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Summary

For centuries, society has relied on fossil fuels for development, leading to the problem of
global warming and significant environmental changes. To address these environmen-
tal issues, cleaner and more cost-effective energy productions are required. Solar energy,
harnessed through well-developed photovoltaic (PV) technology, offers a promising so-
lution. In the PV research field, perovskite (PVK)-based devices offer a feasible process-
ing and have exhibited a fast increase in efficiency. Despite advancements in both the
efficiency and stability of perovskite solar cells, there still is a long way to go towards in-
dustrialization due to the formation of pinholes during large area film deposition, non-
uniformity, and poor reproducibility. Thermal evaporation technology has shown po-
tential for the commercialization of perovskite solar cells, owing to its compatibility with
large areas and textured substrates. In this thesis, we focused on the sequential thermal
evaporation of perovskite. Through this approach, post-annealing and precursor mixing
processes were investigated. Additionally, crystal orientation was tuned by applying dif-
ferent intermediate annealing temperatures. The optimized process was then applied to
upscale both absorber films and cells from 0.09 cm2 to 1 cm2.

An introduction is provided in Chapter 1, briefly discussing PV technology, the prop-
erties of perovskite materials, thermally deposited perovskite films, and corresponding
devices.

Chapter 2 summarizes recent progress in large-area perovskite solar cells from three
main perspectives: material properties, fabrication technologies, and industrialization
challenges. Moreover, this chapter evaluates the latest advances in large-area per-
ovskite/silicon monolithic tandem devices, focusing on aspects such as efficiency, sta-
bility and optical design.

In Chapter 3, we propose an approach involving a single-cycle deposition (SCD) of
three thick layers of precursors to obtain high-quality Cs0.15FA0.85PbI2.85Br0.15 films. Af-
ter annealing, the optimized PVK film exhibits properties comparable to those deposited
by multi-cycle deposition in terms of crystal structure, in-depth uniformity, and opto-
electrical properties for 100-nm and 250-nm thick PVK films. The 250-nm thick SCD PVK
film demonstrates a half-intensity lifetime of approximately 650 ns with a carrier mobil-
ity close to 10 cm2V-1s-1. We also studied the precursor reaction during post-deposition
annealing, as well as the crystal structure and opto-electrical properties as a function
of different annealing times using Incidence X-Ray Diffraction and Time-Resolved Pho-
toluminescence. Our findings reveal that the structural and optical properties of these
SCD PVKs are asynchronous with electrical properties during annealing, and this phe-
nomenon is strongly influenced by film thickness due to precursor mixing and reacting.
Additionally, FAPbI3 was introduced to elucidate the role of CsBr in precursor mixing
during annealing. The presence of CsBr facilitates fast precursor reaction and PVK con-
version.

In Chapter 4, we manipulated the crystal orientation of 450 nm-thick
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Cs0.15FA0.85PbI2.85Br0.15 films, which were deposited with two cycles of sequential
thermal evaporation of the individual precursors. By applying different intermediate
annealing temperatures between the cycles, we achieved tunable crystal orientation
from a mixed (110)/(100) orientation to a complete (100) orientation. We link these
differences in crystal growth to the degree of conversion of the precursors in the first
layer. Our findings suggest that the level of conversion plays a critical role in directing
the orientation of the entire layer, due to the template guided crystal growth of PVKs.
Regarding the relationship between crystal orientation and opto-electronic properties,
we found that bulk properties such as charge carrier mobility, lifetime, and trap densities
are minimally affected. On the contrary, the (100) oriented layer exhibited lower trap
densities at the film surface compared to the mixed (110)/(100) sample. In addition,
Kelvin Probe Force Microscopy (KPFM) measurements revealed that the (100) oriented
layer had a more homogeneous local contact potential difference distribution than the
mixed orientation sample. These observations suggest that well oriented crystal growth
may enhance charge extraction at the device level.

In Chapter 5, based on multi-cycle sequential thermal evaporation, we systemati-
cally investigated the effects of annealing temperature on PVK properties in terms of
morphology, opto-electronic, and device performance. The grain size increases to al-
most 1 µm with carrier mobility exceeding 50 cm2/Vs when the annealing temperature
is enhanced to 170 ◦C. With the optimized annealing temperature, little PbCl2 is intro-
duced in the multi-cycle sequential deposition to improve the absorber crystallinity, as
evidenced by the XRD and PL. The resulting PSCs yield a PCE of 18.5% with a cell area
of 0.09 cm2. With the same deposition parameters, the cell area is scaled up to 0.36 cm2,
and 1 cm2, achieving the champion PCEs of 17.3% and 11%, respectively. Notably, there
is almost no drop in open circuit voltage drop as the cell area increases.

