pb elements, given that they are the elements
allowing the detection of extrinsic species (e.g., H2O, Oz, CO», -OH), and modifications in the
inorganic framework, respectively. The cases of O, C and Pb are depicted in Figure 4-1-6. All
spectra for a growth condition are grouped in a single chart: both surface and bulk analyses for
comparative reasons.

Regarding O 1s, Figure 4-1-6-A1 and Figure 4-1-6-B1, bring to light the relatively low
content of O in most spectra (most signals are drowned in the noise), with the exception of the
surface spectrum for the AC SC. This proves the adsorption of O-containing species on the
surface, but not in the bulk of the material. We can thus not only discard the idea of
incorporation of environmental species but also of solvent (DMF, HCO-N(CH3),). This is a
very significant result as it establishes without ambiguity that, inert environment is not
mandatory for the synthesis of high purity MAPbBr; crystals, as environmental species present
in solution are not incorporated the structure. Finally, the presence of O on the surface of the
AC crystal can readily be attributed to its exposure to ambient air as it was retrieved from the
growth vial in standard atmospheric conditions. The observable peaks had a binding energy
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comprised between 532.3 and 532.8 eV, matching Kirmani et al. results, where they attributed

this peak to hydroxy O-H.?°
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Figure 4-1-6. XPS high resolution spectra of O, C and Pb. (A) AC and (B) IC SCs O 1s (1),
C Is (2) and Pb 4f (3) XPS spectra for both surface and bulk analysis. O 1s and C 1s peaks are
situated between 532.3 — 532.8 eV, and 285.4 — 286.3 eV, respectively. The lead associated to
the perovskite structure Pb™® and metallic lead Pb® are found at 138.7 and 136.8 eV,
respectively. For legend understanding, see Figure 4-1-4-B.
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With respect to C 1s, the peaks were situated between 285.4 and 286.3 eV in
Figure 4-1-6-A2 and Figure 4-1-6-B2. A lower binding energy shift is observed for surface
measurements, when compared to that of the bulk. Kirmani et al. identified three types of peaks
corresponding to: amorphous carbon (~ 285 eV), carbon belonging to MA (~ 286.2 e¢V), and
carbon belonging to oxygen functionalities (~ 287 €V).2? In our results, we believe that carbon-
based species may have been deposited on the surface of the crystals, leading to the C 1s peak
shift to around 285.4 eV for both surface measurements, as seen specially in Figure 4-1-6-A2.
The MA-associated carbon was perceived more importantly in the bulk between 285.7 and
286.6 eV. It is worth pointing out that bulk measurements presented a slight tail at lower binding
energies, potentially meaning the presence of amorphous carbon as well. Both ranges matched
again Kirmani’s work. The last peak enumerated by them was not seen here: C-O bond could
be potentially hidden within the MA-associated peak, given the overlap in binding energies of
C-N and C-OH bonds.

Regarding Pb, the analysis proved to be more complicated. Figure 4-1-6-A3 and
Figure 4-1-6-B3, highlight the diversity of Pb variants in the structures. In most cases, a major
peak is systematically accompanied by a smaller peak on the right, both 4f72, with associated
doublet peaks 4fs». A single satellite peak was also observed on the left of 4fs/, but it is not
visible here given its relatively low intensity: see Figure A 4-3-3-A for a better look at all three
peaks of lead. The major doublet was assigned to the lead of the perovskite structure Pb’X, and
the small doublet to metallic lead Pb%. The presence of Pb® was put to use as an internal
calibration at 136.9 €V, allowing to define Pb"® biding energy at 138.7 eV. The systematic
presence of Pb® can be attributed to an experimental artefact. Previous research teams,
including, Armaroli et al., showed how MAPDbBr3 is degraded when exposed to X-rays,
especially focused in small areas, as in XPS measurements, resulting in the apparition of
metallic lead Pb®, bromide vacancies Vg, and the volatilisation of MABr and Br; in UHV.!?!
In our case also, for both crystal growth conditions, the Pb° content appears to be dependent on
the duration spent under the probe beam during each measurement (approximately 15 minutes
per measurement). This implies that cleaved surfaces received more irradiation compared to
bare surfaces, considering the number of measurements conducted. This explains the more
pronounced Pb? peaks observed.

Quantitative analysis was performed by deconvoluting the high-resolution spectra of all
mentioned elements. A pseudo-Voight profile is used to fit the spectra systematically: a
convolution of a Cauchy-Lorentz (20 %) and a Gaussian (80 %) distributions is selected.
Several functions were used to fit Pb 4f and Br 3d: examples of deconvolution are depicted in
Figure A 4-3-3-A and Figure A 4-3-3-B, respectively. A Shirley baseline was also used.

The quantitative results, given in molar percentages, are plotted in Figure 4-1-7. Once
again, a single chart summarises the whole surface and bulk analyses. By observing

Figure 4-1-7-A1 and Figure 4-1-7-B1, several things can be pointed out.
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Figure 4-1-7. XPS quantitative results after deconvolution of peaks. (A) AC and (B) IC SCs
quantitative results. The chemical elements quantified are: C, N, O, Br and Pb. Lead
quantification is divided by three based on the different Pb-peaks observed: perovskite lead
PbPX, metallic lead Pb°, and an unattributed peak named Pb satellite. (1) histograms illustrate
the relative proportion of each element for both surface and bulk studies. (2) plots depict
different ratio: Pbiy/Br, Pb"8/Br, and N/Br. The grey dash line points out theoretical 33.33 %
Pb/Br and N/Br ratios of the structure. For legend understanding, see Figure 4-1-4-B.

Firstly, the evident higher O content is numerically confirmed for the AC SC surface,
when compared to the other condition and bulk measurements. Likewise, the higher Pb? content
of bulk measurements, when compared to surface ones, is corroborated. Secondly, one can
observe that even if the O Is signals of the surface and bulk analyses, seen in both
Figure 4-1-6-A1 and Figure 4-1-6-B1, are mixed with the background noise, the atomic
quantification yields non-negligible contents of oxygen (< 4 %) (Figure 4-1-7-A1 and
Figure 4-1-7-B1). This is caused by a deconvolution artefact assigning a small percentage of
oxygen. Thirdly, an excessive amount of carbon (all forms) can be also noticed in the surface

when compared to the bulk, which it would be coherent with the 3400 cm™! bumps in the FTIR
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spectra and the higher O content for the AC, corresponding to C-OH group presence, even
though no C 1s peak was found. The more abundant presence of C and O on the surface when
compared to that of the bulk (cleaved surfaces) has also been confirmed by Kirmani et al.2® All
three FTIR spectra being similar would mean that we are dealing with a surface effect of the
material. Also, in the XPS data, nitrogen is particularly low for the AC SC surface. We could
hypothesise that a potential reaction of the amine yielding the alcohol function could take place.

The FTIR and XPS data of both growth conditions are very similar. The results point
out at the presence of carbonaceous species with hydroxyl groups for both conditions, more
importantly for the AC. The AC also presents a loss of nitrogen and bromine when compared
to the IC, potentially linked to the departure of volatile precursor MABT.

To give further meaning to these results, the following ratios were established to see
trends within the SCs, differences between surface/bulk and growth conditions: Pby/Br,
PbPX/Br and N/Br, as shown in Figure 4-1-7-A2 and Figure 4-1-7-B2. These ratios were
selected to see modifications in the stoichiometry similarly as was performed for
MAPbB(BrxClx)3 SCs via EDX in Chapter 3. The first two are related and give indications about
the inorganic stoichiometry: while Pb/Br ratio considers lead in all its forms, the PbP/Br ratio
considers just the lead contributing to the perovskite structure. The third ratio give indications
about the organic stoichiometry. Both stoichiometries are theoretically at 33.33 %. Both Pby.«/Br
and Pb™/Br follow the same trend, Pbw/Br being above PbP%/Br systematically for both
conditions, given that the first ratio considers the other forms of lead potentially coordinating
differently, including Pb°. The ratio is then overestimated. Globally, the ratios seem to be
shifted to Pb-rich and N-rich (> 33.33%, the grey dash line in the figure marks the
stoichiometric value), with Pb/Br values higher than the ones seen in Chapter 3, for Pby/Br and
PbPX/Br. This, however, may not be directly taken as compositions in the crystal structure as
the results can be biased by the loss of Br from the tested surface via volatilisation, under UHV,
of MABr or Bra, as previously mentioned. That considered, the AC SC surface presents
additionally the deficit in nitrogen discussed earlier, also seen in Figure 4-1-7-B2.

These observations do not point out at any radically different chemical composition
between ambient and inert growth conditions, especially in the bulk. Nevertheless, XPS
measurements give some insights concerning the presence of carbonaceous and oxygenated
species on the surface, especially for the AC SC, which would correspond to the presence of
C-OH groups, as seen in the FTIR spectra. This contamination is present for both conditions
and even more accentuated for the AC, which makes sense considering the time spent exposed
to the atmosphere. The adsorption of C- and O-containing species is also correlated to a loss of
the amine function and/or precursor MABr, which is more important on the crystal surface for

ambient-grown SCs.
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1.2.3 Thermal stability and degradation of MAPbBTr;

Another way to expose incorporated species could be through decomposition
differences or degradation products proper to a growth condition. So TGA-MS was conducted,
under the guidance of Mathieu Salaun at Institut Néel. The thermal stability of the perovskite
and the by-products were analysed under inert atmosphere. The thermogravimetric analysis was
conducted in a TAG 16 (Steram) equipment coupled with a HAL 201 RC (Hiden Analytical)
mass spectrometer. The furnace was purged with a flow of Ar gas and a primary vacuum
(< 1 mbar) was used. The samples, ground SCs, were put in a Pt crucible inside a symmetrical
analyser and left for 1 h at 30 °C for temperature stabilisation, prior to the measurement. A
temperature range of 30-700 °C and a ramp of 2 K min™! were applied. The TGA baseline drift
precision was + 1ug. Regarding the MS, the mass-to-charge ratios (m/z), presented in Table 4-
1-5, were followed in time, with the objective of identifying as many chemical
specimens/fragments as possible during the degradation process of the perovskite. Their
selection was based on previous works?>?} and the characteristic m/z ratios were selected from
NIST database.?* The logic behind this selection was to include all base materials needed for
the synthesis of the MAPbBr3 (precursors and solvent) and small organic molecules with high

thermodynamic stability (stable degradation products).

Table 4-1-5. TGA-MS selected m/z ratios to follow degradation products of MAPbBr; SCs®

Potential other parent

m/z ratio studied Assigned parent species b) ther
species
CH;Br
b (bromomethane) NH;, MA, DMA
8 H0 NH;, MA
CH;NH;
% (MA) DMA, NO
42 (CH;)NH
(dimethylamine — DMA) -
44 DMA .

94 CHsBr -

% The structure of the detected ion is not shown here, just the parent molecule.
®) The selected species have a relative intensity above 20 % according to NIST database.?
©) These other species present the m/z in question, but they are in the minority.?*

4
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To avoid overloading the software with too many m/z ratio values to follow, several
preliminary tests were performed to discard potential species, which are presented in
Table 4-1-6. Regarding the H,O and O; contents, the focus entities in this chapter, the Ar tank
used indicates contents lower than 3 and 2 ppm, respectively. After two purges of the sample
chamber, water, oxygen and air partial pressure indicators were around 107'°, 10!! and

10! Torr, respectively.

Table 4-1-6. TGA-MS discarded m/z ratios during degradation products of MAPbBr3; SCs @

m/z ratio discarded Discarded parent species Commentary
32 0O Not detected
73 DMF Not present
80 (hydroblj(?r;ic acid) Not present
160 Brz Present ¥

(diatomic bromine)

% The structure of the main discarded ion is not shown here, just the parent molecule.
® For Bry, the molecule was previously detected as a degradation product during Amari’s work,
and not considered here.

Figure 4-1-8 combines both TGA and MS analysis results showing that the two growth
conditions exhibit the same three mass losses. It should be noted that the AC, does not attain -
100 % mass loss, due to a measurement/input error of the SC mass, an offset of ~ 3 % is present
(mass evolution stops at ~ 97 %). The AC seems also to be shifted from the IC by close to
~ 5 °C. This is possibly explained by the higher mass used for the AC SC (28 mg), compared
to the IC SC (22.5 mg).

The first mass loss corresponds to approximately ~ 21 %, which starts around 170 °C
and finishes at around 330 °C, not only perfectly matches the detection of NH; and/or CH3Br
(m/z = 15 and 94, respectively) but also corresponds quite well to the MABr/MAPbBr3 ratio
(23.3 wt.%). The ratio m/z = 15 could represent both entities, but most likely it corresponds to
CHj3Br, given the shape of m/z =94. It is worth precising that the assignation of m/z ratios equal
to 15, 17 or 18 is not straightforward, because they are characteristic degradation masses shared
by ammonia, water, MA and dimethylamine (DMA) (see Table 4-1-5). This mass loss can then
be attributed to the departure of MABr from the structure.

A small bump can be seen as soon as the first loss finishes, in the 330-360 °C
temperature range. The bump was only observed for temperature ramps close to 2 K min!. It

corresponds to a mass loss of 2 %, potentially linked to a tardive arrival of more NH3/CH;3Br:
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a small shoulder on the right of first m/z = 15 and 94 peaks can be observed, and the 2 wt.%

would account for MABr remaining in the structure, and/or another unidentified species.
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Figure 4-1-8. TGA-MS data showing principal mass losses and associated degradation
products. Water is omitted here given its larger partial pressure, which value corresponds to the
water content of the experimental carrier gas (Ar).

The last mass loss extends over a longer temperature range, between 460 and 570 °C,
and corresponds to the evacuation all the remaining chemical species (100 wt.% loss). It
represents the remaining ~ 77 %. Because of the limitation in m/z ratio the mass spectrometer
can follow, lead species were not tracked, only lighter species derived from the organic part of
the hybrid perovskite structure. For both conditions, as of 370 °C is reached, all followed light
species partial pressures were rising and continuously detected: NH3/CH3Br, MA, DMA, and
potentially CO» as well. One possible explanation is that the inorganic framework of the hybrid
structure may retain in part the degradation products and releases them as it is lost up to 570 °C.
Beyond that temperature, when the samples degradation is complete (100 % mass loss), these
increasing component partial pressures probably correspond to the late arrival of the
degradation products of the organic part, generated during the first mass loss. It corresponds to
the degassing from the different parts of the experimental chamber and pipes connecting the
heating chamber and mass spectrometer. Indeed, the partial pressures of light species reached
their peaks after 700 °C, when the experiment system is at its hottest point, therefore, the most

prone to degas any deposited organic species on the internal walls of the equipment. Our



191

findings regarding the sequential loss of organic and inorganic parts and the identified
degradation products are partially corroborated by similar studies on MAPbI; and
MAPDbBTr3.232

Now regarding the possible presence of environmental species in the crystals of each
conditions, some remarks can be made. Firstly, water, one possible major environmental
species, was omitted in Figure 4-1-8 because of its larger partial pressure. However, its value
was the same for both conditions and corresponds to the water content of the experimental setup
(Ar tank and pipes), and thus could not be related to MAPbBr3; SCs content. All evaluated m/z
ratios are depicted in Figure A 4-4-1. Secondly, neither the AC nor IC showed any evidence of
the presence of the solvent, DMF, as was suggested by the absence of oxygen in the XPS
analysis (bulk measurements). Lastly, the main m/z ratio associated to O was not detected
either. Also, the m/z = 44 corresponds most likely to DMA and not to CO, given the partial
pressures evolution. This would mean that the O-containing species present in the XPS
measurements (surface measurements), correlated with the bump around 3400 cm™ in the FTIR
spectra, are most likely adsorbed H2O molecules, whose signal was lost in the carrier gas water
content contribution. This adsorbed water corroborates the increased FTIR signal of humidified
MAPDBBr3; powder and does not rely on questionable surface reaction for the formation of the
C-OH function.

As an intermediate conclusion to this first section, several characterisation techniques
have been employed in order to evidence the effect of the crystal growth environment on the
chemical composition of the crystals, and by extension, the nature and concentration of the
point defects. The measurements expose the high resilience of MAPbBr3; chemical system
against perturbations by species coming from the environment. We attributed this to the strong
complexing power of the solvents used for the crystallisation of hybrid LHPs. Nevertheless, we
have observed a specific behaviour of the samples surface, such as the presence of adsorbed
water and variations in composition, as revealed by XPS measurements. This indicates that if
the crystals are elaborated under very different atmospheres, they will present very similar bulk
composition but different surface composition.

