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SUMMARY

Hybrid organieinorganic perovskites (HOIPs) are a class of materials characterized by the
structure ABX%, where A represents an organic or inorganic cation, B is a metal cation, and
X'is a halide anion. Known for their remarkable optoelectronic properties, such as a tunable
bandgap, high absorption coefficient, and defect tolerance, HOIPs have emerged as
promising materials for photovoltaic applications. Perovskite solar cells (PSCs) have
achieved impressive efficiencies, reaching a record of 25.6%, fdyitnesing spin coating

to depositmost of the layetsHowever, spin coating has limitations, including low
throughput, the use of toxic solventew quality films, and the presence of defects.
Thermal evaporation presents a potential solution to these challengesie blaick
comprehensive understanding of the growth mechanisms in evaporated HOIP films,

leading to lower efficienciesomparedo solution processes.

This dissertation aims to provide new understanding of Hidi growth via
thermal evaporation, focusing on controlling morphology, phase purity, stoichiometry,
structural defects, and crystallographic orientation. These parameters are critical for
optimal optoelectronic properties in PSCs, including the des@meddap, enhanced charge
carrier mobility, and reduced charge carrier recombination. This dissertation is divided into
two main research thrusts, each addressing key issues associated with the thermal
evaporation of HOIPs. The first thrust explores straedo control the phase purity of
methylammonium lead triiodide (MAP§)Ideposited by thermal esvaporation of lead
iodide (Pbt) and methylammonium iodide (MAI). This study reveals the crucial role of

the MAI evaporation rate in film stoichiometry and formation of secondary phases.

XX



Secondary phases are identified as a major obstacle in achievinggnighmance devices
through vapor deposition due to the impact on charge transport and recombination. The
second thrust investigates theeaaporation of formamidinium lead triiodideAPbls) by
replacing MAI for formamidinium iodide (FAI). In contrast to MAI, FAI exhibits a high
sticking coefficient, enabling better control over the process. This thrust provides a novel
way to grow pureubic(U-phas films without the need for substesheating or additional
posttreatments by delving into the intermolecular forces of the HOIP layer and the
substrate. The substrate is functionalized with phosphonic acids to induce the growth of
t h ephagk as result of a change in the energetics sfytem and increased sorption of

the organic cation into the thin film. Overall, this dissertation sheds light on the growth
mechanism of HOIPs via evaporatiaa control the morphology, phase puriand

stoichiometryof thin films that can be used forelfiabrication of PSCs.
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CHAPTER 1 INTRODUCTION

Climate change is a critical issue in the modern world due to its profound influence
on global weather patterns, sea levels, @mkystems, posing a significant threat to both
human societies and the natural environfi@nt/rgent action is necessary to mitigate its
impacts. For instance, the development of photovoltaic technologies holds importance as a
promising solution to accelerate the transition to clean and renewable energy sources. Solar
energy does not only haveegit potential to mitigate climate change, but it also offers a
transformative solution for communities currently lacking power grid atcép
harnessing the sun's energy through photovoltaic panels, these communities can generate
their own electricity locally, enabling essential services, even in remote or underserved
areas. This topic is particularly relevant in countries where largetoteas are
disconnected, and complex geography exacerbates the problem by increasing the cost of

expanding the power grid.

HOIPs constitute a family of materials with the ABs{ructure, where A represents
an organic or inorganic cation, B is a divalent metal cation, and X is a halide anion. These
HOIP materials exhibit exceptional optoelectronic properties, including a tunable bandgap,
high absorption coefficient, defect tadece, and high carrier mobility. When these
remarkable optoelectronic properties are coupled with the low cost of materials and
production associated with HOIPs, they emerge as a compelling choicenty xpedite

the transition to more environmentally sustainable energy sources.

Since their inception in 2009, PSCs have seen an improvement in power conversion

efficiency (PCE) from 3.8%to over 25% on a labcale'®, surpassing the performance of



polycrystalline silicon solar cells. Howevehe most efficient PSCs today are fabricated
via solution processingsingspin-coating® 4. While spin-coatingprovides advantages
during labscale fabrication for its low infrastructure cost, its scalability is a reason for
concern asthis techniquelacks control over film uniformity, stoichiometry, and

morphology'®, as well as for the use of toxic organic solvents/antisolVénts

To make PSC commercialization feasibtag use of solvedtee perovskite
deposition is a great choice to overcome these drawbacks. Specifipaity/skite
deposition by thermal evaporation provides a scalable method to enable more precise
control over the environment and growth rate of perovskite films, and to produee high
guality, pinholefree layers with great thickness contrdhermal evaporatiors used in
industry to deposit thin films osurface areas up to 32nMoreover,this technologyis
compatible with the existent processes in the photovoltaic and semiconductor industry.
Copper indium gallium selenid€€(GS) and cadmium telluride €dTée solar cellsrely
heavily on vapor depositiénFor instance, enabling the deposition of perovskites by

thermal evaporation can facilitate the transition from the old generation of photovoltaic.