In conclusion, this thesis mainly focuses on the preparation of perovskite films and
solar cells via sequential thermal evaporation. Chapter 2 provides a literature review
summarizing recent progress in large-area perovskite solar cells, scalable top cells for
tandem devices, and industrialization challenges. Chapter 3 demonstrates comparable
crystal structural and opto-electrical properties of single-cycle deposited perovskite to
those deposited via multi-cycle deposition. Chapter 4 explores the manipulation of crys-
tal orientation in Cs0.15FA0.85PbI2.85Br0.15 films, demonstrating template-guided crystal
growth through thermal evaporation. Besides, this chapter also highlights that well ori-
ented crystal growth can enhance charge extraction at the device level. In Chapter 5, se-
quentially thermally deposited perovskites exhibit high cell efficiency and demonstrates
non-drop in open circuit voltage as the cell area increases. The large-area perovskite
films exhibit good uniformity with less than 10% thickness variation, highlighting the
potential application of this technology for the future commercialization of PSCs.



Samenvatting

Translated by Jasmine Apawti

Eeuwenlang heeft de samenleving vertrouwd op fossiele brandstoffen voor on-
twikkeling, wat heeft geleid tot de opwarming van de aarde en aanzienlijke milieu-
veranderingen. Om deze milieuproblemen aan te pakken, zijn schonere en kosten-
effectievere energieproductiemethoden vereist. Zonne-energie, benut door goed on-
twikkelde fotovoltaïsche (PV) technologie, biedt een veelbelovende oplossing. In het
PV-onderzoeksveld bieden perovskiet-gebaseerde apparaten een haalbare verwerking
en vertonen zij een snelle toename in efficiëntie. Ondanks de vooruitgang in zowel
de efficiëntie als de stabiliteit van perovskiet zonnecellen, is er nog een lange weg te
gaan richting industrialisatie vanwege de vorming van pinholes tijdens de depositie
van grote filmoppervlakken, niet-uniformiteit en problemen met slechte reproduceer-
baarheid. Thermische evaporatietechnologie heeft potentie getoond voor de com-
mercialisering van perovskiet zonnecellen, dankzij de compatibiliteit met grote opper-
vlakken en getextureerde substraten. In dit proefschrift richten we ons op de sequentiële
thermische evaporatie van perovskiet. Via deze benadering werden nabehandelings- en
precursor-mengprocessen onderzocht. Bovendien werd de kristaloriëntatie afgestemd
door het toepassen van verschillende tussentijdse annealing-temperaturen. Het geopti-
maliseerde proces werd vervolgens toegepast om zowel absorberende films als cellen op
te schalen van 0.09 cm2 tot 1 cm2. In hoofdstuk 1 wordt een inleiding gegeven waarin
kort fotovoltaïsche (PV) technologie, de eigenschappen van perovskiet materialen, ther-
misch gedeponeerde perovskiet lagen, en bijbehorende apparaten worden besproken.
Hoofdstuk 2 vat recente vooruitgang samen in grootschalige perovskiet zonnecellen
(PSCs) vanuit drie hoofdperspectieven: materiaaleigenschappen, fabricagetechnolo-
gieën, en uitdagingen bij de industrialisatie. Bovendien evalueert dit hoofdstuk de
laatste ontwikkelingen in grootschalige perovskiet/silicium monolithische tandemap-
paraten, met een focus op aspecten zoals efficiëntie, stabiliteit, en optisch ontwerp.
In hoofdstuk 3 stellen we een aanpak voor waarbij gebruik wordt gemaakt van een
enkelvoudige cyclus depositie (SCD) van drie dikke precursorlagen om hoogwaardige
Cs0.15FA0.85PbI2.85Br0.15 films te verkrijgen. Na annealing vertoont de geoptimaliseerde
PVK laageigenschappen die vergelijkbaar zijn met die van lagen gedeponeerd via multi-
cycle depositie, wat betreft kristalstructuur, dieptegelijkmatigheid en opto-elektrische
eigenschappen voor PVK films van 100 nm en 250 nm dikte. De 250 nm dikke SCD PVK
lagen vertoont een half-intensiteit levensduur van ongeveer 650 ns met een ladingsmo-
biliteit van buna 10 cm2V-1s-1. We hebben ook de reactie van de precursor bestudeerd
tijdens post-depositie annealing, evenals de kristalstructuur en opto-elektrische eigen-
schappen als functie van verschillende annealing tijden met behulp van Röntgen diffrac-
tie onder invallende straling (Incidence X-Ray Diffraction) en tijd-afhankelijh fotolumi-
nescentie (Time-Resolved Photoluminescence). Onze bevindingen tonen aan dat de
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structurele en optische eigenschappen van deze SCD PVK’s asynchroon zijn met elek-
trische eigenschappen tijdens het annealingproces, en dat dit fenomeen sterk wordt
beïnvloed door de filmdikte als gevolg van precursor menging en reactie. Bovendien
werd FAPbI3 geïntroduceerd om de rol van CsBr in precursor menging tijdens het an-
nealing proces te verduidelijken. De aanwezigheid van CsBr vergemakkelijkt een snelle
precursorreactie en PVK omzetting. In hoofdstuk 4 hebben we de kristaloriëntatie van
450 nm dikte Cs0.15FA0.85PbI2.85Br0.15 gemanipuleerd. Deze lagen zijn gedeponeerd met
twee cycli van sequentiële thermische verdamping van de individuele precursors. Door
verschillende tussentijdse annealing temperaturen toe te passen tussen de cycli, hebben
we een verstelbare kristaloriëntatie bereikt van een gemengde (110)/(100) oriëntatie
naar een volledige (100) oriëntatie. We brengen deze verschillen in kristalgroei in ver-
band met de mate van omzetting van de precursors in de eerste laag. Onze bevindingen
suggereren dat de mate van omzetting een cruciale rol speelt bij het sturen van de oriën-
tatie van de gehele laag, vanwege de sjabloon-geleide kristalgroei van PVKs. Wat be-
treft de relatie tussen kristaloriëntatie en opto-elektronische eigenschappen, hebben we
gevonden dat bulk eigenschappen zoals ladingsdrager mobiliteit, levensduur en vangst
dichtheden minimaal worden beïnvloed. Daarentegen vertoonde de (100) georiën-
teerde laag lagere vangst dichtheden aan het oppervlak van de laag in vergelijking met
het gemengde (110)/(100) monster. Bovendien onthulden metingen met Kelvin Probe
Force Microscopy (KPFM) dat de (100) georiënteerde laag een meer homogene verdel-
ing van het lokale contact potentiaalverschil had dan het monster met gemengde oriën-
tatie. Deze waarnemingen suggereren dat sterk georiënteerde kristalgroei de lading-
sextractie op apparaar niveau kan verbeteren. In hoofdstuk 5 hebben we op basis van
multi-cycle sequentiële thermische verdamping systematisch de effecten van anneal-
ingstemperatuur onderzocht op de eigenschappen van perovskiet in termen van mor-
fologie, opto-elektronische kenmerken en apparaatprestaties. De korrelgrootte neemt
toe tot bijna 1 µm, met een ladingsmobiliteit van meer dan 50 cm2/Vs wanneer de an-
nealingstemperatuur wordt verhoogd tot 170 ◦C. Met de geoptimaliseerde annealing-
stemperatuur wordt een kleine hoeveelheid PbCl2 geïntroduceerd tijdens de multi-cycle
sequentiële depositie om de kristalliniteit van de absorber te verbeteren, zoals aange-
toond door XRD en PL metingen. De resulterende perovskiete zonnecellen behalen
een efficientie van 18.5% met een celoppervlakte van 0.09 cm2. Met dezelfde deposi-
tieparameters wordt het celoppervlak vergroot tot 0.36 cm2 en 1 cm2, waarbij respec-
tievelijk topprestaties van 17.3% en 15% efficientie worden bereikt. Opmerkelijk is dat
er bijna geen daling van de open-klemspanning optreedt naarmate het celoppervlak
toeneemt. In conclusie richt dit proefschrift zich voornamelijk op de voorbereiding
van perovskiet lagen en zonnecellen via sequentiële thermische verdamping. Hoofd-
stuk 2 biedt een literatuuroverzicht dat recente vooruitgang samenvat in grootschalige
perovskiet zonnecellen, schaalbare topcellen voor tandemapparaten, en uitdagingen bij
de industrialisatie. Hoofdstuk 3 toont vergelijkbare kristalstructuur en opto-elektrische
eigenschappen van perovskiet gedeponeerd in één cyclus ten opzichte van die gede-
poneerd via meercyclische depositie. Hoofdstuk 4 onderzoekt de manipulatie van de
kristaloriëntatie in Cs0.15FA0.85PbI2.85Br0.15 lagen, waarbij sjabloon-geleide kristalgroei
door thermische verdamping wordt gedemonstreerd. Bovendien benadrukt dit hoofd-
stuk dat sterk georiënteerde kristalgroei de ladingsextractie op het apparaatniveau kan