The main parameter, differentiating AC from IC SCs, is then their longer exposition to
environmental humidity. The absorption and adsorption of water by the solvent and precursors,
respectively, is translated by a far higher involvement of water in the growth solution,
explaining the struggle of the spontaneous nucleation to happen in the AC vials, as seen earlier,
as well as the lack of parasitic crystals while performing the growths. Water would act as a
mediator in the growth solution. It is worth repeating, that this “humidity” does not go inside
the bulk of the SCs, as shown in the XPS analysis, which means that from a structural point of
view, the perovskite is resilient to the incorporation of water- or oxygen-related extrinsic
defects. Nevertheless, surface water might affect the SC bulk via acid-base chemical equilibria,
as evidenced by a work made by Ceratti et al., in which they showed that both HoO and MA*
species participate in these type of reactions, provoking proton H* diffusion inside MAPDI3,



192 Chapter 4

MAPDBr3 and FAPbBr3 SCs. They said that this H" diffusion and associated proton vacancies
Vi would be the major contributor to ion migration in hybrid MHPs, which opposes the more
popular theories based on I" or Br™ anions migrations as the main phenomena.?

After growth, the environment can interact with the surface, eventually degrading
(e.g., loss of MABr, apparition of metallic lead Pb°, proton diffusion) or enhancing
(e.g., passivation of defects by water) the optoelectronic behaviour of the crystal. Therefore, we

pursued the study of the environment influence by evaluating its post-growth impact.
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2 Impact of the environment after crystal growth: device

fabrication and optoelectronic characterisation

The surface and bulk of a SC have different properties, given the fact that the surface is
susceptible to solvent dissolution immediately after being synthesised in solution, and is
exposed to any environmental change after growth. These differences in properties are
correlated to differences in defect content, both macro- (e.g., cavities, dislocations) and atomic-
level defects (e.g., stoichiometry changes, impurities). Accordingly, several studies have
demonstrated that the surface can easily undergo degradation under moisture.!-*’

According to Song et al., MAPbIl; and MAPbBr3 films are both affected by moisture
after crystallisation following different stages. For the former, four different stages can be
identified. Firstly, H2O molecules form H-bonds with uncoordinated I atoms, provoking a
surface passivation, thus inducing longer PL and greater photocurrent. Secondly, water
molecules form a continuous network fully covering the surface, n-doping (free electrons into
the bulk) and reducing the PL. Thirdly, water saturation causes the dissolution of the perovskite
inorganic framework, creating a monohydrated layer and an isolating barrier between surface
and bulk material. Lastly, if the hydration continues, the perovskite fully decomposes into Pbl>
and volatile organic fragments (e.g., HI, MA). In the case of MAPbBT3, the same first two stages
take place: first surface passivation by water (improving optoelectronic performance), then the
continuous network of water causes the n-type doping, generating a photo-inactive material.
For MAPbBI3, the stronger ionicity of the Pb-Br bond makes an easier charge injection (higher
electron density). The last two stages were not evidenced, proving the better structural stability
against humidity of MAPbBr3.2

As stated earlier, PCs are more sensitive than SCs to moisture penetration inside the
material, because of their grain boundaries.'® This implies that our SCs, constituted by a single
grain, should be more resilient to moisture degradation than thin films. Yet, even a monolayer
of degraded perovskite or adsorbed species may impact the charge collection at the interface
with the electrode. So, we studied the impact of the post-growth environment on the measured
properties during storage, device preparation and optoelectronic characterisation.

To do so, after synthesis, SCs from both ambient and inert conditions are divided into
two groups. SCs in the first group are prepared and characterised under standard atmospheric
conditions. SCs in the second group crystals pass through device preparation and
characterisation in inert atmosphere. In practice, the first group leave the storage glovebox for
the usual polishing procedure and are optoelectronically tested as described in Chapter 2. The
second group follows a complete chain under Ar atmosphere: storage-device preparation-
optoelectronic characterisation. They are polished inside the storage glovebox, following the
same procedure used for the first group. As a further precaution against potential water intake

during polishing, isopropyl alcohol (IPA, Sigma Aldrich, anhydrous, 99.5 %) and toluene
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(Sigma Aldrich, anhydrous, 99.8 %) were newly opened and used inside the glovebox, as

lubricant and cleaning solvents, respectively. The polishing setup is depicted in Figure 4-2-1.

Solvents

Polishing

Figure 4-2-1. Polishing setup for SCs in the storage Ar atmosphere glovebox.

To complete the device fabrication, standard Cr evaporation took place also inside the
storage glovebox, as detailed in Chapter 2, leading to the Cr/MAPbBr; SC/Cr configuration
devices for both conditions. Two different setups were used for optoelectronic
characterisations. The first group, immerged in a post-growth ambient condition, was tested
within the standard brass boxes (see Chapter 2 and Figure 4-2-3). A total of 14 SC devices
were analysed in standard atmosphere: 8 AC and 6 IC SC devices. For the second group these
devices were mounted within sealed test boxes with enough tightness to keep the atmosphere
of the glovebox inside throughout the characterisations. Indeed, they maintain inside a small
overpressure of the pressurised glovebox where they were sealed. The optoelectronic
performance was assessed based on a total of 4 SC devices: 2 AC and 2 IC SC devices. As for
the brass boxes, the SC device is sandwiched with silicone layers doped with Cu and Ag, in
turn in contact with 1.1 mm-thick glass coated with Cu electrodes. An exemplary is shown in
Figure 4-2-2-A and Figure 4-2-2-B. Sealed test boxes work also as Faraday cages, they are
connected to the ground and keep the SC device in the dark. As opposed to the brass testing
box, no Pb collimator is used on the top side of the sealed box facing the X-ray source. This
difference is taken into account further on in the discussion.

In the previous part we have seen that the synthesis conditions have no significant
impact on the chemistry, on the stoichiometry of the perovskite structure. Yet, optoelectronic
properties can be strongly influenced by even very small amounts of point defects. So,
comparisons within each group will allow for better assessment of the influence of the crystal

growth conditions. Comparison between the two “post-growth exposure groups” will help bring
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to light new insights on the influence of air in the preparation and characterisation of our
devices. The IC SCs in the fully inert synthesis-characterisation circuit are of particular interest
as these crystals never see atmospheric conditions. Figure 4-2-3 illustrates the experimental
protocols followed for both groups of crystals.

bl
Figure 4-2-2. Inert atmosphere optoelectronic test box. (A) Interior of sealed aluminium test
box with SC device in the inside, sandwiched between silicone layers (B) Exterior of sealed
box for inert atmosphere tests.

Influence of the crystal growth Influence of the crystal growth

Step in atmospheric conditions and testing atmosphere
Crystal growth Total of IC Total of IC
and sampling 14 SCs 6 SCs 4 SCs 2 SCs
. Polishing
Polishing in GB
Optoelectronic Inert testing - Ar-to-air
testing in Ar study

Standard box Sealed box

GB = glovebox

v ' 4
.
1 '

Figure 4-2-3. Optoelectronic characterisation protocols followed to establish the influence of
the crystal growth and testing atmospheres.
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3 Optoelectronic performance: impact of the environment

As it was done in Chapter 3, the main parameters chosen for the evaluation of the
optoelectronic performance of SC devices are: the dark current density Jua+, the sensitivity S,
the resistivity p, and the charge carrier mobilities u. and w;. The experimental protocols for
S-V, J-t and laser ToF measurements were those described in Chapter 2. As indicated above, to
assess the impact of the growth condition through optoelectronic characterisations, comparisons
were made between AC and IC SC devices. At first, because the analysis was easier and more
devices could be considered, we characterised the selected devices under atmospheric
conditions. Thereafter, the influence of the characterisation atmosphere is evaluated for the two
couple of devices. To take into consideration the difference in thicknesses of the different SC
devices, Jurk and S values are plotted as function of the electric field F rather than the biasing
voltage, resulting in Jqark-F and S-F curves. The thicknesses of the samples, comprised between
1.35 and 2.41 mm, resulted in the absorption of 93 to 99 % of the incoming X-rays. For the first
axis of study, the average thicknesses were 1.80 and 1.93 mm for the AC and IC, respectively,
and for the second axis, they were 1.99 and 1.80 mm for the AC and IC, respectively, allowing

a fair comparison between the growth conditions at a given electric field.
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3.1 Influence of the crystal growth conditions on the optoelectronic

performance under atmospheric conditions

For the 14 devices (8 AC and 6 IC SCs) prepared (just polishing) and tested under
ambient conditions, resistivity p values, shown in Figure 4-3-1, were extracted from current
density-electric field (J-F) data, in turn extracted from J-t recordings, as described in
Chapter 2. One can observe that both families of crystals have similar resistivities, in the same
order of magnitude, slightly higher for IC SCs, but with a larger variability.
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Figure 4-3-1. Statistical repartition of resistivity p values for all evaluated SCs. The plot above
considers the 14 SC devices that were analysed in standard atmosphere: 8 AC and 6 1C SC
devices.

Juaark. and S values are depicted in Figure 4-3-2-A and Figure 4-3-3-A, respectively.
Concerning the dark current density Juu, the behaviour for both growth conditions is similar.
They are in the same order of magnitude and its values increase linearly with increasing electric
field. To highlight the negligible difference of dark current density between devices from both
growth conditions, Figure 4-3-2-B presents the statistical repartition of Jux values at
50 V. mm. This is similar to what was observed for the resistivity, given that both physical

quantities are intimately linked by Ohm’s law.
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Figure 4-3-2. Dark current density comparison between AC and IC SC devices. (A) Dark
current density as a function of the resulting electric field for both set of crystals in atmospheric
conditions. (B) Statistical repartition of dark current density Ju.+ values for all evaluated SCs
at 50 V. mm!. The plots above consider the 14 SC devices that were analysed in standard
atmosphere: 8 AC and 6 IC SC devices.

With respect to sensitivity, some differences can be seen in Figure 4-3-3-A. Firstly, for
both positive and negative electric fields, the AC devices seem to have slightly higher S values
when compared with IC devices, especially for high negative biases. Figure 4-3-3-B illustrates
the statistical repartition of the S values measured for the different devices at 50 V mm!,
showing the little upper hand of AC SCs.
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Figure 4-3-3. Sensitivity comparison between AC and IC SC devices. (A) Sensitivity as a
function of the resulting electric field for both set of crystals in atmospheric conditions.
(B) Statistical repartition of sensitivity S values for all evaluated SCs at 50 V mm!. The plots
above consider the 14 SC devices that were analysed in standard atmosphere: 8 AC and 6 IC

SC devices.

Besides a lower sensitivity for high electric fields for the IC, other differences between

AC and IC devices are worth noting. On the one hand, when reversing the biasing from

50 V mm, IC SC devices present lower hysteresis (Figure 4-3-3-A) and variability (lower

standard deviation in Figure 4-3-3-B). On the other hand, the AC devices present more

symmetrical S-V (or S-F) curves. In the ideal case, having a high sensitivity means having high
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charge carrier collection, thus less charge carriers trapped by point defects. The symmetry
degree of S-V curves is directly linked to the transport properties of electrons and holes in the
semiconductor. In Chapter 3, we saw that performing Hecht fits on them allow estimating
mobility-lifetime u7 products of both charge carriers. Even though, the Hecht equation do not
properly fit MAPbBr; SC device response under X-ray illumination, because of parasitic ion
migration,?2° laser ToF were performed as usual to estimate charge carrier mobilities.
Examples of resulting ToF measurements for a couple of AC SC devices are depicted
in Figure 4-3-4. On the one hand, Figure 4-3-4-A (first device) and Figure 4-3-4-B (second
device) show the waveform signals of holes transit: hole mobility w4 is successfully determined
for both SCs. On the other hand, Figure 4-3-4-C (first device) show the waveform signals of
electron transit: electron mobility x. is determined just for one SC. Given that some devices did
not present the pseudo-rectangular proper shape, low SNR, and/or enough inflexion in the
corresponding waveforms as seen in Figure 4-3-4-D (second device), the transit time, hence
mobility value of the charge carriers could not be determined. Thus, the sampling for mobility
determination was lower than for Jgak-F or S-F data: 7 AC and 3 IC SCs for hole mobility, and
3 AC and 1 IC SCs for electron mobility, were studied. ToF measurements examples for IC SC

devices are not shown here given the shape similarity of the waveforms with AC SCs.
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Figure 4-3-4. ToF measurements on two AC SC devices. Charge carrier transit waveforms
at different voltages for determination of hole ((A) and (B)) and electron ((C) and (D))
mobilities.
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The rapid decrease at the beginning is likely due to a sufficiently deep trap or a
decreasing electric field, indicating a strong accumulation of charges near the laser input
electrode. The subsequent increase is probably caused by a rising electric field, which also
signifies an accumulation of charges near the opposite electrode. A "bathtub-shaped" field
could create this shape.’°

On the one hand, Figure 4-3-5-A presents the resulting hole mobilities w4 for both type
of devices. Both growth conditions present very similar values, coherent with our standard
MAPDBTr3 SC device.*® Therefore, hole mobility cannot be seen as the origin of the differences
in sensitivity between AC and IC devices. On the other hand, and as major discovery in this
chapter and thesis work, several AC SCs devices presented electron mobility u., while it was
measured only one time in IC SCs. The electron mobility almost doubles in average the hole
mobility as exposed in Figure 4-3-5-B. Ct/MAPbBr3/Cr devices produced via the standard
procedure, described in Chapter 2, do not usually exhibit electron mobility, as pointed out
during Chapter 3 discussion.

An enhanced contribution of the electrons to the sensitivity for the AC sample could
explain the difference in symmetry of the S-F curves, when comparing positive and negative
biases. The fact that we were able to determine hole mobility for most samples but electron
mobility for only some devices, indicates a difference not only of mobility but more globally
of the ability of electrons to migrate within the semiconductor to be collected. This ability is
represented by the product uzF, also named the schubweg (“travel distance”). In the cases at
hand, the fact that electrons were not always detectable contrary to holes, would indicate that
the schubwegs of electrons u.t.F is inferior to that of holes (ueteF” < witnF). Baussens
hypothesised that the difficulty to measure electron mobility x. was caused by an electron
lifetime 7. inferior to that of hole 7;, and especially lower than its transit time #. The former was
estimated at ~ 1 ps and the latter at ~ 10 ps.>® The dissymmetry in charge transport would
explain why MAPbBr3; does not attain the maximal sensitivity theoretical Sy value, in both
bias domains, which is defined as the sensitivity when all the charge Qy generated by X-rays in
the material is collected, as explained in Chapter 2.

If we now consider the difference of electron detectability between the AC- and 1C-
based devices, the measured mobility seems to be quite similar, in terms of proportions: 42.8 %
and 33.3 %, respectively, among the samples presenting as well hole mobility. So, the
difference in behaviour between AC and IC devices regarding electrons could come from
differences in lifetime and/or in residual p-doping. Indeed, MAPbBr3 is believed to have a

p-doped character,?!

as stated in Chapter 3, which means that, if we assume that the doping
concentration is sufficiently high to have electrons and hole with similar mobilities or at least
in the same order of magnitude, the u7 product relies mainly in the lifetime. Counter-balancing
the intrinsic doping of MAPbBr3 would boost the charge transport of electrons, by rising
potentially their lifetime z. thus their u.z. product, making them detectable, potentially with an

even higher mobility than that of holes.
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Figure 4-3-5. Hole and electron mobilities comparison between AC and IC SC devices.
Statistical repartition of (A) electron and (B) hole mobilities values, u. and us, respectively. The
plots above consider: for hole mobility, 10 SC devices (7 AC and 3 IC SCs), and for electron
mobility, just 4 SC devices (3 AC and 1 IC SCs). The devices were analysed in standard
atmosphere.

Therefore, the higher degree of symmetry in the charge transport properties observed
for the AC samples over IC ones, could be due to a counter-balance of the p-doping character.
In the previous part 1.2, we saw that the only difference between AC and IC samples was a
higher number of environmental molecules that we identified as H>O on the surface of AC

samples. The presence of water would be coherent with the counter-balancing of their p-doping
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as several research teams have proven the n-doping effect of H>O molecules.!? As proved by
XPS analysis, we would be dealing with a surface effect. This then raises the question whether
the compensation of the p-doping at the surface would be sufficient to impact the electron
detectability, and hence the sensitivity measurements. Almora et al. demonstrated, via current
transients and impedance spectroscopy, that surface and bulk differ in transport properties, and
that surface currents greatly contribute to the total electrical current in MHP SCs.*? Therefore,
it is highly possible that the presence of water on the surface can have a significant impact on
the optoelectrical performance of MHP devices, as we see here in the S-F curves and the charge
carrier properties.