Despite the great potential in thermal evaporation techniques for the fabrication of
PSC,the PCE of PSC compgd ofvapor deposited active layers renslielow 21% in
most of the recent studi€$’’. Moreover, it has only reached a maximum of (uncertified)
24.4%, when the perovskite layer is deposited in asi®p approach and the crystallinity
is improved with a thermal peannealing®. Although this signifies a great improvement
in the PCE of vapor deposited PSCs, tlagybehindtheir solutionprocessed counterparts
that have reacled 25.796% %5, Such differencen the PCEis attributed to the lack of

understanding of perovskite film formation via vapgaporationwhich limits the control



of the optoelectronic properties of the deposited lajerfurther complicate the process

the deposition rates of organic precursors of HOIPs are difficult to control with quartz
crystal microbalan&(QCMsY®, which are commonly used to control most evaporation
processesdue the low sticking coefficients on the gold plated quartz crystal and the
dependance of the sticking coefficient on factor such as impurities in the precursor

materids.
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Figure 1-1. Schematics of the aim of the dissertation

The goal of thisdissertationis to provide new understanding of the growth
mechanisms of HOIPs films via evaporation to control the morphology, phase purity,

stoichiometry, structural defects, and crystallographic orientat@mmtrolling these



characteristics is vital to obtain beneficial optoelectronic properties for PSCs such as
optimal bandgap, higher charge carrier mobility, and lower charge carrier
recombination. By providing new understanding of the growth mechanisms of HOIP
films, this dissertation aims to pave the way for commercial application of perovskite

photovoltaicsFigure1-1 shows a graphical representation of the aim of the dissertation.

This dissertation is structured into six chapt@fsapter Iserves as an introduction,
outlining the researchdds significance, bro
dissertationChapter aelves into the theoretical background, discussing HOIP materials,
their applications in photovoltaics, various deposition techniques, and thefssatan
evaporation of HOIP<Chapter 3s dedicated to detailing the experimental methods used

for the deposition of the materials and their characterization.

In Chapter 4 the focusis on elucidating thecontrol of the phase purity of the
MAPDI3 throughthermal ceevaporation of Phland MAI. It establishes the linksetween
secondaryphaseformationand the performance of PS@sghlighting one of the main
roadblocks to obtaining higperforming devices via vapor depositiddsing grazing
incident wideangle Xray scattering (GIWAXS) and -xay diffraction (XRD), the
formation of a secondary orthorhombic phase (with a Pnma space group) was identified at
MAI source temperatures belai®5 °G but higher temperatures bring the film toward a
phasepure tetragonal structuréhe presence of the orthorhombic phase was demonstrated
to be highly detrimental fahe transport of charges in the solar cell, significantly reducing
the short circuit current densitysg), which in turn, reduces the power conversion
efficiency of the devices. Appendix A contains additional figures, tables and extra details

related to this chapter.



Chapter 5investigates the deposition of FARhrough thermal evaporation,
providing insights into better control of the deposition conditions by substituting MAI with
FAI. Unlike MAI, FAI demonstrates a high sticking coefficient, facilitating the
measurement of the deposition rate with QCMs. Thaptdr provides a novel way to grow
pure cubic perovskite films without the need for substrate heating or additional post
treatments by utilizing phosphonic acids to functionalize the subdiratesity functional
theory (DFT) shows that phosphonic acids are critical for the formation of the cubic phase.
However, experimentally only some of the phosphonic acids form this structure, with most
phosphonic acids leading to the formation of partiablgexal phases. This chapter shows
that the Rligand of the phsphonic acid molecules plays a crucial role in facilitating the
migration of the phosphonic acid molecules, which is needed for a continuous increase in
the sorption rate of the organic precursor throughout the evaporation process. Appendix B
contains addional figures, tables and extra details related to this chapter. Likewise,
Appendix C presents additional experiments to unveil the importance ofltbarid on
st abi | i-ghaselpyondhihe migration of the molecules. This section ghaithe
R-ligand not only significantly influences the diffusivity, but it is also important in
determining the energetics of the system and therefore, in determining the crystalline

phase.