Samenvatting xiii

verbeteren. In Hoofdstuk 5 vertonen sequentieel thermisch gedeponeerde perovski-
eten hoge cel efficiëntie en vertonen geen daling in open-klemspanning bij toenemend
celoppervlak. De grootschalige perovskiet lagen vertonen goede uniformiteit met min-
der dan 10% variatie in dikte, wat de potentie van deze technologie onderstreept voor
toekomstige commercialisatie van perovskiete zonnecellen.
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1
Introduction

1.1. Climate change and renewable energy
Fossil fuels - including coal, oil, and natural gas - have served as the predominant cata-
lysts of contemporary global climate change, contributing to over 75% of global green-
house gas emissions and accounting for nearly 90% of all carbon dioxide emissions
[1, 2]. These emissions form a layer of so-called greenhouse gases in the Earth’s atmo-
sphere, which act as a thermal blanket, trapping solar radiation and resulting in the phe-
nomenon of global warming and subsequent climate alterations. The current pace of
global warming surpasses any historical precedent. In October 2018, the Intergovern-
mental Panel on Climate Change (IPCC) published its Special Report on Global Warm-
ing, as shown in Figure 1.1 [3]. Over time, this increase of temperature contributes to
climate change altering weather patterns and disrupting the Earth’s natural equilibrium.
This effect poses numerous risks to both humanity and all other forms of life on Earth.
Therefore, the development of a clean and sustainable energy system is the greatest chal-
lenges humanity faces today.