It worth pointing out that Wang et al. evidenced a surface p-doping for N> and O
molecules. While both species were not evidenced in the material characterisation, if the
opposite was the case, they might just accentuate the p-doped character of MAPbBr3; on the
surface.! The same could be said about Al impurities detected for the AC crystals in the GDMS
results: Al could be present as AI** ions.

The optoelectronic characterisation of AC and IC SC devices under standard
atmospheric conditions lead to the hypothesis that water present in the surface for the AC
devices is the principal reason responsible for the difference in behaviour observed in the
sensitivity measurements. Water would induce then the symmetrisation of the S-F curves, thus
an amelioration of the charge transport properties via induced longer lifetimes of electrons z.,
thus improving the uete product. The behaviour of holes would remain the same as for SC
devices produced via the standard synthesis procedure, for both growth crystal growth
conditions.

Water can intervene at several steps of the synthesis-optoelectronic characterisation
process. Nevertheless, water does not seem to be adsorbed on the surface of IC devices during
the characterisation in open air. This is why it was decided to test the total absence of air via
the sealed boxes described in the previous part. The influence of the testing atmosphere while
performing the optoelectronic characterisation and its impact under X-ray irradiation on both

SC growth conditions are exanimated in the next part.

3.2 Influence of the crystal growth conditions and testing
atmosphere on optoelectronic properties

3.2.1 Testing in Ar atmosphere

The influence of air exposure during testing, including under X-ray irradiation, was
evaluated by performing the J-t measurements in the sealed test box described in part 2. Each
device is mounted in the sealed box in the storage Ar-glovebox as stated earlier.

The outcome in Ar atmosphere is represented in both Figure 4-3-6-A and

Figure 4-3-6-B. For most electric fields considered, both growth conditions have similar Jua«
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values, especially in the negative biases. At positive biases, the AC lose its symmetry with
increasing electric field when compared to the IC and its negative branch. Its Ju.+ value doubles
at 50 V. mm! with respect to -50 V. mm-!.
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Figure 4-3-6. Optoelectronic performance in Ar atmosphere. (A) Dark current density and
(B) corrected sensitivity as a function of the resulting electric field for both set of crystals in

inert testing conditions. The plots above consider the 4 SC devices that were analysed in Ar
atmosphere: 2 AC and 2 IC SC devices.

For the determination of the sensitivities, because no collimator was used with the sealed

boxes, it was decided to take into consideration the whole surface of the SC device and not just
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the surface of the electrode like in the previous characterisations. By not considering the whole
surface, covered and not covered by the Cr electrode, the sensitivity S is overestimated and
cannot be directly compared with previous values. This pitfall will be addressed later on, but
these measurements still provide interesting input. A comparison of the results with the brass
box protocol (just electrode surface considered) and the ones using this surface correction for
the sealed box can be found in Figure A 4-5-1. Figure 4-3-6-B shows only then corrected S
values obtained for both growth conditions, prepared and analysed under inert atmosphere.

Here, contrary to what was observed for device preparation and testing in atmospheric
conditions, on average the IC SC devices have significantly higher S values than the AC ones.
Overall, both growth conditions have a symmetrical response to X-rays. In the previous part,
the higher symmetry and sensitivity of the AC were attributed to better charge carrier transport
within the material: both electron and hole schubwegs were “equilibrated” thanks to the
presence of water. Here, in Ar testing atmosphere, one can suppose the same thing: both AC
and IC devices could have the same significative contributions of both electrons and holes. This
suggests that we may be able to measure both mobilities. This enhanced contribution of electron
was associated to water surface effect, allowing the compensation of the natural p-doped
character of MAPDbBr3. Here, the improvement of the IC sensitivity takes place during the
X-ray evaluation in inert atmosphere, which makes harder to attribute the same mechanism.
Notwithstanding, it is possible. If we consider that surface passivation of the device makes
water intervene in the process, then a test in atmospheric conditions with a certain moisture
level and under X-rays can lead to a n-doping of the surface in anyway. The difference in
behaviour of AC and IC devices could be explained if one considers that they do not have the
same initial doping: AC devices would be p-doped and IC devices would have a state closer to
the intrinsic one, defined by the precursors themselves. Consequently, the analysis in
atmospheric conditions allows the n-doping of their surfaces, which has different consequences
on both types of devices. AC devices, rather p-doped, are compensated and become more
intrinsic on the surface, thus having their sensitivities improved. Instead, the IC devices, rather
intrinsic, see their performance downgraded. In contrast, during inert atmosphere testing, the
n-doping does not take place, which means that AC SC devices stayed p-doped on the surface
and their response under X-rays is worse than that of IC devices, staying close to the intrinsic
state.

To further test this hypothesis, it would be required to compare identical samples of each
type of device, tested under different conditions (Ar and air) but with the same apparatus (sealed
test box without collimator). That is why, during the course of testing under Ar atmosphere,
sample were exposed to air, and their behaviour under both atmospheres and the transition
between the two was studied (see Figure 4-2-3). As the number of samples per condition is
relatively small, a statistical presentation would not have much meaning, that is why instead we

present characterisations per SC device.
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3.2.2 Ar-to-air tests: Jaark-V and S-V

The protocol followed for this study is as follows. The usual full biasing cycle (1% loop)
is done in Ar atmosphere. The cycle allows reaching standard evaluation electric fields ranging
from 0 to +50 V mm! (forward and reverse) and from 0 to -50 V. mm™! (forward and reverse).
Then, for the transition from Ar to air atmosphere, the voltage is kept at -10 V (with the
exception of one sample, kept at 10 V) for 1 to 2 min for current stabilisation. The box valve is
subsequently opened to let ambient air inside. Given that the box is slightly over pressurised,
the air entry must be relatively weak at first, with an inferior exposition to air than that in
standard atmospheric conditions for a couple of seconds. J-t data is recorded for approximately
45 min while making sensitivity acquisitions repeatedly. At the end of this time period, another
full biasing cycle is accomplished (2" loop) in ambient air. An example of the procedure can
be found in Figure 4-3-7. The procedure allows several things: (i) comparing the S-V data
between Ar and air atmospheres without experimental discrepancies and (ii) analyse the Ar-to-

air transition via its impacts on the J-t continuous monitoring.
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Figure 4-3-7. Current density as a function of time for AC SC (1). Three different steps can be

observed: S-V in Ar atmosphere (step I - 1% loop), Ar-to-air transition evaluation (step II), and
S-V in air (step III - 2™ loop).

The dark current density and sensitivity in Ar and air atmospheres are presented in
Figure 4-3-8 and Figure 4-3-9, respectively. For both figures, each graph corresponds to a
given device. AC and IC SC devices are in the left (A) and right (B) columns, respectively.
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Each graph contains two plots: in green (A4r), the test performed in Ar atmosphere, and in red
(A4ir) the test performed in air atmosphere.

With respect to dark current density (Figure 4-3-8), the exposure to air makes Juurk
values higher and J-t signal noisier, which is translated into a loss of symmetry between

negative and positive bias domains and more hysteresis, when compared to Ar-tests.
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Figure 4-3-8. Dark current density comparison between AC and IC SC devices in Ar and
air atmospheres. Dark current density as a function of bias for (A) the AC: SCs (1) and (2),
for (B) the IC: SCs (1) and (2). Headers refer to synthesis conditions. Jaark-V measurements take
place in Ar (green plots — 1% loop) and air (red plots — 2™ loop) atmospheres. After the 1% loop
is completed, the sealed box is opened to air, to evaluate the impact of air on the device.

This change in dark current can be explained by our main hypothesis regarding the effect
of the atmosphere chemical composition on the contact surface, especially with the presence of
N3, O; and H>O, as seen earlier.! But, because the two measurements are done in sequence, one
should also consider the possible influence of the biasing history of the sample: before being
tested in air (2"¢ loop), the sample is tested in Ar (1% loop). The 1% loop can influence the charge
distribution within the bulk and so modify the internal electric field perceived by the charge
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carrier. As mentioned in Chapter 3, the ion migration (mainly Br’) inside the structure is
possible. Thus associated charged point defects (e.g., interstitials Br; and vacancies Vg;) can
accumulate at the vicinity of the electrodes, screening incoming charge carriers and deforming
the internal electric field.?®° This effect is expected to takes place especially for long biasing
protocols like for these tests.

As a result of this, the mixed electronic-ionic current density can potentially contribute
to more noise in the signal and a current drift like the one seen in Figure 4-3-7. When comparing
the J-t data 1%t (step I) and 2" (step IIT) loops: one can see that at every voltage increment
performed, the current drift is more important in the 2" loop than in the 1t loop, and even more
with increasing biasing time. Migration-accumulation of charge species and defects at the
metal-semiconductor interface could also lead to photoconductive gain, worsening the

1.3 One could hypothesised that the resulting configuration of point defects

outcoming signa
could form a Schottky contact similar to the ones seen at the interface between a metal and an
organic semiconductor. Band bending would occur and trapped charge carriers would provoke
the injection (tunnelling process) of the reciprocal charge carriers from the Cr electrode into the
material.>*

Regarding the measured sensitivity (Figure 4-3-9), the transition from Ar to air seems
to leads to mixed behaviours. For a first pair (AC SC (2) and IC SC (1)), the air exposure does
not seem to influence radically the S-V data: symmetry and hysteresis are unchanged, even
though the Ju.+ values raised for those samples (Figure 4-3-8). The second pair (AC SC (1)
and IC SC (2)) was apparently more affected by the presence of air, especially at negative
biases: symmetry is lost and the hysteresis is very important. These observations on the
behaviour of the sensitivity could also be explained by the two hypotheses stated earlier
regarding the dark current: surface doping, enhanced ion migration by the long biasing time
and thus photoconductive gain.

The study of the dark current and sensitivity under different atmospheres has enabled us
to get some insights into the behaviour of MAPbBr3. The main features to be considered are:
the ion migration contribution in the internal bulk dynamics under bias, and the surface
chemical reactivity of the device. The latter seems to be correlated with the synthesis conditions
as air atmosphere does not have the same effect on AC and IC devices. Whether it is the same

for the ion migration remains unclear at this stage.
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Figure 4-3-9. Sensitivity comparison between AC and IC SC devices in Ar and air
atmospheres. Sensitivity as a function of bias for (A) the AC: SCs (1) and (2), for (B) the IC:
SCs (1) and (2). Headers refer to synthesis conditions. S-V measurements take place in Ar
(green plots — 15t loop) and air (red plots — 2" loop) atmospheres. After the 15 loop is completed,
the sealed box is opened to air, to evaluate the impact of air on the device.

3.2.3 Ar-to-air transition — Effect of air on J-t measurements

The characterisations presented above, on sequential exposition of the devices to argon
then air, offers an original perspective to test the validity of one of our hypotheses: the air-
surface reactivity. Considering that ion migration affects the results gathered over extended
periods of time (long duration of the voltage swipes), if one looks at changes over short time
periods then the impact of ion migration should be reduced. If in that short time period a
dramatic change in environment takes place then the impact of air could be more readily
observable. That is why we took a particular interest in the transient part of the protocol
presented above (step Il in Figure 4-3-7), when air was introduced in the chamber of the sealed
test box under constant biasing. Looking closer into the step II in Figure 4-3-10-A, one can

observe that the air introduction corresponds to an abrupt change of slope, as made explicit in
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Figure 4-3-10-B. This event is quite subtle, about one order of magnitude less (~ 10° A mm?)

Chapter 4

when compared to the Juuk value at -10 V (~ 10 A mm™).
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Before opening the valve, the J-t signal is drifting (part fitted in red in Figure 4-3-10-B,
slope 107'* (A.mm) s!), this can reasonably be attributed to the ion migration discussed above.
Once the valve is opened, the contact with air makes the current drift faster (part fitted in blue
in Figure 4-3-10-B, slope 103 (A.mm™) s'!) and stays monotonous till the step III is performed
by the operator. The same analysis was performed for all four AC and IC SC devices: see
annexe Figure A 4-5-2 and Figure A 4-5-3.

The drift in dark current is also manifested in a continuous drift of the sensitivity data
during this -10 V-constant biasing, as depicted in Figure 4-3-11. Hence, this change in
behaviour of the dark current and the sensitivity, upon exposure to air do not disprove the

influence of ion migration but support our hypothesis of a concomitant air/surface reaction.
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Figure 4-3-11. Sensitivity drift while being at -10 V for Ar-to-air transition analysis. The data
shown here correspond to the sensitivity extracted from the pulsed irradiations seen in the J-t
curve in Figure 4-3-10-B (blue squares). IC SC (1) is excluded from the plot (study performed
at 10 V). The S values depicted here are not corrected.
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3.2.4 Charge carrier mobility after air exposition

It is hard to dissociate the influence of several parameters (e.g., growth and testing
atmospheres), given the dynamic nature of the defect architecture of MAPbBr; and hybrid
MHPs in general, driven in the bulk mainly by ion migration. That said, the slight upper hand
of the AC seen when the devices are tested in standard atmospheric conditions, does not seem
to appear when the AC devices are polished in glovebox. It is more the opposite that is seen in
the Ar-air comparison study, as seen in Figure 4-3-6: the IC performs better in terms of
sensitivity. Even if the sampling for inert characterisation was smaller compared to the one
performed for atmospheric conditions, we determined the mobility of both electrons and holes
via laser ToF measurements for the four devices as well.

Like in the case of the previous study, some mobility values could not be extracted
(e.g., noise, shape of waveforms). Nevertheless, electron mobility was found in 2 out 4 devices,
the ones having a symmetric S-V response: both IC SCs. These measurements done on devices
prepared in inert atmosphere confirms what was first observed for devices prepared and
characterised under atmospheric conditions: a S-V symmetric response is correlated with an
electron contribution. The results are summarised in Table 4-3-1. Because the determination of
the mobility is tricky sometimes, the unusually high values (e.g. u, for AC SC (2) and . for IC
SC (2)) have to be regarded with caution and one may consider that both IC devices presented
both charge carrier mobilities in the same order of magnitude usually measured for our SCs.

It is interesting to note that only the IC devices prepared under inert atmosphere showed
measurable electron mobility, which is precisely what one would expect from the assumption
used in part 3.2.1 (AC SC p-doped, IC SC more “intrinsic’’). However, because these samples
were exposed to air during the second biasing loop this cannot be taken as proof, unless one
considers that the preparation in atmospheric conditions has more impact on electron mobility

than the characterisation in atmospheric conditions.

Table 4-3-1. Electron and hole mobilities measured for Ar-air testing atmosphere comparison
study via laser ToF.

saple PR M
AC (1) - _

AC (2) - 5]

IC @) 22.1 16.5

IC (2) 62 23.6
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Conclusion

This study not only presents the influence of growing MAPbBr; SCs in both ambient
and inert atmospheres, but also the influence of the testing atmosphere. Growth solutions and
crystal growth in DMF via adaptive temperature ramps took place in uncontrolled standard
laboratory and controlled oxygen-less Ar atmosphere glovebox conditions, labelled the AC and
IC, respectively.

This work evidences the impact of the environment at the synthesis stage. Some
interesting differences between the AC and IC have been observed. Regarding the bulk of
crystals, GDMS showed that some impurities are more present in the AC than in the IC. Some
of these impurities (e.g., Na") could substitute ions of the structure (MA*, Br) without doping
it. Additionally, the more important presence of Al in AC crystals could lead to an enhanced p-
doped character of the perovskite. XPS analysis showed a surprising resilience of the synthesis
towards the incorporation of environmental species in the bulk structure. However, a specific
behaviour of the crystals surface was found depending on the synthesis environment: the AC
surface is more Br deficient and is N deficient (MABr deficiency at AC crystal surface) and
present more exogenous O when compared to IC crystals. So, AC crystals are considered more
p-doped and with a surface significantly different from that of IC crystals. FTIR analysis
indicated that O-containing species are present on the AC surface, possibly corresponding to
adsorbed H>O molecules, inducing a n-doping of the material.