Finally, Chapter Gerves as the conclusion of this dissertation, offering an outlook
on the thermal evaporation of HOIRsleverages the knowledge acquired on secondary
phase formation from the dissertation and its potential influendetore research in this

field.



CHAPTER 2 BACKGROUND

This chapter delves into the theoretit@lindation of the dissertation, providing an
overview of HOIP materials, their applications in photovoltaics, and various deposition
techniques. Additionally, it elucidates the current stdtéhe art in the evaporation of
HOIPs, serving as the foundational knowledge for the research presented in this

dissertation.

2.1 Hybrid organic inorganic perovskites

In recent years, HOIPs have garnered substantial attention due to their optical and
electrical properties, which have found applications in diverse fields including
photovoltaics, lighemitting diodes, and soko-fuel energy conversion devicésWhat
sets HOIPs apart is not only their optical and electrical characterlsticalsothat they
are compatible withlow-temperature processing (typically below 200°C) and their
utilization of abundant elemers Earth.HOIPs are a family of materials with a structure
ABX3 where he A-site can consist of a metal or organic cation, often methylammonium
(MA™), formamidinium (FA), cesium (C9, or a combination thereof. Meanwhile, the B
site cation takes the form of a divalent metal cation, such agP&&dl or tin (Sr$*), or a
mixture thereof. X represents a halide anion, typically iodigldofiomide (BY), or chloride

(CI"), or a combination theredf

The perovskitecrystallinestructure is built upon a cubic array of corséaring
BXe octahedra, where the-gite cation, situated within the cuboctahedral cavities, plays a

crucial role in stabilizing the structifeln this structure,ite molecular ionic size of the



A-site cationrespect to the BXoctahedra plays an important rafe determining the
crystalline structure_ower size Asite cations can induce the formation of lower symmetry
structures such a tetragonal or orthorhombic as result of tilting of the octatlikdvase,
larger size Asite cation can destabilize the cubic structure, formingpesovskite phases,

or in some cases, Ruddleselropper structures, also known as 2D perovskites.

These distortions of the perovskite crystalline structure can be predicted by the
goldschmidt tolerance factor (tyhich useshe ionicradiusof the elements and molecules
involved(A, BandX) Compositions with 0.8 Ot O 1 ¢
structure at room temperature. On the other hand, if t > 1 or t < 0.8;ghe & too large
or too small, respectively, preventing the formation of the corner sharing octahedra

structureand making noiperovskite phases more stalfi@ure2-1 shows examples of-A

site cations and their respective tolerance factor.
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Figure 2-1. Perovskite structure and tolerance factor. A) Schematic ofpgrovskite structure
showing the corner sharing BXoctahedra. B) Definition of Goldschmidlt tolerance factor
and calculation of tolerance factors in APBjperovskites with a wide range of sizes of the A
Site catiort.

2.2 Perovskite solar cells



Theapplication of perovskite materials in solar cells began to gain attention in the
early 2010s when researchers identifteat certairHOIPsdemonstrated exceptional light
harvesting propertié$3L TheseHOIPs were used to replace the dye in-dgasitized solar
cells (DSSC) proving that theyould efficiently convert sunlight into electricity due to
their excellent semiconducting capabilities, high light absorpiationg carrier diffusion
lengthsMoreover, HOIP€ould be solutiofprocessed, allowing for relatively inexpensive

and scalable fabrication techniques, unlike traditional sitlzased solar cefi§

The development of perovskite solar cells has rapidly progressed since their
inception, primarily due to their remarkable efficiency improvements and the continuous
exploration of various perovskite compositions and engineering methods to enhance
stability, reproducibility, and performané®e While their commercialization faces
challenges related to stability, scaling up production, and-temg performance,
perovskite solar cells have garnered significant attention and investment within the
renewable energy sector due to their potentiabffer highly efficient, lowcost, and

versatile solar energy solutions.