To tackle climate change, various renewable energy technologies are currently under
development, among them the top three are: wind, hydro and solar energy. Solar energy
is particularly interesting due to its inexhaustible and ubiquitous nature. Solar energy
is available virtually everywhere on Earth, typically offering around 1000 W/m2 on the
Earth’s surface and 1367 W/m2 in space for satellite applications [4, 5]. Solar energy
has therefore an enormous potential and will largely contribute to our electrified and
sustainable future society.

1.2. Photovoltaic technology
Photovoltaic (PV) devices convert solar irradation into electrical power. This process is
achieved in two steps: 1) The radiation from the sun is absorbed in the so-called absorber
material, populations of electrons and holes; 2) These photo-generated electrons and
holes are separated and selectively transported to their respective electrodes.

1
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2 1. Introduction

Figure 1.1: Aiming to limit temperature increase to 1.5 ◦C [3]

1.2.1. Evolution of solar cells

As the first-generation PV technology, the wafer-based crystalline silicon (c-Si) solar cells
have been dominating the PV industry with more than 90% of the market share [6]. c-
Si solar cell exhibits high stability and long-term reliability in commercial applications.
With continuous improvement in silicon PV technology, a remarkable reduction in man-
ufacturing cost has been realized, making c-Si solar cells increasingly favorable for large-
scale utilization. However, c-Si solar cells are currently reaching their fundamental effi-
ciency limit and are experiencing a relatively slow efficiency increment [7]. According to
the Shockley-Queisser (SQ) detailed-balanced model, a maximum achievable efficiency
limit of 29.4% can be extracted from a single-junction c-Si solar cell [8]. Currently, the
record laboratory-scale efficiency for a c-Si solar cell is 26.7% [9], as shown in Figure
1.2. The second generation of solar cells is based on thin-film technology. Similar to
the first generation of PV technologies, thin-film solar cells are also based on a single
junction and therefore they obey the SQ limit. Aiming at lower manufacturing costs
and simpler production processes [10], the second-generation technologies are devel-
oped, including amorphous-Si (a-Si), CuIn(Ga)Se2 (CIGS), Cadmium Telluride (CdTe) or
polycrystalline-Si (poly-Si) [11–13]. However, compared to c-Si solar cells, these cells
have relatively lower power conversion efficiency (PCE). The emerging PV is referring
to PV technologies that are at the precommercial stage and are aiming to overcome the
SQ limit [14]. The emerging PV technology is covering a range from technologies under
demonstration, such as multi-junction PV, to novel PV technologies that still require ba-
sic research and development investigations. The novel technologies provide innovative
techniques and materials to achieve absorber materials with tunable bandgap and other
opto-electronic properties. Some of the emerging technologies are dye-sensitized cells,
quantum dot cells, organic cells and organic-inorganic hybrid perovskite cells [15–19].
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Figure 1.2: Best solar solar cells conversion efficiency evolution chart from NREL by 08/2024 [20].

1.2.2. Perovskite materials and solar cells
Perovskite (PVK) has ABX3 structure, A is a monovalent cation, B is a bivalent cation, and
X is an anion. The commonly used A-site cations are methylammonium, formamidium,
or caesium; lead and tin are generally in the B-site; while the X-site is mostly occupied by
halides, as shown in Figure 1.3. Methylammonium lead iodide (MAPbI3) was the first re-
ported metal halide PVK to be successfully used as the absorber in a photovoltaic device.
Perovskites’ bandgap can be manipulated from 1.4 eV to 2.3 eV by changing the halide
or the monovalent cation [21, 22]. Because of the tunable bandgap of the perovskite, it
enables the relatively straightforward tandem solar cells, such as PVK/c-Si tandem solar
cells or all-PVK tandem solar cells. In addition to the tunable bandgap, PVK material ex-
hibits many other favorable properties for applications in opto-electronics, for example,
high optical absorption coefficient at UV-vis wavelength range (≈ 105 cm-1) [23], bal-
anced electron/hole mobility and long diffusion length (above 1 µm) [24]. These proper-
ties allow efficient harvest of the incident light and charge transport with limited recom-
bination. In a working PVK solar cell (PSC), the photo-generated carriers are extracted
from the absorber to transporting layers and then collected by the electrodes, as illus-
trated in Figure 1.3. Therefore, to minimize the energy loss during charge transfer, less
traps and band energy alignment are very important. However, as in many types of solar
cells, the loss of photo-generated charges due to non-radiative recombination prevents
PSCs from approaching their theoretical limits [25, 26]. The very first report of PSCs was
demonstrated by Kojima and co-workers in 2009 [27]. They introduced MAPbI3 as sen-
sitizers in liquid-electrolyte-based dye-sensitized solar cells and achieved a PCE of 3.8
% [27]. However, they reported rapid performance degradation hydrolysis of MAPbI3.
That extreme instability problem was not improved until 2012, when the first solid-state
PSCs appeared [28]. By replacing the liquid electrolyte by the solid state, p-type hole
conductor spiro-MeOTAD, previously used in solid-state dye sensitized solar cells [29],
a PCE of 10.9% was achieved. At the time, mesoporous TiO2 was used as a n-type layer,
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spiro-MeOTAD as a p-type layer, and MAPbI3 as the absorber. Since then, a great num-
ber of researchers started working in this field and various developments were demon-
strated [30–36]. Different PVK materials and device structures are introduced to further
improve the device performance via composition engineering [37–39], interfacial engi-
neering [40, 41], solvent engineering [42–44]. To date, the common device structures are
either conventional (n-i-p) including both mesoporous and planar architectures or in-
verted (p-i-n) planar configurations. From material perspective, bandgap energies for
different transporting layers are studied [19, 45–48]. To date, the highest recorded PCEs
for single junction PSCs have achieved 26.1% [49] in conventional n-i-p structures and
24.6% [50] with an inverted p-i-n configuration. Although PSCs with p-i-n structures cur-
rently demonstrate lower performance compared to regular n-i-p structures, they exhibit
enhanced stability which is related to the undoped hole transport layers [51]. In only two
decades, the PCE demonstrated a rapid increase from 3.8% to above 26%, motivating the
industrialization of PSCs. Therefore, the research direction of the PSCs community is
now mainly focused on 1) Up-scaling, 2) Improving of PCE in both single-junction and
multi-junction devices, and 3) Stability [51]. The recent development and challenges of
PSCs are discussed in detail in Chapter 2.