From an optoelectronic point of view, when testing the SC devices in atmospheric
conditions, the AC seem to have the upper hand when confronted to the IC, by showing slightly
higher sensitivity values, more symmetrical S-V data for both positive and negative bias
domains, and more statistically measurable mobilities for both charge carriers, which has been
a rare event within our group. This might be a result of the n-doping and passivating effect
caused by superficial water cumulated in during the whole synthesis-characterisation process,
leading to better charge transport properties in the SC device.

To quantify the effect of the atmosphere while establishing the optoelectronic
performance of the devices, a fully inert synthesis-characterisation circuit was employed using
newly-designed sealed boxes. Assessing the impact of the testing atmosphere presents some
challenges as not only the atmosphere but also the biasing history of the device may influence
the measurements. Tests in Ar and then in air atmospheres showed an impact of the environment
of the device preparation and characterisation. Some properties seemed relatively unaffected
(e.g., resistivity and dark current) but other showed a more dramatic impact. In particular, IC
samples showed lower sensitivity than AC ones in ambient air preparation-analysis, but
exhibited a higher sensitivity when prepared and analysed under inert atmosphere.

To explain this change, we hypothesised that the two types of samples had different
doping states depending on the growth environment, which would be coherent with the

chemical analysis presented above, and so the interaction of the preparation-analysis
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atmosphere with their surface lead to overall different performances. AC crystals would initially
show a stronger p-doping than IC crystals, that would be more intrinsic. Ambient atmosphere
preparation and analysis would lead to surface interaction with environmental species having
an n-doping effect (we suppose mainly water'!). As a result, the AC would benefit from air
preparation/characterisation as it would reduce its surface p-doping nature, but it would be
detrimental to IC devices which were originally more intrinsic and thus becoming rather
n-doped at the surface.

Because the optoelectronic characterisation setups for the two studies (testing in
atmospheric and inert conditions) were too different (brass boxes compared to sealed boxes)
and given the dispersion of values in each group of samples, no fine comparison was possible.
Therefore, the use of the same samples and setup for both environments with a sequential Ar-
to-air experiment confirmed that, with preparation and analysis under inert atmosphere, IC-
based devices seemed to show higher sensitivity than AC based ones. However, the comparison
of sensitivity in Ar and air was not straightforward as the effect of the atmosphere was blurred
by the ion migration in the structure. As evidenced by the group of Garcia-Belmonte, devices
that remain for an extended period of time under constant bias will see a drift in their properties
(e.g., sensitivity, dark current).?® To minimise the impact of this sample “aging” under bias, we
observed the J-t data transient behaviour of the devices upon opening the test chamber to air. It
confirmed that both AC and IC SC devices are affected by the exposure to air during the test
by accelerating the J-t measurement drift, which is an element of our hypothesis. This suggests
that the same effect occurs on both types of samples, but that they have different initial
properties (AC more p-doped, IC more intrinsic). An indirect supporting element of that last
point comes from the determination of the charge carrier mobility via laser ToF
characterisation. For samples prepared (grown and polished) and analysed under atmospheric
conditions, electron mobility could be detected almost exclusively in the AC samples while for
samples prepared under inert atmosphere it could be determined only in IC devices. This could
be viewed as an indication of a more intrinsic semiconductor for the latter, which is precisely
what our hypothesis advances.

In addition to the effects of ion motion in the structure that causes the properties to drift
and change over time under bias, the properties of a device appear to be also sensitive to the
environment. At the synthesis stage, the presence of impurities (environmental or others) will
affect the overall doping state of the semiconductor such Al for AC samples, but also the
sensitivity of the surface to the environment: AC samples show surfaces with MABr deficiency,
and H>O molecules supposedly adsorbed. How the chemistry of the system makes the
perovskite surface more sensitive has not been elucidated in spite of several chemical analyses,
but it seems reasonable to assume that a correlation exists between impurities and the surface
reactivity, promoted by halide/lead vacancies, among potentially other point defects. For the
device preparation-analysis stage, the air or inert environments have an effect on the properties.

This could be seen at the preparation stage: different ToF mobility results for samples prepared
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in different atmospheres (detectability of electron mobility); and during the characterisation:
change in behaviour observed during the Ar-to-air transition (accentuated J-t drift). The ToF
measurements are coherent with our hypothesis. But, for Ar-to-air study measurements, the
samples were exposed to air after preparation-analysis under inert atmosphere, before ToF
measurement. At the end, the synthesis stage was the only element differentiating the two
families of crystals. So, this confirmation should be taken with caution as is the corollary idea
that the polishing environment is more critical than the analysis environment, at least for the
first couple of biasing loops.

The presented work highlights the benefits of device preparation and potential
encapsulation in inert gas atmospheres or crystal growth in atmospheric conditions with
controlled humidity, as well as, as how susceptible is MAPbBr3 towards its surroundings and
an external stimulus. As we have seen, the surface plays a significant role in the optoelectronic
response of the material. Depending on the synthesis conditions, the surface may exhibit
significant deviation from stoichiometry. We believe that these observations could also explain
the wide variability in performance reported in the literature for a given perovskite composition,
and why it is so difficult to compare results with other groups. Considering this surface
sensitivity, in the next chapter, a post-growth treatment was performed, exposing SCs to various
atmospheres in an attempt to repair the surface from potential constituent losses or even to

potentially compensate for vacancies in the bulk.
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Chapter 5

Post-treatments: thermal annealing
and chemical healing

Introduction

In the previous chapter we have seen that MAPbBr3 is sensitive to its environment with
the bulk and surface being affected in different ways at different stages: synthesis, device
preparation, and optoelectronic characterisation. The presence of point defects in the bulk or
surface will significantly affect the performance of the final device: in the bulk, vacancies or
interstitial ions can increase the ion migration under bias, and in the surface, the interaction
with the environment may lead to changes in the contribution of carriers in the charge transport,
hence in the X-ray detection sensitivity. That is why, even with few clues on the nature of the
defects present, researchers have tried to balance the deficiencies of hybrid LHPs, by
chemically passivating the surface/bulk of crystals. Liquid chemical passivation of the surface
has been achieved by Tan et al. in FAPbI;, by using octylammonium bromide (OABr)
anchorage, after surface reconstruction using IPA, which exposes defects working as bonding
sites.! Once the long amine molecules are grafted, they isolate the crystal surface from further
external interaction. The same logic was applied in MAPbBr3, by Chen et al., with tert-amyl
alcohol instead of IPA, and using phenethylammonium bromide (PEABr) and precursor MABr
as passivating and healing amines, respectively. It resulted in enhanced properties such as
resistivity, lowered dark current density and signal hysteresis, as well as, a better response under
X-rays.? Similar approaches have also been done with ethylenediamine (EDA).’

Vapour chemical healing has also been performed on MAPbBr; SCs. In order to
passivate bromide vacancies Vg: (MABr deficit), Kirmani et al. exposed SCs to dibromine Br
vapour. This induced an improvement in the stoichiometry for moderate exposures, but for
longer exposures, the incorporation of Br~ anions induced a p-doping. The deficiency of Br-
anions would provoke a n-doping of the surface: Pb?" cations would trap electrons, forming
metallic Pb.# Pb® has been suggested to pin the Fermi level near the conduction band minimum
resulting in this n-type character of perovskites.’ Also, Pb® would act as exciton quencher.
During treatment, incorporated bromide would accept electrons from Pb?: the bromination

reaction results in a rise in Br content, and the suppression of traps (Pb° content reduced).® If
pp p
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the exposure to bromine vapour continues, Br~ anions would start to accumulate, creating
bromine interstitials Br; (p-doping). This would mean that applying treatments with Br-
containing agents can module the surface doping of LHPs: by playing with the exposure time,
one could target an n-type or p-type healing mechanism. Again, the same logic was used by
Zhu et al. with MA vapour for solar cell improved performance.” Both molecules not only share
chemical components (Br, MA) with MAPbBr3; precursor products but they also work as
reactants to passivate defects, enabling surface reconstruction’ and diffusion of species within
the bulk.® The MAPbBr; structure with its vacancies would act as a sponge being able to
incorporate the same constituent species (Br, MA™) and similar entities (e.g., I, Cl-, HO) on
the surface. These matter transports are moderated by the Gibbs free energy at the fluid/crystal
interface, following Le Chatelier-Braun’s principle.

The previous chapter dedicated to study the impact of the environment at the synthesis
and characterisation stages, evidenced the specific importance of SCs surface, and the studies
presented above showed that post-growth treatment in a specific atmosphere could indeed
improve key features of the device. Therefore, we decided to study the impact of post-growth
treatments to heal our MAPbBr; SCs by annealing them in a methylammonium halide (MAX)
atmosphere. Indeed, the XPS results presented in Chapter 4 seem to indicate that, if there is a
loss of ions at the surface, it is not only Br- or MA™ but both are depleted. So, unlike the studies
by Kirmani et al. and Zhu et al.”, we annealed MAPbBTr3 crystals in a MACI atmosphere. MACI
was chosen for two reasons: first, in Chapter 3, we have observed the easy incorporation of CI’
anions in the MAPb(Brx.1Clx)3 solid solution (partition coefficient £ > 1), and second, an EDX
quantification will allow confirming the incorporation of Cl and its extent.

For this study, MAPbBr3; SCs were grown and prepared following the standard
procedures described in Chapter 2. A first group of samples was used to study the influence of
the annealing alone on the optoelectronic performance, then a second group was used to
evaluate the exposure to MACI, both from a structural and optoelectronic point of views. This
work constitutes our first trial of a more general SC thermal annealing and chemical healing

procedure via sublimation of MAX precursors (X = I, Br, Cl).
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1 Influence of the temperature on optoelectronic

properties

A Biichi furnace, depicted in Figure 5-1-1, enabling temperatures of up to 300 °C under
controlled atmosphere, was used for the different treatments of the SC devices. For
determination of the temperature influence on the optoelectronic properties, a total of 6 SC
devices were used. Before any annealing procedure, the SC devices were evaluated under
X-ray illumination to consider sample-to-sample variability. Then, 4 SCs were annealed and 2
SCs were used as reference, placed outside and next to the furnace. The reference crystals were
used to consider any impact the iterative characterisation runs might have: repetitive biasing,
or environmental interactions during analysis, as seen in the previous chapter. The remaining
samples were annealed together in an inert Ar atmosphere at a pressure of 1.5 bars. The
annealing process was conducted at four different temperatures sequentially: 100, 150, 200, and
250 °C, with a duration of 1 h 15 min at each temperature. Subsequently, they were evaluated
for resistivity p and sensitivity S determination after each treatment. Temperature indicator
stickers, “T-stickers” in Figure 5-1-1, were placed inside the furnace to ensure that the desired
temperature was reached. The schematic in Figure 5-1-2 summarises the annealing
experimental setup. It is worth mentioning that the devices were annealed at the Institut Néel
and tested at CEA LETI with the help of Thibault Lemercier and Eric Gros d’Aillon,

respectively.

Furnace

el Ny

NS ;4—sticke1‘s | | =
| | samples : :

Figure 5-1-1. Biichi furnace with inert Ar atmosphere, T-stickers and SC devices in the inside
for determination of the temperature influence on the optoelectronic performance.
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BUCHI furnace

Ar atmosphere, p = 1.5 bars
T =100, 150, 200, 250 °C

Annealed sample
T-sticker ARRY

Ar

Reference sample
Ay

2 MAPDBr; SCs

Figure 5-1-2. Schematic of the setup used to determine the influence of the temperature on the
optoelectronic performance. Juts one annealed and one reference samples are shown in the
schematic.

As it was indicated above, resistivity and sensitivity were determined for all devices
after all annealing temperatures. But, as we have seen in Chapter 4, resistivity and dark current
are not very much influenced by the environment. Nevertheless, the averaged resistivity values
for both reference and annealed samples were extracted, normalised to the initial value (pre-
annealing resistivity), and plotted in Figure 5-1-3. All samples resistivities evolution are shown
in Figure A 5-1-1. It can be observed that for the two groups of SCs, the resistivity goes down,
after reaching a maximum at 100 °C. Because both groups of devices behave the same, this is
probably connected to the air exposition and not to the thermal annealing.

We considered that the impact of the temperature would be better evaluated using the
sensitivity as an indicative parameter (S-T data) as it brings more insights in terms of charge
transport, gain and response stability.

S-V data were collected for all six devices after all annealing steps. The results can be
found in Figure A 5-2-1 to Figure A 5-2-6. An example, visible in Figure 5-1-4, shows that
the S-V data tend to be overcrowded for the type of analysis we are interested in here, and
trends with temperature are difficult to notice. Nevertheless, one should point out that with
increasing annealing temperature, the S-V plots did not show any increase in hysteresis or
dissymmetry between positive and negative bias branches. So, to better evidence possible
trends, the sensitivity data was preferred to be shown for three different electric fields as a

function of the annealing temperatures, taking then into consideration the sample thickness.
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Figure 5-1-4. Annealed sample (F) S-V data evolution as a function of the annealing
temperature.
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The devices thicknesses were comprised between 1.43 and 2.17 mm, corresponding to
X-ray absorptions comprised between 94 and 99 %, respectively. This means that sample
thickness is not a crucial parameter in the comparison of S-V data among the different samples.

The evolution of sensitivity of the four devices with annealing temperatures (S-T) are
summarised in Figure 5-1-5. The sensitivities are presented for the different biasing electric
fields: two in the positive domain and one in the negative one. The point is to analyse
differences of performance in both bias domains, and also in relatively low and high electric
fields. For devices (A) to (D) the chosen electric fields were: 50, 10 and -40 V mm’!, and for
samples (E) and (F), 30, 10, -30 V mm™'. The extreme electric fields for the last two samples
were chosen lower than that of the two other annealed and reference samples, in order to assess
the symmetry of the response for a less extreme bias. The 10 V mm! electric field represents
the common comparative point among the evaluated samples.

Reference samples (A) and (B) show the usual variance in X-ray response that MAPbBr3
SCs systematically have. For both samples, the repetitive characterisation, after each annealing
of the other group, leads to more variation of the sensitivity at positive biases than at the
negative ones. Such evolution of the sensitivity can be linked to the parasitic ion migration
and/or increasing air exposure, as discussed in the previous chapter. The increasing atmospheric
exposition time, which includes the time of the annealing and optoelectronic test itself, might
influence the crystal surface. In addition, repetitive biasing for the sequential analyses would
exacerbate the ions migration in the device and its impact on the measured sensitivity. At a
given electric field, sensitivity seems to gradually increase, potentially linked to a
photoconductive gain mechanism as described in Chapter 4.

Regarding the annealed devices, they also show a certain variability and heterogeneity
in the sensitivity evolution: sample behaviour varies importantly from one device to the other,
and from one electric field to the other, in terms of S values. Most of the studied electric fields
have the same trend within a single device. When comparing the samples with themselves, with
the exception of sample (E), whose S values constantly decreased with increasing temperature,
3 out of 4 samples (devices (C), (D) and (F) in Figure 5-1-5) present an increased sensitivity
for an annealing at 100 or 150 °C at any given electric field. This is similar to the maximum
seen for the resistivity. Such optimisation of the resistivity and sensitivity could be explained
by a reorganization of the SC point defects/ions within the structure. Beyond that point, between
150 and 200 °C, the sensitivity starts to be hindered for all samples, which is probably a sign of
the onset of the degradation of the perovskite. Indeed, this reduction of sensitivity cannot be
attributed to the repetitive analysis of the devices since we have seen that with the reference
samples, it would rather lead to a moderate increase in sensitivity. Additionally, when observing
Figure 5-1-4 and when comparing +/- 30 V mm™ electric fields for samples (E) and (F) in
Figure 5-1-5, one can see that the dissymmetry in the plots is conserved through the whole
study. Also, we see that negative biases lead to lower S values when compared to positive
biases. These observations indicate that potentially both electron and hole charge transports
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remain unchanged. Also, 200 °C onwards, both positive and negative bias branches are

“levelled” (S values decreased), meaning that both charge carrier transports are hindered by the

perovskite degradation (see Figure A 5-2-1 to Figure A 5-2-6).
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Figure 5-1-5. Sensitivity evolution as a function of the annealing temperature. Two
reference SC devices (A) and (B), along with four annealed samples (C) to (F), were tested.
Three different electric fields are plotted per sample.
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Furthermore, Figure 5-1-6 depicts the visual aspect of the two reference and two
annealed SC devices at the end of the study. As can be seen in the photograph, the surfaces of
the annealed samples show some deterioration. At the end of the 200 °C cycle, the devices
present an opaque and milky surface (originally with an optical quality). Even though no XRD
measurements were performed on the annealed samples, we know from TGA-MS data, shown
in Chapter 4, that the perovskite degradation, from SCs grown in air and inert atmospheres,
starts with the volatilisation of NH3/CH;3Br with a detected onset at ~ 170 °C (with a temperature
ramp of 2 K min'). Therefore, annealing at 200 °C for over an hour most probably leads, at
least at the surface, to some loss of MABT. The perovskite structure is then lost and PbBr; would
start to form.?