Perovskite solar cells can be fabricated 4Rmor pi-n configurations depending
on the choice of charge transporting materials as showigime2-2. Both configurations
have a perovskite thin film in between an electron transporting layer (ETL) and a hole
transporting layer (HTL). The perovskite layer absorbs radiation in the form of light,
exciting an electron from the valence band into the conmlubind to form a holelectron
pair. This electrothole pair separates, and the charges move to their respective charge
transporting materials. The ETL blocks the hole from moving in the opposite direction,

while the HTL blocks the electrons, preventihg tecombination of the charges.
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Figure 2-2. Schematics of perovskite solar celldl) Crosssection of a ni-p PSC. B) Band
diagram of vi-p PSC. C) Crossection of a pi-n PSC. D) Band diagram ofjpn PSC.

2.3  Solution-based methods for depositing perovskites

The deposition of perovskites often occurs via soldfimtessing methods,
primarily accomplished through techniques like spiating. This approach involves
applying a solution comprisintipe precursor materials onto a substrate. As the substrate
spins, the solution uniformly spreads, leading to the formation of a consistent perovskite
film. Spin-coating stands out for its versatility and eeffectiveness, making it a popular
choice for research aimed at refining deposition parameters. Through extensiv
experimentation and optimization, spin coating has proven capable of producirg high
quality perovskite layers devoid of pinholes, displaying enhanced morphology and
crystallization. This method's adaptability and affordability have significantly coteédbu
to its use in achieving superior quality perovskite layers in laboratory séttrigsn fact,

most stateof-the-art PSCs are prepared via spin coatiigwever, spircoating presents



challenges when applied to largeeas, primarily due to the limitations in achieving

uniformity and consistency from the center to the edge of the subStratEhese

irregulariiescausdargeefficiency losgs when the device active area is increased, making

spin-coating less viable for industry applicatidhs
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Figure 2-3. Scalable solutiorbased deposition methods for PSCs. A) Blade coating, B) Slot
die coating, C) spray coating, D) Inject printing, E) Screen printiAg

Scalable solution deposition methods for perovskite growth have been extensively

studied. Various techniques, including blade coating;d®toating, meniscus coating,

spray coating, inkjet printing, and screen printing, have been employed for deptistin

perovskite layer in PSCs. Like spmoating, these methods are notable for their-cost

effectiveness and are wallited for integration with roflo-roll technologies, enabling

potential largescale productionFigure 2-3 illustrates the most relevant deposition

techniques utilized in this context.
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2.3.1 Blade coating

The bladecoating deposition method involves using a blade to evenly spread the
precursor solution ontsubstrates, creating thin, wet filnisigure2-3A). Factors such as
the precursor ink concentration, the distance between the blade and the substrate, and the
speed at which the blade traverses the substrate typically control the resulting film's
thickness. This method is adaptable for-toftoll setups where the blade remains fixed,
and flexible substrates move along a roller. Compared to spin coating, blade coating
significantly reduces ink wastage, particularly in continuous-toatbll deposition

processes

Research inthe useblade coatindgor perovskiteshas focused on improving film
guality and device efficiency through various parameters. Studies by Mallajosyula et al.
explored the impact of substrate temperature, solvent volume, and blade speed, achieving
a lab cell with an average 7.32% PCHRazza et al. introduced an air fl@ssisted blade
coating process for Phayers, leading to a twstep doctoblading process and achieving
PCEs of 10.4% and 4.3% for different module sieSolvent engineering and additive
strategiedave also beearucialin achieving wider precursgrocessing windows, rapid
grain growth, phaspurer films, and improved stability in bladeated perovskite
layers$®4% Understanding different regimes in blade coating, such as evaporation and
Landadti Levich regimes, Deng et al. demonstrated the thickness variation of perovskite
films and the importance of blading speed for practical applicdfioNstably, PCE of
PSCs manufactured using the bladating technique haveontinuously increased,

achievingPCEs surpassing0%*Y 43,

11



2.3.2 Slotdie coating

Slot-die coatingsimilarto blade coating, involves an ink reservoir with a thin slit
to apply ink onto a substrateigure2-3b). Although offering better ink flow control, stot
die coating often requires more ink to fill the reservoir and supply pipe, making it less
suitable for developing new ink chemistries. Consequently, it's been less explored,
resulting in lower PCEs compat to blade coating. However, sitie coating exhibits
improved yield and reproducibility for fully developed inks, showing promise for future
roll-to-roll applicationd. Variousstudies have focused on the complexities affecting the
quality of slotdie-coated films, including factors such as coating speed, flow rate, gap, and
viscosity, paving the way for further research in-gliet coating. Researchers have used
slot-die coatingtechniques for fabricating pinhefeee Pb} layers and perovskite layers,
integrating this approach into rdat-roll processes and optimizing the method for triple
mesoscopic structures, achieving notable PGEesel methods have beaémtroduced to
achieveuniform films up to 51 cn?. Despite its potential for scalability, challenges in
controlling film quality in slotdie-coated perovskite solar modules necessitate further
systematic research in fluid dynamics and-dietdesign Recent developments allow for
a record efficiency of 22.3%, by using inks based anezhoxy ethanol and optimizing