Figure 1.3: Crystal structure of PVK [52] and the energy band diagram of a typical PSC.
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1.2.3. Thermally evaporated perovskite for device preparation
The deposition of PVK can be performed using several methods such as solution, vac-
uum, or hybrid, as described in Chapter 2. As one of the vacuum-based deposition,
thermal evaporation of PVK shows potential application for scaling up and compati-
bility with textured substrate, such as textured c-Si solar cells for tandem applications.
Since 2013, Liu firstly applied thermal evaporation of PVK absorber to realize 16% of
PCE [53], the thermal deposition approach attracts much attention. Vacuum deposition
techniques are classified into co-evaporation and sequential evaporation depending on
different deposition process, as shown in Figure 1.4.

Figure 1.4: Schematic of PVK deposition methods based on thermal evaporation.

In co-evaporation, the organic and inorganic halides are simultaneously thermally
sublimed under high vacuum. To obtain multi-cation and/or multi-halide perovskite
films, multiple sources are introduced during deposition, making the process more com-
plicated. Bolink’s group at University of Valencia firstly reported the multiple thermal
evaporation using 3 and 4 sources to form wide-bandgap PVK films and yielding stable
and high PCE devices [54–58]. While in the sequential deposition, the precursors are
deposited one after the other. By controlling the thickness of each precursor, PVK films
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with target composition and thickness are obtained. Differently from co-evaporation, in
sequential deposition most of the PVK is converted during a post-annealing treatment.
In this thesis, sequential vacuum deposition will be employed in all experiments, and
the details of each process will be discussed in the corresponding chapters.

1.3. Aim and outline of this thesis
This thesis aims at understanding and developing vacuum deposited PVK films and cor-
responding PSCs preparation. Firstly, the development of PVK films via thermal evap-
oration following the sequential layer approach is explored. Then, optimized PVK films
are tested in HTL/PVK/ETL-based PSCs because of further tandem application in the
future. Develop PVK films with thermal deposition approach, apply the film for PSCs
preparation, and scale up to 1 cm2 of cells area. This thesis is outlined in the following
way.

Chapter 1. Introduction. This chapter gives a general introduction to the require-
ment of renewable energy, evolution of PV technologies and PSCs. Besides, the develop-
ment and challenges of thermally deposited PSCs are introduced.

Chapter 2. Progress and Challenges on Scaling-up of Perovskite Solar Cell Tech-
nology. This chapter focuses on reviewing the challenges and progresses related to scal-
ing up of large area PSCs, which includes an overview of the most widely utilized depo-
sition approaches and their comparison. Finally, this chapter addresses the very current
topic of developing of PSCs towards their commercialization.

Chapter 3. Crystallization Process for High-Quality Cs0.15FA0.85PbI2.85Br0.15 Film
Deposited via Simplified Sequential Vacuum Evaporation. This chapter proposes a
simplified approach to deposit PVK material consisting of a single-cycle deposition
(SCD) of three thick layers of precursors to obtain high-quality Cs0.15FA0.85PbI2.85Br0.15

films. The role of post-deposition annealing on the opto-electronic properties of the PVK
absorber is investigated and optimized to minimize the number of subsequent cycle to
obtain high quality material. Furthermore, we discuss the role of CsBr in the PVK for-
mation during the post-deposition annealing and propose a conversion mechanism to
explain our findings. Besides, the formation and evolution of SCD PVK during annealing
are investigated.