Figure 5-1-6. Reference and annealed SC devices after completion of all annealing cycles. One
can observed the surface degradation of the annealed samples.

This first study shows that, in spite of sample-to-sample variation, the effect of repetitive
analysis and annealing could be estimated. Most importantly, the sensitivity is not modified in
major ways by repetitive analysis (reference samples), but annealing above 150°C leads to its
diminution (annealed samples), most probably due to the onset of the structure decomposition.
So, if one expects an improvement of MAPbBr; device performance through defect healing via
exposure to MACI vapours, it should only be done at temperatures not exceeding 150 °C, yet
above room temperature in order to potentially reorganise defects in the structure.
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2 MACI vapour chemical healing

The same Biichi furnace was used for the MACI treatment of the second group of SC
devices. Because the purpose is to have ions incorporated in the structure of the device, it raises
the question whether the Cr electrodes block this incorporation. Thus, two types of samples
were used in this study: bare SC (not polished, without Cr electrodes), and SC devices (with Cr
electrodes). A first group was composed by 1 bare SC and 1 SC device. It was exclusively used
to study the penetration and diffusion of sublimated species, here Cl anions, within the crystals.
A second group, composed by two devices, was dedicated to study the impact of the treatment
on optoelectronic properties (resistivity p, dark current Jua, sensitivity S). In order to evaluate
the reference properties of those samples before the MACI treatment, devices were prepared as
usual: polishing, then Cr electrode deposition. Then, to discard the hypothesis that Cr electrodes
could block the sublimated species from incorporating the structure, the Cr electrodes on both
sides of one of the devices were completely removed by polishing the surface with 4 um
anhydrous diamond paste on NT polishing disk (see Chapter 2). After the MACI treatment,
electrodes were again deposited on that sample for optoelectronic characterisation.

An annealing temperature of 150 °C was chosen according to the results of the previous
part. Based on vapour pressure data, MACI vapor pressure at 150°C is 3.07 x 10 bars.’
Therefore, a residual pressure of 0.9 bars of air was set inside the furnace using a pump, as seen
in Figure 5-2-1-A, to favour the sublimation of the MACI powder (GreatCell Solar, = 99 %)
(same product used in Chapter 3). MACI was put in a Petri dish, covered by a Teflon mesh
upon which the different crystals to be treated were placed. This insured a close proximity
(< 1 cm) without direct contact between the crystals and MACI. The chemical treatment lasted
for 27 h 20 min overall. The schematic in Figure 5-2-2 summarises the experimental setup.

A picture of all four samples after treatment, still on the mesh covering the petri dish,
can be seen in Figure 5-2-1-B. Upon close inspection, the SCs appeared opaque and the surface
seemed liquefied. The photograph in Figure 5-2-3, shows a SC device with this surface
liquefaction, on all six faces of the cube, having permeated the protective paper used in the
membrane box. The SC presents the characteristic light orange colour associated to the Cl

incorporation in the MAPbBr3 structure, as previously seen in Chapter 3.



230

Figure 5-2-1. MACI vapour chemical treatment. (A) Setup used for MACI treatment where
a vacuum pump and a manometer can be seen. (B) Four SCs after MACI treatment on top of a
Teflon mesh covering in turn a Petri dish containing the MACI powder. EDX samples were
cleaved for bulk analysis.

Pump
BUCHI furnace vacuum
p = 0.9 bars
T=150°C g
4 MAPbBr,
SCs

Teflon mesh

MACI

D

Sublimation then diffusion
of CI' and MA™ into bulk

Figure 5-2-2. Schematic of the vapour chemical healing with MACI setup used to evaluate the
impact of migrating species on optoelectronic performance. Just one treated sample with Cr
electrodes and one without them are shown in the schematic.
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Figure 5-2-3. SC device used for EDX analysis after MACI treatment. The sample is cleaved
for bulk measurements. It can be seen that the surface was liquefied by the treatment: a partial
dissolution of the surface took place, giving a characteristic colour when chlorine is present in
the MAPbBr3 structure.

Zhou et al. evidenced a chemical reaction when exposing PC MAPbI; to MA gas,
leading to the apparition of an intermediate liquid phase layer of chemical formula
MAPDbDIzexMA. The subsequent degassing of MA, allows a morphological reorganisation of the
film, thus the healing of the material in term of defects and improved performance in PVs.!°
The same mechanism could have taken place within our case study. The sublimation of MACI
would lead to MACI gas molecules, as made explicit by Equation (5-1), which would react
with MAPbBr3 on the crystal surface, as described by Equation (5-2), thus inducing the
observed liquefaction of the perovskite. Both reactions can be reversible:

MACly) S MACl g (5-1)
MAPbBr3(S) + x MACl 4y = MAPbBT3 - x MACl (5-2)

A more complicated chemical mechanism could be structured while considering also
the potential dissociation of MACl) into MA() and HCl). Protonation and deprotonation
reactions among the present entities could also take place. Nevertheless, whichever path is
taken, when the system temperature goes back to ambient temperature, the reactions would lead
to the formation of a solidified MAPb(Br.xClx)3; coating on top of the MAPbBr3; SC, given the
solid solution nature of hybrid MAPbX3 perovskites.
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2.1 Cl diffusion inside the crystal: EDX analysis

To analyse the penetration of CI within the bulk of the crystals, cleaved surfaces were
prepared for the bare SC and SC with Cr electrodes. Three parts in the SCs were identified
depending on their orientation with respect to the MACI powder: top, lateral and bottom
regions. A schematic illustration of the MACI post-treatment can be found again in
Figure 5-2-4-A, with the labelling used for the EDX measurements. There was no lateral
analysis for the SC device.

The Cl content after MACI treatment is far less important than the ones estimated in
Chapter 3 and it is expected to vary over much smaller distances. So, the experimental
conditions for EDX quantification are more critical than those previously defined. As for UV!!
and X-rays'? radiations, hybrid MHPs are susceptible to structural and chemical degradation
when exposed to energetic particle such as electrons. In particular, as the area to be probed has
to be smaller, local damage is more relevant with a risk of bias in the results, by volatilising CI-
containing species present on the surface. Surface degradation takes place when the electron
beam is too focused on a relatively small surface. The surface to be analysed is then chosen to
reach a compromise between potential surface degradation and enough signal of the searched
element. Ultimately, far smaller surfaces were then considered when compared to those of
Chapter 3 (~ 100 um % 100 um). For most measurements, 6 um x 2 um rectangular-shaped
windows were used, called here segments. For such small areas, even keeping the electron beam
canon as little time as possible on each segment to minimise surface damage, cracks and holes
were produced while performing the measurements. Such damage can be seen near the edge of
the crystal in Figure 5-2-4-B that shows an example of EDX measurement and the
I um x 1 pm grid adopted to define the measurement windows. A measurement sequence starts
from the edge of the cleaved face and proceeds in the crystal bulk direction until the detection
limit of the EDX technique is reached, where the Cl K, signal starts mixing with background
noise. The quantification technique employed here was built with the help of Sébastien Paris at
Institut Néel.

An edge effect was noticed at the beginning of the measurement sequence. Lower signal
was recorded probably linked to an uneven measurement surface at the very edge of the cleaved
surface. Thus, lower crystal CI content %Clcryst values were estimated for “surface” depth. This
is corroborated by both Figure 5-2-5-A and Figure 5-2-6-A first segment measurements for
both the bottom and lateral regions plots (at 2 um depth), for both %Cleys: and Pb/X
(X = Br + Cl) values. Keeping that in mind, this allowed measuring, for both samples, the
penetration depth of CI" anions in the different regions (top, bottom, lateral faces). The same
settings in the Esprit software as in Chapter 3 for the element quantification were used here, as
well as the definition of crystal Cl content %Clcryst and Pb/X ratio (Equations (3-4) and (3-5),

respectively).
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MAPbBr; SC
with Cr electrodes

MAPbBr; SC

Sublimation then

Teflon mesh
diffusion of
CI' and MA™
MACI into bulk
a “ Py

: EHT = 10.00 kv Signal A = SE2 System Vacuum = 2.76e-006 mbar  Date 6 Oct 2022
}—' wo= 80mm Mag= 968X  (Polarcid reference) Stageat = 00" Time :17:27:02

Figure 5-2-4. SEM-EDX measurements for MACI post-treatment study. (A) Schematic
representation of MACI treatment on two types of SCs: with and without Cr electrodes.
(B) EDX analysis performed on rectangle-shaped windows (segments). For the majority of
measurements, a surface of 12 um? (6 pm x 2 pum) was used, with a unit cell representing
1 pm? (1 pm x 1 pm, single square).

To illustrate the obtained measurements, the spectra for the bottom region are shown in
Figure 5-2-5. Figure 5-2-5-A and Figure 5-2-5-B, focused on the Cl K, emission peak, depict
the gradual penetration of Cl inside the structure for the bare SC and SC device (with Cr
electrode), respectively. Each figure is composed of a set of spectra, each recorded at a given
depth (the “0” being defined as the surface). In the legend, a colour code indicates if the peak
deconvolution led to a Cl content (green values) or not (red values). Thus, based on the EDX
detection limit, a first estimation of the penetration depth can be defined. By comparing both
graphs, it is clear that the presence of Cr at the interface hinders the penetration of the anions.
It worth pointing out that, for the bare SC, two additional dimensions of segments were used to
accelerate the analysis, the resulting spectra are shown in Figure A 5-3-1. The spectra for the
other regions, top and lateral, can be found in Figure A 5-3-2 and Figure A 5-3-3, respectively.

Table 5-2-1 summarises the Cl penetration depth estimated by this technique for all

regions for both samples, allowing two conclusions to be drawn. Firstly, the bottom region,
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directly facing the MACI powder, absorbs more anions. The impact of the face orientation goes,

in decreasing order of incorporation, from the bottom region, followed by the lateral region,

and in last position, the top region. Secondly, the presence of Cr atoms on the surface constitutes

a barrier to Cl incorporation. If these two conclusions are not really surprising, these first

estimations allow estimating the magnitude and relative importance of these experimental

settings.
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Figure 5-2-5 Bottom region EDX spectra. Spectra for (A) bare SC and (B) SC with Cr
electrodes. The spectra are centred in the Cl K, emission peak. In the legend, the header in black
indicates the surface of the segment used for the measurements. Depth values come in two
colours: green for when a Cl content was measured, and red for when it was not.
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Table 5-2-1. Penetration depths estimated by EDX measurements on cleaved bare MAPbBr3
SC and SC with Cr electrodes after 27 h 20 min of chemical post-treatment with MACI vapour.

. SC without Cr electrodes SC with Cr electrodes
Region
[nm] [nm]
Top 12-14 12-14
Lateral 60-95 -
Bottom 110-125 10-16

The diffusion of the Cl in both samples and across all evaluated regions of the crystals
is better appreciated in Figure 5-2-6, showing the evolution of the measured %Cleryst content
as a function of the penetration depth, alongside with the evolution of the Pb/X ratio. When
comparing both samples, the much higher penetration in the bare crystal (A) than in the one
with Cr electrode (B) is highlighted again, especially one can notice that the graphs have
different scales: up to 130 and 17.5 um, respectively.

Disregarding the very first values which are impacted by the edge effect mentioned
earlier, the Cl content decreases monotonously from the surface to deeper layers within the
bulk, for both crystals. They look like a standard diffusion model, an exponential decrease of
Cl species in the structure. Yet, because of the partial surface liquefaction and other
considerations, their modelling was not obvious and will be presented at a later stage.

Another interesting feature presented in Figure 5-2-6 is the Pb/X ratio analysis. It
proved quite tricky to determine, leading to somewhat high variance of the calculated ratios.
However, it can be seen that the richer in chlorine the region is, the closer to the stoichiometry
the structure is. This benefit is observable for both types of samples. Such improvement of
stoichiometry was already observed in Chapter 3. We saw then that upon crystallisation, the
presence of Cl allows the perovskite structure getting closer to stoichiometry (Pb/X =33.3 %):
rising from 28.5 = 0.4 % for MAPbBr3 to 30.5 + 1.3 % for MAPb(Bro.s5Clo.15)3 (for surface
analysis). Here, the vapor treatment led in the first micrometres of the bare SC to even higher
ClI contents than those observed in the MAPb(Bros5Clo.15)3 SCs. The highest values reached
here were in the bottom region and were over %Cleryst = 15 and Pb/X = 30 %. This validates
our choice of MACI as treating agent by confirming the easy incorporation of Cl" anions in the
structure, as corroborated by the results in Chapter 3. The post-growth incorporation of Cl is
correlated to a compositional improvement: going from a halide-poor composition to a more
stoichiometric composition, indicating that it is not a simple exchange of Br with CI that takes
place. It can either correspond to a healing of defects with Cl" anions, filling bromide vacancies
Vg, thus resulting in Clg; substitutions, or to a creation of new defects with Cl™ anions taking

interstitials or antisite positions: Cl;, Clpy or Clma.
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Figure 5-2-6. Quantification measurements for crystal Cl content %Cl..yst and Pb/X ratio.
Evolution of both %Clcrys and Pb/X values for (A) bare SC and (B) SC with Cr electrodes. Each
figure includes the trends observed for the different studied regions: top, bottom and lateral
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(just for the bare SC).

for several years in MHPs. Via Density Functional Theory (DFT) simulations, Motti et al.
calculated that, in halide-medium conditions for MAPbBr3, the most stable defects are MA and
bromide interstitials, MA; and Bri, respectively (slight p-doped character), but the ones
representing deep trap levels were lead vacancies Vpy, Bri and lead interstitials Pbi. Vp; defects
also exist but in lower densities.!*> Whereas Mannodi-Kanakkithodi et al. defined in a study on

Which point defects seem more likely to exist than the others have been a research topic
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MAPbLX3 (X = I, Br, Cl) compositions the most stable defects in Pb-rich conditions. For
MAPDBBr3, Vi, MA vacancies Vwma, Vo, followed by antisite Pbma, are the defects with lowest
formation energies. Vp,, Vir and Pbma represent the main internal bandgap defects. For
MAPDLCI3, Pbma, Vma and chlorine vacancies V¢ are the ones with the lowest formation
energies, with Vpy, Vcr and Pbuma representing in turn the main internal bandgap defects. Self-
interstitials were also shown to be stable, but with higher formation energies.!* Based on this,
one could say that after MACI treatment, Clp, and Clua defects seem unlikely to be formed (too
high in energy), but rather Cls; substitutions and Cl; interstitials.

The results above prove that post-growth exposure to vapour, in this case to perovskite
precursor MACI, results in the incorporation of halide species inside the structure, at least for
the first hundreds of micrometres (bottom region). This surface incorporation seems beneficial
regarding the improvement of the structure stoichiometry. Because ions, and specifically
halides, have shown the ability to move inside the structure, one is then tempted to use this
procedure to improve not only the surface but the whole bulk. This would require to assess the
treatment time required which is dictated by halide ions diffusion properties, hence to
characterise the diffusion process of chloride in the structure. To that end, the EDX CI content
data presented in Figure 5-2-6 were fitted by the complementary error function, solution to
Fick’s second law, made explicit in Equation (5-3).!°> The following assumptions are made to
apply this model: (i) the entire furnace is saturated with gaseous MACI, presumably also in its
dissociated form with MA* and CI ions; (ii) the diffusion is treated as a one-dimensional
problem perpendicular to the crystal surface (along a x-axis), and (iii) the distribution of the
diffusing species outside of the crystal and its incorporation at the first atomic layer are

modelled by the quantity Cy, defined as the concentration of Cl" anions at x = 0:

C(x) =Cyerfc (%) (5-3)
Where A is the exchange layer thickness.!® This can in turn be used to determine the diffusion
coefficient D using the following Equation (5-4):
A=zm@1)=f—i (5-4)
Where D (m? s!) is the diffusion coefficient of chloride and t is the time (s). This modelling
for both SCs with and without Cr electrodes is shown in Figure 5-2-7-A and Figure 5-2-7-B,
respectively, with associated fitting parameters in inset (4 = Cp and B = A). The extracted D
coefficients are summarised in Table 5-2-2.