the viscosity of the solution by adding acetonitrile asavent®.

2.3.3 Spray coating

Spray coating is a method that involves spraying tiny liquid droplets of the
precursor onto a preheated substrate through a nozzle, suitable for depositing compact thin

films (Figure 2-3c). This technique is conducive to scalability and is widely used,
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particularly pneumatic spraying, which employs fast gas flow to generate droplets.
Researchers have applied spray coating for perovskite films on larger substrates, achieving
anotablyPCE of 15.5% in a 40 cm2 lab module by controlling the redissolution and crystal
grain growti®. To ensure higlguality perovskite films, strict control of droplet size,
uniformity, distance from the substrate, and substrate temperature is essential. Ultrasonic
spray coating, developed for smaller and maméorm droplets, has shown promite
produce higkguality largearea perovskite layets* Substrate temperature is also crucial,
impacting solvent evaporation rate and material redissolution, prompting studies on the
relationship between substrate temperature, evaporation rate, and solvent behaviour in
spray coatinff. Huang et al. optimized substrate temperature fos flbi fabrication,
considering its impact on the material's remaining components and subsequent conversion
proces&. PCE of PSCs involving the deposition of the perovskite layer by spray coating

have reached 19.4%

2.3.4 Inkjet printing

In inkjet printing, small amounts of ink are deposited directly onto substrates
through a nozzleHigure 2-3D), enabling precise patterningthout a maskand efficient
material use by controlling droplet size and trajectory. This method involves two main
techniques: continuous inkjet printing (CIP, based on surface tension) aroredemand
inkjet printing (DOD, using pressure pulses), with DOD favouoedt$ enhanced material

efficiency®.

The technique was first employed in 2014 for fabricating perovskite films,

achieving an 11.6% PCE in a 0.15 cm? area, validating its viability for PSC fabrtéation

13



Further studiegxplored the impacts of substrate temperature and additives on perovskite
film quality and device performanc&his research emphasized the significance of
wettability, ultimately resulting in better uniformity and larger perovskite grain sizes in
inkjet-printed films, resulting in elevated PCE3>° Notably, the implementation of a
novel solvent system achieved stable P@&sigh ad9.3%, indicating the capability of

inkjet printing for highperformance PSC fabricatith

2.3.5 Screen printing

Screen printing involves using a patterned mesh screen to hold and transfer ink onto
a substrate. This technique offers precise patterning with a lateral resolution of around 75
100 & m. A photosensitive pol ymer eimgu |l si on
unwanted areas while open holes hold the ink, which is spread across the screen by a
squeegee. The ink is then deposited onto the substrate, forming the desired Jaitern
techniqueistyi cal ly used for depositing thicker
for instance, it is more comply used for the deposition of charge transport layers such as

mesoporous scaffolds and carbon back electrodeS@s.

2.4  Thermal evaporation of perovskites

Vaporphase deposition techniques are prevalent in solar cell production. Methods
such as physical vapor deposition (PVD) for CIGS and CdTe and chemical vapor
deposition (CVD) for silicon doping are establisheBoth PVD and CVD have been
employed for depositing OIP. When deposited by PVD, the perovskite material (in single
source thermal evaporation) or their precursors (in thermalaporation) are directly

sublimated to form a thin film on the substrate. On the other hand, in CVD, a lead halide
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layer is converted into perovskite by the chemical reaction using organic halide vapors.
However, the application of these methods is constrained due to the need for sophisticated
vacuum equipment and longer processing times compared to sddased techniques,