Chapter 4. Vacuum Deposited Perovskites with a Controllable Crystal Orienta-
tion. This chapter uses different intermediate annealing temperatures (Ti nter ) between
two sequential evaporation cycles to control the Cs0.15FA0.85PbI2.85Br0.15 orientation of
the final PVK layer. XRD and 2D-XRD measurements reveal that when using no Ti nter ,
primarily the (110) orientation is obtained, while when using Ti nter = 100 ◦C a nearly
isotropic orientation is found. Most interestingly for Ti nter > 130 ◦C, a highly oriented
PVK (100) is formed. We found that although bulk electronic properties like photocon-
ductivity are independent from the preferential orientation, surface related properties
differ substantially for samples with different crystal orientation.

Chapter 5. Scalable Perovskites for Perovskite Solar Cells via Simplified Sequen-
tial Vacuum Deposition. This chapter discusses the sequentially deposited PVKs and
corresponding device preparation. We systematically investigated the effects of anneal-
ing temperature on PVK properties in terms of morphology, opto-electronic, and device
performance. The grain size increases to almost 1 µm with carrier mobility more than
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50 cm2/Vs when the annealing temperature is enhanced to 170 ◦C. With the optimized
annealing temperature, a trace of PbCl2 is introduced in the sequential deposition to
improve the absorber crystallinity, as evidenced by the XRD and PL. The resulting PSCs
yield a PCE of 18.5% with a cell area of 0.09 cm2. With the same deposition parameters,
the cell area is scaled up to 0.36 cm2, and 1 cm2, achieving the champion PCEs of 17.3%
and 11.6%, respectively.

Chapter 6. Conclusions and outlook. This chapter summarizes the key results of
this thesis and gives an outlook about future research on high performance evaporated
PVK development, deployment into PSCs, and the potential application in tandem solar
cells.

1.4. Main contribution to the field
This work contributes to the advancement of research and development of thermally
evaporated PVK materials and the implementation of sequentially deposited PVK in so-
lar cells, aiming at application of thermally evaporated PVK for PSCs preparation and
scaling up to 1 cm2 cell area. Several aspects are addressed below:

1. Review about the progress and challenges on scaling up of evaporated per-
ovskite solar cell technology. This review summarizes most relevant recent progress
in large-scale PSCs and focuses on the challenges for commercialization of PSCs. In the
review, different scalable deposition methods of every PSCs layers (charge transporting
layers, absorbing layer, electrode, and encapsulation) are discussed based on different
materials. Besides, the advances of large area PVK/c-Si monolithic tandem devices are
systematically reviewed.

2. Simplified sequential vacuum evaporation approach for PVKs. We demon-
strated a simple sequential evaporation technique to prepare high-quality PVK films
based on multi-source deposition. Besides, we found that the presence of cesium bro-
mide can assist the precursor mixing during annealing of the sequentially deposited film,
which is beneficial to the fast precursor reaction and PVK conversion.

3. Manipulation of the orientation growth of thermally deposited PVKs. Manipu-
lating the preferential orientation of the PVK crystal growth in layers prepared by thermal
evaporation has hardly been addressed in literature, due to lacking solvent and additives.
We propose an intermediate post-annealing approach between two subsequent stacks
of the sequential evaporation to manipulate the crystal orientation ranging from primar-
ily (110) to near isotropic to predominantly (100). Besides, our finding suggests that the
variation of crystal orientation shows no effects on the bulk opto-electrical properties
for the thermally evaporated Cs0.15FA0.85PbI2.85Br0.15.

4. Scalable PVKs and PSCs via simplified sequential vacuum evaporation. Most
of the literature reported thermally deposited PSCs are based on co-evaporation ap-
proaches. We applied the simplified sequential vacuum deposition approach mentioned
in Chapter 3 and Chapter 4 into device preparation. With optimized post-annealing tem-
perature and the introduction of PbCl2, the solar cell shows a maximum power conver-
sion efficiency of 18.5% with Voc and FF equal to 1.01 V and 78.5%, respectively, for de-
vice area of 0.09 cm2. Building on these optimized parameters, we scaled the device size
up from 0.09 cm2 to 0.36 cm2 and 1 cm2, showing almost unaffected open circuit voltage
of above 1 V despite the increase in cell area. These results show the possibility of this
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technology to scale the device area up to 1 cm2 and further application as the top cell in
tandem devices.



2
Progress and challenges on

scaling up of perovskite solar cell
technology

This chapter was published in Sustainable Energy & Fuels *

Abstract

Since the first application of a metal halide perovskite (PVK) absorber in a solar cell,
these materials have drawn a great deal of attention in the photovoltaic (PV) commu-
nity, showing exceptional rapid progress in power conversion efficiency. The potential
advantages of low-cost, high efficiency, easy processability, and wide range of applica-
tions make PVK solar cells (PSCs) a desirable candidate for future uptake in the PV mar-
ket over traditional semiconductors such as silicon. Furthermore, PVK thin-film tech-
nology holds a concrete potential to closely approach the theoretical efficiency limit for
single-junction solar cells via unique control of the opto-electronic properties. However,
for a disruptive breakthrough of PVK technology from fundamental research to industry,
systematic research efforts are required to unravel the poor long-term stability and to
reach a reliable large area fabrication process. In this review, we examine in detail recent
progress on large-scale PSCs and we discuss challenges for commercialization touching
upon the following aspects: material properties, fabrication technology, and industrial-
ization challenges. Besides, the long-term stability and efficiency of large-area PSCs as
well as PVK-based two-terminal tandem devices are discussed. In addition, strategies
for PSC upscaling are further studied for scalable deposition technologies.