In the modelling presented above, it was considered that the different regions see the
same initial Cl concentration at the surface Cy, but the D values, shown in Table 5-2-2, are very
different for each region. This suggests that the different faces would have a different behaviour
towards the MACI vapour exposure, with a reaction advancing more rapidly in a given region
than the other, induced by the relative proximity to the MACI powder. However, this seems

unlikely given that the faces are identical from crystallographic point of view. The results point
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out the fact that the first assumption (i) is not respected: the furnace is not saturated in MACl
vapour and that the local environment seen by each face is different. Thus, the concentration Cy
at each face is different: the vapour would be more concentrated at the bottom region than in
the two others, the mass transport would then be more accelerated for the bottom region.
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Figure 5-2-7. One-dimension diffusion analysis of CI" anions in the different studied
regions. Modelling of EDX data via the complementary error function solution of Fick’s second

law for (A) bare SC and (B) SC with Cr electrodes. Each figure includes the fits performed for
the different studied regions: top, bottom and lateral (just for the bare SC).
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Table 5-2-2. Diffusion coefficients extracted via 1D-diffusion modelling of Cl™ anions for all
the studied regions in both SC samples, with and without Cr electrodes.

Region SC without Cr electrodes SC with Cr electrodes
g [m2 S-l] [m2 S-l]
Top 1.9 x 10* 1.1 x 10*
Lateral 1.7 x 1073 -
Bottom 9.8 x 10™ 3.6 x 10™

The ion diffusion depends on the temperature, diffusion direction and number of point
defects, especially vacancies. Yet, for all three parameters, there is no reason to think that they
substantially differ from one face to the other. With species propagating in the same medium,
the diffusion coefficients should be similar, especially if one compares both polished faces of
the SC device (top and bottom), which would have almost identical surface structure and point
defects, in theory. Nevertheless, the results can still be used to compare relatively the different
regions of both types of samples. D values are effectively higher for bottom regions than for
the other regions within a single sample, and they are higher for bare SC than for the device for
a given region: again, Cr represents a Cl diffusion barrier.

An important detail potentially biasing the results above is the fact that the liquefied
layer on the SCs was partially wiped out by the membrane box protective paper as seen in
Figure 5-2-3. This means that the penetration depths given in Table 5-2-1 are under estimations
because the initial surface is lost. The Cl diffusion would start form liquefied mixed halide
perovskite MAPb(Br;«Cly); and not from gaseous MACIL.

All this considered, a few elements can be stated at this point. The healing treatment
must be performed under a lower MACI vapour pressure, thus lower temperature, and for longer
periods of time, to avoid excessively liquefying the crystal surface. Also, as stated before, it
should be executed before Cr electrode deposition, given the decreased diffusivity induced by
it. That said, more experiments are required to verify this.

In the experimental work presented in this chapter, the diffusion of the organic
counterpart of the Cl anions, be it MA* cations or neutral MA, was not performed. Mostly
because of the difficulty to measure changes in methylamine content. The role of amines has
already been highlighted in the literature as species able to chemically bond with the perovskite
surface, which allow building a protective layer on the surface (chemical anchorage).® That
said, their role in vapour processes should also be considered.

Furthermore, even if the treatment presented above only modifies the crystal on a limited
depth, because of the systematic ion migration in the structure, it may have an impact later on,
upon the polarisation of the device. While being under bias, the ion migration would induce the
motion of the newly entered defects/chemical species across the entire volume of the crystal.
By producing a new configuration of defects in the perovskite bulk, MACI treatment might

bring some benefits in the response under X-ray illumination.
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2.2 Impact of MACI treatment on optoelectronic performance

The SC devices used for optoelectronic characterisation are depicted in Figure 5-2-8,
after chemical post-treatment. Because the electrodes were removed on SC (A) before the
MAUCI treatment, Cr electrodes were re-deposited on the liquefied then solidified layer after it
for the optoelectronic characterisation. It exhibits no major visual changes when compared to
the standard SC device, besides a slightly darker electrode colour. The SC (B) was treated with
its Cr electrodes, as mentioned above. It is worth mentioning that these electrodes appeared
degraded during the treatment: the Cr deposit was partially dissolved when the surface was
liquefied.

Figure 5-2-8. SC devices after MACI treatment. (A) SC device after MACI treatment and Cr
electrode re-deposition. A slightly darkened electrode can be observed. (B) SC device after
MAUCI treatment with Cr electrodes. The electrodes were degraded and deposition uniformity
lost.

Both devices (A) and (B) were then analysed to determine resistivity p, dark current Jyar«
and sensitivity S. The devices thicknesses were 1.56 and 1.35 mm, respectively, corresponding
to X-ray absorptions of 96 and 93 %, respectively. As in part 1, S-V data was used for
comparison. Figure 5-2-9 presents the optoelectronic performances of both SC devices before
(green plot) and after (blue plot) treatment. Figure 5-2-9-A1 and Figure 5-2-9-B1 depicts the
Jaark-V data. On the one hand, for the SC (A), the MACI treatment results in reduced hysteresis
but most importantly in an important reduction of Juux: reduced by up to two orders of
magnitude for the negative biases (from ~ 10 to ~ 10* A mm), and by one order of magnitude
for the positive biases (from ~ 10”7 to ~ 10®® A mm2). The resulting Jaar-V curve is then more
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symmetrical for both positive and negative bias domains, leading to similar Juu+ limit values of
about 10 nA mm. On the other hand, SC (B) sees its dark current and hysteresis increased,
potentially due to the degradation of the contacts.

Regarding the sensitivity, Figure 5-2-9-A2 and Figure 5-2-9-B2 expose the measured
values as a function of biasing voltage (S-V). For the SC device (A), the performance is
increased. It doubles in both bias domains, without degradation of the hysteresis. For device
(B), the overall sensitivity is not significantly modified but the hysteresis is noticeably
increased. For this device, above 75 V, the sensitivity is markedly higher but then a
photoconductive gain effect, as described in Chapter 4, coupled with the electrode degradation,

could be at the origin of the higher S values.
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Figure 5-2-9. Optoelectronic performance of MACI treated SC devices. (1) Jauk-V and
(2) S-V data for SC devices (A) and (B). Each figure presents systematically the performance
before (green plot) and after (blue plot) treatment.

The results exposed here are incomplete, should be reproduced and confirmed, but they
give promising results for the post-treatment of MAPbBr3. Indeed, precursors such as MACI
and MABTr, showed relative easiness to be volatilised within enclosed spaces, with tuneable

pressure and temperature.”!¢ The optoelectronic characterisation findings are summarised in



242

Chapter S

Figure 5-2-10, illustrating key properties before and after treatment: resistivity, dark current

density and sensitivity, both at 50 V mm™'. When the treatment is performed on a bare crystal

(without Cr electrodes), we see an improvement of all three figures, while, when the treatment

is done with the electrodes, the performance is globally degraded.
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Figure 5-2-10. Optoelectronic key figures of merit before and after MACI treatment for both
SC devices: resistivity p (black), sensitivity S (blue) and dark current density Ja.« (red), both at
50 Vmm.
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Conclusion

The study described here presents the impact of annealing at different temperatures and
chemical treatment of MAPbBr3 SC devices by MACI vapours.

Regarding annealing in an Ar atmosphere, the S-T and p-T data show that the devices
preserved or improved their optoelectronic performances under X-ray illumination for
annealing temperatures up to 150 °C. For higher temperatures, material degradation took place
and so performance declined. Visually, the perovskite surface turned milky. Based on our
TGA-MS study, we proposed the departure of small volatile molecules, degradation products
of MABr, with conjoint formation of PbBr;. This hindered key figures of merit like the
sensitivity.

The second part exposes the attempt to improve the performance of MAPbBr; by a post-
growth treatment with volatile MAC] powder. The sublimation of MACI under reduced
pressure and controlled temperature resulted in the successful vapour treatment of SCs. This
process was accompanied with a partial liquefaction of the crystal surface. Even though part of
the surface was lost to due liquefaction, penetration depths of the Cl" anions were determined
for distinct regions of the crystal via EDX. Depending on their positioning towards the source
of MACI vapour, different penetration depths were estimated with a maximum of 125 and 16
um for a bare SC and a SC with Cr electrodes on the surface, respectively. The difference in
penetration between crystals with and without electrodes evidence that the Cr interferes with
the incorporation of Cl, and that the vapour treatment deteriorates them. That is why electrodes
should be deposited after the treatment, metal atoms layers represent a barrier for diffusing
species such as chloride. High CI content in the crystals was systematically associated with
close to stoichiometry Pb/X ratios, confirming the trend seen previously in Chapter 3. This
indicates that, close to the surface, point defects such as Br vacancies Vg, might have been
healed by Cl incorporation (Clg; substitutions), but also that other point defects may have been
created (e.g., Cli). The relaxation of these defects in the structure (e.g., migration, aggregation,
association with other defects) may occur in a very substantial volume via the systematic ion
migration, which would be exacerbated under biasing. As such, the successful surface
incorporation of chlorine, could have significant impact on the properties. The optoelectronic
performances were then tested under medical grade X-rays. Given the low number of samples
tested, no conclusive answers were obtained, but the MACI treatment seems to improve key
figures of merit such resistivity, sensitivity and dark current density.

Besides confirming those first results with more samples, a few elements should also be
considered to further study this chemical vapour treatment process. Firstly, longer treatments,
probably adjusting conjointly pressure and temperature, should be tested to see if post-growth
incorporation of volatile constituents, such as MA* and Cl- used here, can diffuse to the core of
the crystal effectively improving the overall stoichiometry. This could also give insights into

the relative importance of surface and volume defects in the device performance. Secondly,
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after chemical treatment, to take advantage of the ion dynamics within the crystal, biasing
cycles could be performed: going several times from positive to negative, and vice versa. This
might help the relaxation of the new defect structures, leading to a composition closer to
stoichiometry. This biasing process could potentially take place within the furnace while
executing the healing procedure, like it is done for quartz crystals (by sweeping at 1 kV cm! at
500 °C). This would improve the stability in time of the device. It could also limit ion migration
and accumulation of ions at the electrodes, thus homogenising the internal electric field and
consequently improving the charge transport in the perovskite structure. Thirdly, experimenting
with other similar precursors, such as MABr, MAI, FABr or CsBr, could help to better
understand the mechanisms involved in the post-growth treatments. More generally, those
studies would bring a better understanding on what defects are present in the structure, and
which ones must be annihilated in order to enhance the high-energy radiation response.
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Conclusion and perspectives

For the past decade, hybrid MHPs have been regarded as bearing great potential for
optoelectronic applications either as light harvesters/converters or light emitters. Bringing these
materials to maturity, that is being able to take full advantage of this potential requires
identifying the nature and origin of defects present in those semiconductors. As we have seen
throughout this work, in the case of the benchmark material MAPbBr3, it is very difficult to
understand and subsequently change the nature of defects and intrinsic doping.! This is mainly
due to the internal dynamics of the charges in this family of compounds, which includes
unidentified point defects and parasitic ion migration. The evolution with time and under
external influence (e.g., environment, biasing voltage, ionising radiation) of the underlying
chemistry would be at the origin of the so-called defect tolerance and/or self-healing
mechanisms which are attractive properties.> At the same time, these mechanisms blur the
picture of the defect landscape, hindering the optimisation of these materials. Researchers are
then confronted to a double-edged sword.

This ever-changing configuration is challenging not only for the experimental but also
theoretical analysis as most models and DFT calculations in the literature consider “static”
lattices without its dynamics. The community is faced with the challenge of identifying the
pertinent defects in a system where lattice dynamics may be operative on a time scale that is
comparable with that of electron processes, relevant for charge capture or recombination.® In
the literature, while combining characterisation and modelling, it was speculated that the main
internal bandgap defects impacting the charge carriers could be interstitials (Pb;, Bri) and
vacancies (Vpb, Var) with different charges,* and even Pbma substitution.®

The presence and number of interstitials, vacancies or substitutions are defined by the
growth method of the PC or SC. These defects seem to be subsequently mobilised by the
internal ion dynamics, defining its charge transport physics, thus determining how good the
semiconductor for a given application is. Even though which particular defect should be
avoided remains an open question, based on the literature, one should try to avoid the formation
of deficiencies, deviations from the constituent stoichiometries (e.g., Pb/X, A/X), in the
synthesis of APbX3 hybrid perovskites. The stoichiometry should also be maintained at the
surface of the perovskite; hence a special care should be taken regarding post-synthesis
handling and treatment. By doing this, one could stabilise the structure overall, and improve the
response under medical grade X-rays, as we have performed, to some extent, during this thesis
work.

Our first approach, presented in Chapter 3, was to use the partial substitution of Br by
CI anions in MAPbBr3 SCs, as a way to lower the density of point defects upon synthesis. From

a thermodynamic perspective, such substitution introduces an increase of the entropy of mixing,
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while avoiding the formation of halide vacancies Vx which are detrimental, at least, due to the
promotion of ion migration. Also, Cl" anions being smaller than Br™ anions, one would anticipate
that this substitution would allow the accommodation of more distorted environments, thereby
filling halide sites that would otherwise remain vacant. The optoelectronic evaluation of
intermediate compositions of the MAPb(Bri«Cly)3 solid solution revealed the high quality of
the resulting SC devices: no hysteresis in J-V sweeps and negligible conductivity drift. An
optimum in CI content was identified for MAPb(Bro.s5Clo.15)3, showing the highest sensitivity
(S =3 uC mGy.ir'! cm™? at 50 V. mm'), the lowest dark current density (Jsax = 43 nA mm™ at
50 V. mm™) and the lowest conductivity drift (6ax=3 x 10° Sm™'s!at 50 Vmm'). We showed
that the two-charge carriers Hecht model does not fit properly S-V data for MAPbBr3, but that
for the MAPb(Bro85Clo.15)3 composition, the modelling seems to better fit the charge transport
in the material, indicative of its superiority. The Cl incorporation was correlated to a Pb/X ratio
approaching the ABX; stoichiometry and to an increase in hole lifetime, going from 10 ps for
MAPDBBr3 to 75 ps for MAPb(Bro.85Clo.15)3. This improvement in stoichiometry was linked to a
reduction of point defects, thus to a lower fraction of mobile ionic defects (e.g., Vx, Xi),
resulting in the seen enhancement of the charge induction efficiency under X-rays irradiation.
The clear impact of deliberately modifying the chemical composition of the hybrid
perovskite prompted us to explore other potential pathways for unintentional alterations in the
chemical composition. In Chapter 4, we studied the impact and potential improvement that can
occur due to the environment, in the broadest sense possible: environmental degradation of the
precursors, environment of the crystal growth, and that of the device preparation and
characterisation. SCs were successfully grown in uncontrolled standard laboratory and
controlled inert Ar atmosphere glovebox conditions. SCs grown in ambient condition (AC),
when compared to the SCs grown in inert atmosphere (IC), presented more impurities in the
bulk, such as Cl- and AIP* ions, potentially enhancing the intrinsic p-doped character of
MAPDBTr3.° We have demonstrated that the solution system of bromoplumbate complexes in
DMF is very resilient to the incorporation of environmental species in the bulk structure such
as water or oxygen, as suggested by previous works.”® However, differences in the chemical
composition between the surface and the bulk were noticed. AC crystals were deficient in
MABE, and presented adsorbed water molecules on their surface, inducing a n-doping on the
surface.!® This n-doping proved beneficial for the X-ray response when compared to the IC
SCs: they exhibit higher sensitivity and symmetrical S-V data. This was associated to an
enhanced carrier transport for electrons which was translated into statistically measurable
electron mobility u. for the associate devices. We considered this finding quite significant as it
is generally impossible to satisfactorily measure . values with MAPbBr3 devices. A fully inert
synthesis-characterisation circuit allow putting in evidence the impact of the testing atmosphere
for both families of crystals, by first performing evaluations in Ar and then in air atmospheres.
The outcome was reversed in Ar atmosphere, when compared to atmospheric conditions testing:

IC SCs had higher sensitivity than AC SCs, also presenting systematically electron mobility.