which has hindered their progress in research and practical appfcation

2.4.1 Thermal evaporation of MAPHI

For the deposition of the widely studied MABPBI®, MAI is evaporated alongside
Pbk to form a crystalline film with homogeneous morphology. Experimentally, MAI
exhibits a low sticking coefficient to most of the surfaces, which complicates the
measurement of the deposition rate of this organic salt with traditional €&§CGivid likely
results in the formation of unreacted Piblthe filnP’. Studies on the evaporation of MAI
have linked the sticking coefficient of MAI to the gold surface of the QCM to the presence
of impurities in the materigl. The presence of impurities such as MR@; and
MAH PO, favors the formation of a MAI film on the QCM, but highly pure MAI cannot
attach, which impedes the control of the deposition rate. These impurities are residues of
the synthesis, and their concentration vary from one batch to another, making the QCM
unrdiable to control the deposition rate of MAI. Moreover, it was found that the
concentration of these impurities also varies during the evaporation, which complicates
even further the control of the proc&ssikewise, Kim et & showed that the absorption
rate of MAI also depends on the Pllleposition rate. The sticking coefficient of MAI
increases when this molecule interacts with,Plailgmenting the real deposition rate of

MAI on the substrate even if the apparent deposition rate at the QCM is constant.
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Some strategies to control the evaporation of MARD® based on the control of
the source temperature or chamber pressure to avoid the use of a QCM. Due to the volatility
of MAI, the pressure of the chamber increases considerably when increasing the
temperature of the source and remains constant whetertigerature is set. This way,
researchers assure reproducible conditions for the process and study how different
parameters influence the growth of MABBPL The temperature of the substrate plays a
significant role. The sticking coefficient of MAI increases at lower substrate temperatures,
allowing for a higher deposition rate of MAI, and the formation of a film with less amount
of unreacted Pbi?% Nonetheless, solar cells fabricated with lower substrate temperature
unexpectedly show even lower PCE than solar cells fabricated at room temp&?tature
Optimization of the MAPRlevaporation process, it has been possible to achieve solar cells
with a PCE of over 20% using stoichiometric fifh&. However, there is no clear
consensus in the reported PCE in the literature for devices fabricated with similar
condition§®, which suggests there are more factors that determine the growth of MAPDbI

by thermal ceevaporation.
2.4.2 Hybrid deposition of perovskites

Other strategies to deposit perovskites avoid thevaporation of the organic
cations and the lead halide (PhXEvaporated Pbxthin films have been transformed into
perovskite by spin coating a solution containing organic c&fiéhsHowever, solar cells
fabricated with these methods usually have even lower PCE (less than 18%) due to
problems such as low infiltration of the organic precursors into the compagtid3texs
fabricated by evaporation and low control on the stoichiometry of the final film. Moreover,

the incorporation of a solution process step in the fabrication of the perovskite layer
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undermines the benefits that thermal evaporation can bring to the PSCs field. For this
reason, twestep vacuum processes have also been used to fabricate perovskites. First, a
layer of PbX% is deposited on the substrate by evaporation, and then, the layer is converted
into perovskite by exposure to a vapor of the organic &&f@nHowever, similar to the
previous case, the control on the stoichiometry is low and the evaporatedayeiXis

difficult to infiltrate with the organic cation.

2.4.3 Thermal evaporation of inorganic perovskites

The organic cation in the HOIP structure can be replaced by inorganic elements.
Cs'is the most widely studied for solar cells. It offers greater thermal stability than organic
precursors such as MAand FA. However, due to the small atomic size;lfased HOIP
have a larger bandgap and the cubic structure is only stable at elevated temperatures.
Nonetheless, inorganic perovskites are of interest for solar cells and other applications. For
example, they canebeffectively used in tandem solar cells, whieket advantage of

materials with different bandgaps to minimize the energy losses by electron thermalization.

Contrary to MAI, Csl and CsBr exhibit a good sticking coefficient, and QCMs can
accurately control their deposition rate. This simplifies the deposition of EgBbl
perovskites by evaporating all the precursors concurrently, while having good control on
the stoichiometry of the film. For example, Ma et!dabricated CsPbIBrby co
evaporating Csl and PbBrThey obtained films with a bandgap of 2.05 eV that showed
high thermal stability. Likewise, Pintor et'afabricated CsPhlby the ceevaporation of
Csl and Phl The asdeposited CsPblfilm grown at room temperature had an

orthorhombic p e r-GsRbk), kwhithethers had two ttransitns (naer

17



anneal i ng. Th+sPbitosoriherhombiconoip ¢ m @wms bi C&Pbgp has e |
occurs at 150C, and th