*This chapter is based on the following publication: J. Yan, T. J. Savenije, L. Mazzarella, O. Isabella, Progress
and challenges on scaling up of perovskite solar cell technology, Sustainable Energy Fuels, 2022,6, 243-266
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2.1. Introduction
Photovoltaic (PV) technology converts solar energy into electricity. Over the last seventy
years, many different absorber materials and device architectures have been developed
resulting in high power conversion efficiencies (PCEs). Among them, crystalline silicon
(c-Si) and so-called III-V solar cells have demonstrated high efficiencies and a mature
level of development. Currently, c-Si solar cells dominate more than 90% of the PV mar-
ket share because of cheap raw materials, long stability, and well-established technol-
ogy. However, the limitation of c-Si PV is the complex fabrication process as well as high
requirements for wafer quality, which increase the fabrication cost and hinder further
commercialization of high-efficiency architectures [59, 60]. The promise of emerging
thin-film PV technology is to cost-effectively fabricate high-quality semiconductor ma-
terials by simpler deposition processes and reducing the amount of material used. Over
the last decade, organic-inorganic metal halide PVK has attracted much attention in the
PV research community, after Kojima et al. [27] discovered in 2009 the ability of PVK to
convert the energy carried by sunlight into electricity. The reasons behind the success
of PVK can be ascribed to its exceptional electrical properties with direct bandgap and
high absorption coefficient, long carrier diffusion length, tuneable bandgap by compo-
sitional engineering, and simplified deposition process. With these outstanding prop-
erties, PSCs have been developed rapidly, demonstrating in only a decade, albeit on a
sensibly smaller device area, PCEs approaching those recorded by solar cells based on
c-Si [61].

However, compared to c-Si, PVK technology still has two main drawbacks namely
device stability and device upscaling. These two factors directly determine the steps
toward commercialization. Pinholes and defects existing in thin films have a negative
impact on photoelectric properties [62, 63] and their influence becomes more severe for
an effective lab-to-fab transition [30]. To address this problem, various scalable depo-
sition strategies are employed for each layer of the PSC to obtain high-quality films and
excellent device properties. Challenges in device stability, as well as cost are all crucial
topics of relevance for the PV industry.

In fact, PVKs suffer from different degradation pathways related to temperature
[64, 65], humidity [66, 67], composition [68], and light [69, 70]. This leads to decompo-
sition of the material and decrease of performance as time goes on. Several approaches
[71–74] have been explored to prevent this reduction in performance. Recently, PVK
degradation mechanisms have been reported [75] and different materials are tested to
replace less stable systems [76] Up to now, large-scale (100 cm2) PSCs show promising
stabilities [77, 78]. Nevertheless, there is still a long way towards commercialization, es-
pecially compared with c-Si PV. An approach to control degradation deals with tailoring
the nature of the PVK lattice by using various cations [79] and halide anions [80, 81].
Other strategies comprise functionalizing the PVK material to improve stability [82].

Although there are numerous challenges, the progress of PSCs towards commercial-
ization is unprecedented in the PV community. Many technologies are demonstrated
to be suitable for scalable film deposition, which can produce each layer of PSC with
high film quality. With the application of various strategies, such as precursor engineer-
ing and interfacial engineering, the efficiency for large area devices has been largely im-
proved. PSCs with an active area of more than 57 cm2 have been fabricated with a certi-
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fied PCE of 14.6% [83].

Besides, PVK is also employed as at least one of the absorbers in double and triple-
junction solar cells fully based on PVK PV technology [84–86] or in combination with
c-Si PV technology. For their promising PCEs, the PVK-based tandem solar cells pro-
vide a valuable economic approach to break through the Shockley and Queisser (SQ)
limit [87] for single-junction devices. Currently, the world record PCE for PVK/c-Si tan-
dem solar cell has achieved 34.6% [88]. Apart from efficiency, long-term stability has
also been improved in the last years with the introduction of inorganic cations, such as
cesium (Cs). Nowadays, large-area devices are reported to work consistently for 1000 h
under the condition of 25 ◦C and 85% humidity with an area of 25 cm2 [89]. With further
development of encapsulation technology and device optimization, the device stability
aims at fulfilling the test requirements for commercialization in near future.