249

We hypothesised that the two types of samples started with different doping states depending
on the growth environment. Therefore, the interaction of the preparation-analysis atmosphere
with their surface lead to overall different performances. For the testing in atmospheric
conditions, AC crystals show a stronger p-doped character and IC crystals are more intrinsic.
The former would benefit from the n-doping compensation from environmental water, as
opposed to the latter, which would be downgraded by the n-doping. In the inert testing, the
intrinsic IC crystals would likely perform better under X-rays, as they would not have
undergone n-doping on their surface. Nevertheless, both families are affected by the exposure
to air, as proven by the acceleration of the signal drifts during J-t measurements, but with
different surface impacts defining the final performance of the device. All of this considered,
how the chemistry of the system makes the perovskite surface more sensitive has not been
clarified in the perovskite scientific community, but it seems coherent to assume that a
correlation exists between impurities and the surface reactivity, promoted by Ve, and/or Vg,
point defects, among potentially others intervening with the local Pb/X stoichiometry.

The evidence we have observed regarding the impact of the post-growth environment
on the surface chemistry of the SCs has led us to explore its potential beneficial applications.
Chapter 5 presents our first attempt at healing defects in both surface and bulk, after SC growth.
As an example, we studied the impact of controlled annealing and post-growth treatment of
pure MAPDbBr; crystals with perovskite precursor MACI vapours. This process was
accompanied with a partial liquefaction of the crystal surface, leading to the creation of a
MAPDBBr;ex MACI layer, later recrystalising in MAPb(Bri—xClx); mixed halide perovskite.
Even though a fraction of the surface was lost by this, penetration depths of the Cl anions were
estimated for distinct regions of the crystal. The penetration of Cl was observed to be within
the first hundred micrometres for the bare SC and within a dozen micrometres for the SC with
Cr electrodes. The study evidenced that Cr interferes with the incorporation of Cl and that the
vapour treatment deteriorates the electrodes. A healing mechanism was also demonstrated when
high Cl content in the crystals was systematically associated with close to stoichiometry Pb/X
ratios. This meant that, close to the surface, point defects such as Vg might have been repaired
by Cl incorporation, leading to Clg; substitutions, but maybe also to the formation of other point
defects such as Cli. The optoelectronic performances of healed devices were then tested under
X-rays but given the low number of samples tested, no conclusive answers were obtained.
Despite the sample statistics, the MACI treatment seems to improve the key figures of merit
such resistivity, sensitivity and dark current density.

All three studies bring into the light the different afflictions that this family of materials
has. While they show how susceptible is MAPbBr3; towards its surroundings and an external
stimulus, they also bring several clues on what to further investigate to boost the performance
under X-rays of MAPbBr;. The ion migration and long biasing protocols complicate the
evaluation of the semiconductors, while comparing perovskites of different chemical

composition or with the same one, but from different synthesis methods. Sample-to-sample
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variability poses a problem when drawing conclusions for the different studies, that is why
sufficient statistical support is primordial to extract trends for a given condition. While this
work confirms the generally favourable charge transport properties of MAPbBr; and
MAPbB(Br1-xClx)s perovskites, it emphasises the necessity for additional efforts to achieve the
high performance levels demonstrated by state-of-the-art materials like CdTe and CZT. The
dark current density was slightly reduced by the Cl incorporation, but its level remains
significantly higher by several orders of magnitude for the medical imaging application. In all
studies, improved stoichiometry seems to be systematically correlated to improved
performances. Yet those given through the different analyses were relative and not absolute
values, which means that further equilibration of Pb/Br and MA/Br ratios might still be
required. A solution to test would be to experiment with longer healing treatments, while
adapting at the same time experimental conditions such as pressure and temperature, to avoid
strong physical modifications of the surface, such as sublimations or liquefactions. It would
then be interesting to see if post-growth incorporation of volatile constituents, coming from the
sublimation of perovskite precursors such as MACI, MABr, MAI, FABr or inorganic CsBr, can
diffuse to the core of the crystal to effectively improve the overall stoichiometry. As mentioned
at the end of Chapter 5, one could take advantage of the parasitic ion migration within the
crystal. The relaxation of newly-introduced defects by such healing treatments may occur in a
very substantial volume via this systematic ion migration, which would be exacerbated under
biasing. Biasing cycles could be performed in a manner that facilitates the relaxation of defects,
thereby resulting in a composition closer to stoichiometry throughout the entire crystal volume.
This, in turn, would enhance the long-term stability of the device. Finally, by reducing the
density of vacancies, it could also limit ion migration and accumulation of ions at the electrodes,
thus homogenising the internal electric field and consequently improving the charge transport
in the perovskite structure.!'!? In a broader context, these future studies would contribute to a
better understanding of the specific defects present in the structure and which ones need to be
eliminated to enhance the high-energy radiation response of the semiconductor. The presented
work also emphasises the advantages of device preparation and potential encapsulation in inert
gas atmospheres or crystal growth under controlled humidity in atmospheric conditions. These

measures would be particularly beneficial due to the surface reactivity of hybrid perovskites.



251

References

(D) Euvrard, J.; Yan, Y.; Mitzi, D. B. Electrical Doping in Halide Perovskites. Nat Rev
Mater 2021, 6 (6), 531-549. https://doi.org/10.1038/s41578-021-00286-z.

2) Cahen, D.; Kronik, L.; Hodes, G. Are Defects in Lead-Halide Perovskites Healed,
Tolerated, or Both? ACS Energy Lett. 2021, 4108-4114.
https://doi.org/10.1021/acsenergylett.1c02027.

3) Guzelturk, B.; Winkler, T.; Van de Goor, T. W. J.; Smith, M. D.; Bourelle, S. A.;
Feldmann, S.; Trigo, M.; Teitelbaum, S. W.; Steinriick, H.-G.; de la Pena, G. A.; Alonso-Mori,
R.; Zhu, D.; Sato, T.; Karunadasa, H. 1.; Toney, M. F.; Deschler, F.; Lindenberg, A. M.
Visualization of Dynamic Polaronic Strain Fields in Hybrid Lead Halide Perovskites. Nat.
Mater. 2021, 20 (5), 618—623. https://doi.org/10.1038/s41563-020-00865-5.

4) Musiienko, A.; Moravec, P.; Grill, R.; Praus, P.; Vasylchenko, I.; Pekarek, J.; Tisdale,
J.; Ridzonova, K.; Belas, E.; Landova, L.; Hu, B.; Lukosi, E.; Ahmadi, M. Deep Levels, Charge
Transport and Mixed Conductivity in Organometallic Halide Perovskites. Energy Environ. Sci.
2019, /2 (4), 1413-1425. https://doi.org/10.1039/CO9EE00311H.

(5 Mannodi-Kanakkithodi, A.; Park, J.-S.; Martinson, A. B. F.; Chan, M. K. Y. Defect
Energetics in Pseudo-Cubic Mixed Halide Lead Perovskites from First-Principles. J. Phys.
Chem. C 2020, 124 (31), 16729-16738. https://doi.org/10.1021/acs.jpcc.0c02486.

(6) Shi, T.; Yin, W.-J.; Hong, F.; Zhu, K.; Yan, Y. Unipolar Self-Doping Behavior in
Perovskite CH 3 NH 3 PbBr 3. Appl Phys. Lett. 2015, 106 (10), 103902.
https://doi.org/10.1063/1.4914544.

(7) Manser, J. S.; Saidaminov, M. L; Christians, J. A.; Bakr, O. M.; Kamat, P. V. Making
and Breaking of Lead Halide Perovskites. Acc. Chem. Res. 2016, 49 (2), 330-338.
https://doi.org/10.1021/acs.accounts.5b00455.

(8) Kirmani, A. R.; Mansour, A. E.; Yang, C.; Munir, R.; El-Zohry, A. M.; Mohammed, O.
F.; Amassian, A. Facile and Noninvasive Passivation, Doping and Chemical Tuning of
Macroscopic Hybrid Perovskite Crystals. PLoS ONE 2020, 15 (3), e0230540.
https://doi.org/10.1371/journal.pone.0230540.

9 Zuo, S.; Niu, W.; Chu, S.; An, P.; Huang, H.; Zheng, L.; Zhao, L.; Zhang, J. Water-
Regulated Lead Halide Perovskites Precursor Solution: Perovskite Structure Making and
Breaking. J. Phys. Chem. Lett. 2023, 4876—4885. https://doi.org/10.1021/acs.jpclett.3c00683.
(10) Wang, C.; Ecker, B. R.; Wei, H.; Huang, J.; Gao, Y. Environmental Surface Stability of
the MAPbLBr 3 Single Crystal. J Phys. Chem. C 2018, 122 (6), 3513-3522.
https://doi.org/10.1021/acs.jpcc.7b12740.

(11)  Garcia-Batlle, M.; Deumel, S.; Huerdler, J. E.; Tedde, S. F.; Guerrero, A.; Almora, O.;
Garcia-Belmonte, G. Mobile Ion-Driven Modulation of Electronic Conductivity Explains
Long-Timescale Electrical Response in Lead Iodide Perovskite Thick Pellets. ACS Appl. Mater.



252 Conclusion & perspectives

Interfaces 2021, 13 (30), 35617-35624. https://doi.org/10.1021/acsami.1c06046.

(12)  Garcia-Batlle, M.; Baussens, O.; Amari, S.; Zaccaro, J.; Gros-Daillon, E.; Verilhac, J.;
Guerrero, A.; Garcia-Belmonte, G. Moving lons Vary Electronic Conductivity in Lead Bromide
Perovskite Single Crystals through Dynamic Doping. Adv. Electron. Mater. 2020, 6 (10),
2000485. https://doi.org/10.1002/aelm.202000485.



253

Appendix — Chapter 2
Table of contents

1 Calibration of the crystal growth SEtUP .........coocuiiiieiiiiiiiieiiieeeee e 255



254 Appendix — Chapter 2



255

Appendix — Chapter 2

Materials and methods

1 Calibration of the crystal growth setup

The calibration of the crystal growth setup was performed in order to know the actual
temperature in the vials as a function of the system setpoint. The solution volume in each vial
was fixed to 3.5 mL to ensure that the solution meniscus was aligned with the plate upper level,
to be slightly colder than the rest of the solution and avoid spontaneous nucleation. The
calibration consisted in two different studies.

The first study evaluated the vertical temperature gradient in 3.5 mL of DMF contained
in a vial, representing 7 mm of solution height. A thermocouple was immersed in the liquid: 0
and 7 mm define the bottom of the flask and the liquid meniscus, respectively. Two different
positionings can be identified in the plate as shown in Figure A 2-1-1: lateral and central
positions. Two temperature gradients are then obtained, one for each positioning, as seen in
Figure A 2-1-2. Given that the solution is naturally convected, the gap between the setpoint

and actual temperatures rises with increasing temperature, and from the flask bottom to its top.

Figure A 2-1-1. Crystal growth Al plate top view schematic distinguishing the two types of
positioning existing on the setup.

The second study establishes the correlation between the setpoint temperature and that
at the flask bottom, for the different slots. A linear fit was performed for the flask bottom

temperature as a function of the setpoint temperature for both positions, as depicted in
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Figure A 2-1-3. Average setpoints were then extracted from both positions. Key growth steps
(growth solution initial temperature (56 °C), Tievel 1 (58.8 °C), Tievel 2 (62.6 °C) and final
temperature (81.5 °C)) were then plotted according to theses averages values, as made explicit

by Figure A 2-1-4. Thus, the correction that must be taken into account to have the right
temperature for crystal growth is described by Equation (A 2-1):

Tsetpoint = 0.9421 Tflask bottom 1 0.9424 (A 2-1)
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Figure A 2-1-2. Temperature gradient inside 3.5 mL of DMF for different setpoint temperatures
for both the (A) lateral and (B) central positions.
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Mixed halide compositions: Anion
engineering in MAPb(BrixCly); solid
solution

1 Solubility of MAPb(Bl‘o,ssClo,ls)s

In the case of MAPDb(Bro.35Clo.15)3, the solubility as a function of the temperature in DMF
was determined. MAPb(Bro 35Clo.15)3 residual crystals from the associated growths were ground
and added to 7 mL of DMF until the solution reaches total saturation at 70 °C. After an hour, a
little volume was then collected and weighted, then the solvent was evaporated to determine
the amount of soluble perovskite and the mass solvent needed. Even though the volume of the
collected solution sampling is known, its volume was corrected by using the evaporated solvent
mass and a DMF density value of 0.9445 g mL-! (at 25°C).! This yields a solubility expressed
in grams of MAPbBr; per millilitre of solvent. Subsequently, the solubility was determined the
same way at 65, 60, 50, 40, and 30 °C. The DMF density was considered constant within the
temperature range. The volume extraction took place one hour after reaching the targeted
temperature, measured with a thermocouple. The solution was stirred within a borosilicate glass
vial. The temperature dependence of the solubility limit of MAPbBr3 and mixed halide

compositions in DMF can be fitted with a Van’t Hoff type equation (Equation (A 3-1)):2

B
s = A eT+273.15 (A3-1)

Where s is the solubility (g mL!), A and B are terms linked to the entropy and enthalpy of
dissolution, respectively, and T is the temperature (°C).

Table A 3-1-1 summarises the parameters extracted via the Van’t Hoff fit of the
solubility curves for both materials. As for MAPbBr3, MAPb(BrogsClo.15)3 has retrograde
solubility in DMF but lower in comparison. Even though the term associated to the enthalpy of
reaction is slightly greater for MAPb(Bro.s5Clo.15); than MAPbBr3, the pre-exponential term
linked to the entropy variation has been lowered of one order of magnitude. The presence of Cl
lowers the entropy of mixing, meaning that the entropy of the crystallised phase is bigger for
the chloride compound. The experimental data and associated Van’t Hoff fit are plotted in
Figure A 3-1-1.



262 Appendix — Chapter 3

-
o
|

—— MAPDBr, - s = 2.23 x 103 '780(T*273.19)2)
MAPb(Br, ¢sCly 15)3 - S = 3.04 x 1074 @2304/(T+273.13) b)
= Experimental

Solubility s (g mL™) ©
© © o o o o
r o o N o o©

o
w
I

o
N
Ll

o
RN
|

30 40 50 60 70 80 90 100

Temperature (°C)

Figure A 3-1-1. Retrograde solubility of MAPbBr3 and MAPb(Bro.85Clo.15)3 (%Clsot = 10 %) in
DMEF. ¥ MAPbBr3; Van’t Hoff fitting is extracted from previous work.2 ® MAPb(Bro.ssClo.15)3
Van’t Hoff fitting was computed on experimental points taking into consideration a constant
DMTF density value of 0.9445 g mL™! (at 25°C)' in the considered temperature range. © Grams
of perovskite per millilitre of solvent at 25 °C.

N
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Table A 3-1-1. Solubility as a function of the temperature Van’t Hoff fit parameters for
MAPbBBr3; and MAPb(Bros5Clo.15)3.

Parameter A B

MAPbDBr; 2.23x10° gmL™ 1780 K

MAPD(BrossClo.is)3 3.04 x 10* g mL™! 2304 K
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Figure A 3-2-1. Overall EDX spectra overlaid. The spectra were normalised using MAPbBr3
Br L, emission line to highlight progressive and preferential substitution of Br~ with Cl anions.
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3 XRD and Le Bail refinement

Table A 3-3-1. Reliability factors for points with Bragg contributions: conventional Rietveld
and Bragg R-factors for all compositions patterns after Le Bail analysis for a single series of
SCs.

Weichted Expected Global user-
Profile & weighted Bragg Crystallographic . weighted
. 1b) profile P Deviance )
Material factor profile X factor factor X
factor Y
R, R factor Rp Rr (Bragg
wp Rexp COHtI'ibutiOn)
MAPbBr3 21.9 253 8.65 855 1.16 1.08 0.469 x 10° 8.55
MAPb(BroosCloo2)s  14.1 16.1 8.04 4.03 0.967 1.53 0.204 x 10° 4.03
MAPb(Bro97Cloos)s  13.7 16.5 6.65 6.13  1.70 1.41 0.268 x 10° 9.63
MAPb(Bro9:Cloos)s  12.2 15.5 7.03 4.84 0.787 0.605 0.248 x 10° 7.43
MAPb(BrossClois)s  16.1 20.1 9.45 4.53  0.660 0.709 0.243 x 10° 4.53
MAPbHCl; 14.4 18.2 8.39 4.71 0.520 0.384 0.264 x 10° 5.88

9 All agreement indices shown in this table are defined in detail in reference.?
®) The x values given in the above chemical formulae is given by %Cleyst, determined using
Vegard’s law (VL) and the XRD data.

4 ICP-MS

Table A 3-4-1. Pb and Br concentrations determined via ICP-MS in a HO/HNO3 mixture and
associated Pb/X ratio for two MAPbBr3; SC samples.

207 79 Resulting Pb/Br ratio
Pb Br .
Sample via ICP-MS
[ng/kg] [ng/kg] 0
[Y0]
MAPDbB3 #1 103411 120.45+ 0.8 33.11 £0.78
MAPDbBI3 #2 138.06 £ 0.7 162.98 + 0.4 32.67 +£0.37

9 The Pb and Br concentrations presented here are given per kg of MAPbBr3; SC. Only the most
common isotope was considered for quantification.
According to bulk composition, Pb-X stoichiometry is already close to 33.3 % for MAPbBTrs.
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Figure A 3-5-1. J-V sweeps performed for series 1 of MAPb(BrixClx)s SC devices forward
from 0 to -50 V mm’!, then from -50 to +50 V mm™!, and back to 0 V mm.
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6 Sensitivity measurements

8.0x107°

«
£ 6.0x107 -

m

Photocurrent (A

4.0x107°

2.0x107°

267

0.0

0.0

T

0.5

T

1.0

T

1.5

Time (s)

T

2.0

T

25

Figure A 3-6-1. Photocurrent generated under pulsed X-ray irradiation during 100 ms at 4 Hz
on MAPDb(Bro35Clo.15)3 SC device for sensitivity measurements.

Table A 3- 6-1. MAPDb(Bri«Clx)3; SC devices ut product values for electrons and holes extracted
from two-charge carriers Hecht fitting

Series 1 Series 2 Series 3 Series 4
Material ®
UeTe UnTh UeTe UnTh UeTe UnTh UeTe UnTh

[cm? V1 [em? V1] [em? V'] [em? V1] [em? V'] [em? V'] [em? V] [em? V]
MAPbBI; 9 %107 1 x10* 9 x 107 4 %107 9 x 107 1 x10* 1 x10° 2 x10*
MAPb(Bro.93Clo02)3 5x10% 6 x10% 9 x 107 5x10% 9 %108 4 %107 6 x 107 3 x10°
MAPb(Br.97Clo03)3 1 x10* 6 x10% 6 x 107 2 %10 2 %107 1 x10* 3 x10° 1.5x10*
MAPbB(Bro.92Clo 8)3 8 x 10 7 x 10 8 x 10 7 x 10 5x10% 3 x10° 1 x107 6 x10%
MAPb(Br 35Clo 15)3 9 x 107 3 x10° - - 1 x10* 5x10% 2.5x10* 8 x 10
MAPbDHCl; 9 x 107 4 %107 - - - - 9 %108 2 %107

% The x values given in the above chemical formulae is given by %Cleryst, determined using
Vegard’s law (VL) and the XRD data.
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Influence of crystal growth
environment and testing atmosphere

1 GDMS

Table A 4-1-1. Complete GDMS analytical results on MAPbBr3 SCs grown from both ambient
(AC) and inert (IC) conditions. Two samples per conditions were used. (1% part)

Element AC SC #1 AC SC #2 IC SC#1 IC SC#2
[ppm wt.] [ppm wt.] [ppm wt.] [ppm wt.]
Li <0.01 <0.01 <0.01 <0.01
Be <0.01 <0.01 <0.01 <0.01
B <0.01 0.03 <0.01 <0.01
C Matrix Matrix Matrix Matrix
N Matrix Matrix Matrix Matrix
O
F <0.5 <0.5 <0.5 <0.5
Na 0.43 0.37 <0.1 0.52
Mg <0.05 <0.05 <0.05 <0.05
Al 0.43 0.43 0.09 0.09
Si 0.10 0.16 0.11 0.11
P 0.19 1.0 0.08 0.74
S <0.05 0.06 <0.05 0.10
Cl 52 27 10 3.5
K 0.13 1.7 <0.1 2.7
Ca <0.5 <0.5 <0.5 <0.5
Sc <0.005 <0.005 <0.005 <0.005

Ti <0.01 <0.01 <0.01 <0.01
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Table A 4-1-2. Complete GDMS analytical results on MAPbBr3 SCs grown from both ambient
(AC) and inert (IC) conditions. Two samples per conditions were used. (2" part)

Element AC SC #1 AC SC #2 IC SC #1 IC SC#2
[ppm wt.] [ppm wt.] [ppm wt.] [ppm wt.]
\Y% <0.01 <0.01 <0.01 <0.01
Cr <0.3 <0.3 <0.3 <03
Mn <0.05 <0.05 <0.05 <0.05
Fe <0.1 <0.1 <0.1 <0.1
Co <0.01 <0.01 <0.01 <0.01
Ni <0.05 <0.05 <0.05 <0.05
Cu <0.05 <0.05 <0.05 <0.05
Zn <0.1 <0.1 <0.1 <0.1
Ga <0.5 <0.5 <0.5 <0.5
Ge <0.5 <0.5 <0.5 <0.5
As <0.5 <0.5 <0.5 <0.5
Se <5 <5 <5 <5
Br Matrix Matrix Matrix Matrix
Rb <0.5 <0.5 <0.5 <0.5
Sr <0.05 <0.05 <0.05 <0.05
Y <0.005 <0.005 <0.005 <0.005
Zr <0.05 <0.05 <0.05 <0.05
Nb <5 <5 <5 <5
Mo <5 <5 <5 <5
Ru <0.1 <0.1 <0.1 <0.1
Pd <0.1 <0.1 <0.1 <0.1
Ag <0.5 <0.5 <0.5 <0.5
Cd <0.5 <0.5 <0.5 <0.5
In <0.5 <0.5 <0.5 <0.5
Sn <0.5 <0.5 <0.5 <0.5
Sb <0.5 <0.5 <0.5 <0.5
Te <0.5 <0.5 <0.5 <0.5

I <0.5 <0.5 <0.5 <0.5
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Table A 4-1-3. Complete GDMS analytical results on MAPbBr3 SCs grown from both ambient
(ACQ) and inert (IC) conditions. Two samples per conditions were used. (3™ part)

Element AC SC #1 AC SC #2 IC SC #1 IC SC#2
[ppm wt.] [ppm wt.] [ppm wt.] [ppm wt.]

Cs <0.5 <0.5 <0.5 <0.5
Ba <0.5 <0.5 <0.5 <0.5
La <0.05 <0.05 <0.05 <0.05
Ce <0.05 <0.05 <0.05 <0.05
Pr <0.05 <0.05 <0.05 <0.05
Nd <0.05 <0.05 <0.05 <0.05
Sm <0.05 <0.05 <0.05 <0.05
Eu <0.05 <0.05 <0.05 <0.05
Gd <0.05 <0.05 <0.05 <0.05
Tb <0.05 <0.05 <0.05 <0.05
Dy <0.05 <0.05 <0.05 <0.05
Ho <0.05 <0.05 <0.05 <0.05
Er <0.05 <0.05 <0.05 <0.05
Tm <0.05 <0.05 <0.05 <0.05
Yb <0.05 <0.05 <0.05 <0.05
Lu <0.05 <0.05 <0.05 <0.05
Hf <0.5 <0.5 <0.5 <0.5
Ta Binder Binder Binder Binder
W <1 <1 <1 <1
Re <0.1 <0.1 <0.1 <0.1
Os <0.05 <0.05 <0.05 <0.05
Ir <0.05 <0.05 <0.05 <0.05
Pt <5 <5 <5 <5
Au Interference Interference Interference Interference
Hg <0.5 <0.5 <0.5 <0.5
Tl <0.5 <0.5 <0.5 <0.5
Pb Matrix Matrix Matrix Matrix

Bi <5 <5 <5 <5
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Table A 4-1-4. Complete GDMS analytical results on MAPbBr3 SCs grown from both ambient
(ACQ) and inert (IC) conditions. Two samples per conditions were used. (4" part)

Element AC SC #1 AC SC #2 IC SC #1 IC SC #2
[ppm wt.] [ppm wt.] [ppm wt.] [ppm wt.]
Th <0.05 <0.05 <0.05 <0.05
U <0.05 <0.05 <0.05 <0.05
2 ATR-FTIR
IR | Humidified MAPbBr,
1 —— Ambient condition
R | Inert condition
=

Transmittance (a.u.)

| : | —T y | T o — |
1000 1500 2000 2500 3000 3500
Wavenumber (cm™)
Figure A 4-2-1. ATR-FTIR transmittance data for evaluation of vibrational modes related to
water presence in ground SCs grown from both growth conditions and humidified MAPbBr3.

Spectrum goes from 550 to 3750 cm™!. For index description refer to Table A 4-2-1 and
Table A 4-2-2.
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Table A 4-2-1. Complete assignment of the different peaks measured in ATR-FTIR based on
the literature. Below are the wavenumbers of vibrational modes, corresponding to those
identified in various studies for similar materials or potentially present chemical species.

(1% part)

Wavenumber

Index [cm™] Peak assignment Material studied
1 917 CH;-NH;" rock viz MAPbBr; SC/PC V!
2 969 C-N stretch vs MAPbBr; SC/PC'!
3 1252 CH3-NH3" rock v MAPbBr; SC/PC !
4 1427 Asym. CH; bend, v1o MAPbBr; SC/PC !
5 1477 Sym. NH;" bend v; MAPbBr1; SC/PC !
6 1585 Asym. NH3" bend vo MAPbBr; SC/PC !
7 1852 Vs + V12 MAPbBr; SC/PC !
8 2156 Vi + o MAPbBr; SC/PC !
9 2392 Vs + V1o MAPbBr; SC/PC !
10 2501 2 X v MAPbBr; SC/PC !
11 2724 V3 + V11 MAPbBr; SC/PC !
12 2836 Vo + V11 MAPbBr; SC/PC !
13 2937 Sym. CHj stretch v, MAPbBr; SC/PC !
14 2966 Asym. CHj stretch vg MAPbBr; SC/PC !
15 3148 Sym. NHj stretch v, MAPbBr; SC/PC !
16 3194 Asym. NHj stretch v7 MAPbHBr; SC/PC !

9 PC = polycrystal (thin film).
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Table A 4-2-2. Complete assignment of the different peaks measured in ATR-FTIR based on
the literature. Below are the wavenumbers of vibrational modes, corresponding to those
identified in various studies for similar materials or potentially present chemical species.

(2" part)

Wavenumber

Index [cm™] Peak assignment Material studied
17 1350 C-OH in-plane bend ~ MAPb(I;.Bry); PC V2
18 3225 Intercalated H,O MAPb(I;Bry); PC 2
19 3400 v(OH) modes of C-OH  MAPb(I;.Bry); PC 2
20 ~ 3500 O-H signature MAPbI; PC??

21 592 §(OH) PbOHBr ”*
22 3505 v(OH) PbOHBr*

9 PC = polycrystal (thin film).
® PbOHBEr is synthesised in an aqueous solution containing KBr and lead (11) acetate.
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Figure A 4-3-1. XPS spectra of light organic elements for both (A) ambient and (B) inert crystal
growth conditions and for both SC surface and bulk analysis: (1) C 1s, (2) N 1s and (3) O 1s.
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Figure A 4-3-2. XPS spectra of heavy inorganic elements for both (A) ambient and (B) inert
crystal growth conditions and for both SC surface and bulk analysis: (1) Br 3p, (2) Br 3d and

(3) Pb 4f.
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Figure A 4-3-3. XPS deconvolution examples for quantitative measurements of (A) Pb and
(B) Br on MAPbBr; SCs. For Pb, 4f7, and associated 4fs, orbitals were deconvoluted for
quantification of different Pb-species present on the surface: perovskite lead PbP¥, metallic lead
PbY, and unknown Pb satellite. For Br, 3ds, and associated 3ds/, orbitals were deconvoluted for
quantification.
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4 TGA-MS
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Figure A 4-4-1. Complete TGA-MS data showing principal mass losses and associated
degradation products. Given the relative higher partial pressure for water, the rest of
degradation compounds are barely visible. The plot highlights the water contents related to the
experiments and not to MAPbBr3 SCs.
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5 Sensitivity and J-t measurements
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Figure A 4-5-1. Both uncorrected and corrected sensitivities as a function of the resulting
electric field for both set of crystals in inert conditions. The plots above consider the 4 SC
devices that were analysed in Ar atmosphere: 2 AC and 2 IC SC devices.
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Figure A 4-5-2. AC SCs Ar-to-air transition J-t measurements. (A) AC SC (1) and (B) (2)
J-t data, both at -10 V, with associated photocurrent under X-rays for sensitivity measurements
(blue squares). Two linear fits are performed corresponding to the segments where the SC
device is in Ar (red) and air (blue) atmospheres.
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Figure A 4-5-3. IC SCs Ar-to-air transition J-t measurements. (A) IC SC (1) and (B) (2)
J-t data at +10 V and -10 V, respectively, with associated photocurrent under X-rays for
sensitivity measurements (blue squares). Two linear fits are performed corresponding to the

segments where the SC device is in Ar (red) and air (blue) atmospheres.
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Post-treatments: thermal annealing
and chemical healing
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Figure A 5-1-1. Resistivity evolution as a function of the annealing temperature for both
reference and treated samples.
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2 S-V data
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Figure A 5-2-1. Reference sample (A) S-V data evolution as a function of the annealing
temperature. Reference samples were not annealed: legend used as comparative tool.
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Figure A 5-2-2. Reference sample (B) S-V data evolution as a function of the annealing
temperature. Reference samples were not annealed: legend used as comparative tool.
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Figure A 5-2-3. Annealed sample (C) S-V data evolution as a function of the annealing

temperature.
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Figure A 5-2-4. Annealed sample (D) S-V data evolution as a function of the annealing

temperature.
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Figure A 5-2-5. Annealed sample (E) S-V data evolution as a function of the annealing
temperature.
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Figure A 5-2-6. Annealed sample (F) S-V data evolution as a function of the annealing
temperature.
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Figure A 5-3-1. Bottom region EDX spectra additional measurement windows for bare
SC. (A) 600 um? (60 um x 10 pm) and (B) 3750 um? (150 um x 25 pum). The spectra are centred
in the Cl K, emission peak. In the legend, the header in black indicates the surface of the
segment used for the measurements. Depth values come in two colours: green for when a Cl
content was measured, and red for when it was not.
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Figure A 5-3-2. Top region EDX spectra. Spectra for (A) bare SC and (B) SC with Cr
electrodes. The spectra are centred in the Cl1 K, emission peak. In the legend, the header in black
indicates the surface of the segment used for the measurements. Depth values come in two
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Figure A 5-3-3. EDX spectra for bare SC in the lateral region. The spectra are centred in the
Cl K, emission peak. In the legend, the header in black indicates the surface of the segment
used for the measurements. Depth values come in two colours: green for when a Cl content was
measured, and red for when it was not.










Abstract

Hybrid lead halide perovskites have been studied during the last decade for the detection
of X-rays. In this work, MAPDbBr; has been chosen as sensing material for X-ray detection for
medical imaging. MAPbBr; shows good X-ray absorption, sufficient charge transport
properties, and simple solution growth. MAPbBr3 single crystals growth has been optimised.
The optoelectronic evaluation exhibited good sensitivity but large dark current. Three
approaches to improve the performance of MAPbBr3 are exposed. Firstly, chlorine was added,
leading to the improvement of charge carrier transport. Secondly, the importance of the growth
atmosphere and the beneficial doping that atmospheric water can have on the surface are
highlighted. Lastly, post-treatments healing point defects are introduced. The thesis emphasises

the potential of MAPbBr3; in medical X-ray imaging devices.

Résumé

Les pérovskites hybrides halogénées de plomb ont été étudiées au cours de la dernicre
décennie pour la détection des rayons X. Dans ce travail, MAPbBr3 a été choisi comme matériau
pour la détection des rayons X pour I’imagerie médicale. MAPbBr3 présente une bonne
absorption des rayons X, des propriétés de transport de charge suffisantes et une croissance en
solution simple. La croissance de monocristaux de MAPbBr3 a été optimisée. L'évaluation
optoélectronique a montré une bonne sensibilité, mais un courant d’obscurité élevé. Trois
approches pour améliorer les performances de MAPbBr3 sont exposés. D'abord, du chlore est
ajouté, améliorant le transport des porteurs de charge. Puis, I'importance de l'atmosphére de
croissance et du dopage bénéfique que 1'eau atmosphérique peut avoir a la surface sont mise en
évidence. Enfin, des post-traitements visant a réparer les défauts ponctuels sont introduits. La

thése met 'accent sur le potentiel de MAPbBr3 dans les imageurs médicaux de rayons X.