In this chapter, we discuss recent progress in large-scale PSCs and focus on the chal-
lenges for commercialization. Section 2.2 summarizes several high-volume manufac-
turing technologies which are suitable for scalable deposition of PVK film. Section 2.3
summarizes the challenges of up-scaling for different PVK layers. Section 2.4 provides
an overview of efficiency and stability for large area PVK-based monolithic tandem solar
cells.

2.2. Progress for scalable techniques
Fabrication of uniform and pinhole-free large-area PVK films can be realized by employ-
ing suitable deposition methods, such as blade coating, slot die coating, spray deposi-
tion and more. In this section, we review some deposition methods enabling scalable
processes for PVK film fabrication.

2.2.1. Solution based processes
Blade coating
In the blade coating process, the precursor solution is spread onto a substrate by a mov-
ing blade, forming a wet film, as shown in Figure 2.1a. The film quality depends on
the properties of the substrate surface [90], velocity of the blade, solvent properties (for
example composition [91] concentration, solvent viscosity) [92, 93], annealing temper-
ature [94], and atmosphere. As an example, Figure 2.1b illustrates the relationship be-
tween coating speed, film thickness, and solvent evaporation [83]. Since the first PVK
film was formed with blade coating in 2015, many studies have been reported ranging
from in situ observations to technical optimization [95, 96]. In situ GI-XRD measure-
ments are employed for blade coating to observe the ink-to-solid phase transformation
of PVK films during preparation [97]. The composition, solvate phase, and intermedi-
ate complexes are observed under low processing temperatures; the crystallization pro-
cess takes place directly without forming intermediate phases, leading to a successful
method for large-area film fabrication [97]. Apart from the in situ observation of PVK
crystallization, various basic technical parameters are also optimized. Temperature and
solvent evaporation rate are of critical importance to control the film formation [98].
Kim et al. [99] found that a slow solvent drying process could encourage the formation
of large crystals, which were formed immediately after solution blading.
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Figure 2.1: (a) Diagram of blade coating of PVK film [83]; (b) the film thickness as a function of coating speed
for blade coating [83]; (c) J-V curves for flexible PSCs with a record aperture area of 42.9 cm2 and PCE of
15.86% (ref. [90]); (d) diagram of the spray coating process [83]; (e) diagram of the magnified structure of
nozzle trajectory [83]; (f) J-V curves for PSCs with different active areas [100].

In Mallajosyula’s work [94], a temperature-controlled blading technique was em-
ployed for the growth of large-grain PVK thin films. Apart from temperature, other pa-
rameters, like coating speed, is found to have a relationship with film thickness [101].
Besides, a combination of blade coating and rapid thermal processing has been demon-
strated to exhibit high PVK film quality [94]. Devices with a PCE over 17% for an active
area of 2.7 cm2 were reported [90]. The interaction between the ink and the substrate
was also investigated. Dai et al. [102] introduced ammonium chloride as an additive into
precursor solution to reduce film trap density, flexible PSCs with a record PCE of 15.86%
was obtained for an aperture area of 42.9 cm2 (see Figure 2.1c). Similarly, Chen et al. [90]
recently partially replaced dimethyl sulfoxide with solid-state carbohydrazide to avoid
the formation of voids at perovskite-substrate interfaces. Based on the research men-
tioned above, this technique shows a high sensitivity towards temperature and towards
the interaction between the ink and the substrate. In the recent report from Bu’s group
[103], the nucleation process is facilitated by controlling the suitable substrate tempera-
ture. In this way, they demonstrated a 205 cm2 sub-module with a PCE of 15.3%. Blade
coating approach is also flexible to combine with other methods to prepare PVK films,
such as roll-to-roll setups, rapid thermal processing [94], and sequential deposition [92],
which provides more possibility for the future commercial application.

Spray coating
The spray coating technology was firstly used for PVK preparation in 2014 (ref. [104])
and developed rapidly from then on with various ways of creating the spray droplets.
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In this process, tiny liquid droplets are formed with a nozzle and then dispersed onto a
substrate, as shown in Figure 2.1d and 2.1e. According to the investigation of Chen et
al. [105], the spray process is classified into three stages : atomization process, droplet
flight, and film deposition. Each of them was discussed in detail from principles to pa-
rameters in ref. [105]. The flying route of these tiny droplets during spray has a strong
influence on the final film quality. Ishihara et al. [106] studied the fluid dynamics of
droplets, and Girotto et al. [107] described the relationship between spray velocity and
precursor solution spreading capabilities. Besides, factors affecting the deposition were
systematically optimized, such as precursor solution (viscosity, concentration, composi-
tions) [108, 109], substrate (wettability, roughness, temperature) [110, 111], boiling point
of solution [112], distance between the nozzle and substrate [113]. Park et al. [110] pre-
pared high-quality PVK layers by controlling the flow rate of precursor solution and the
reaction temperature. As a result, larger-scale PVK film with an area of 7.5 × 7.5 cm2

showed excellent photovoltaic properties and uniformity [110]. Chou et al. [100] real-
ized a PCE of 7.01% with an aperture area up to 3 cm2 by controlling precursor solu-
tion concentration and spray passes, the corresponding J−V curves are shown in Figure
2.1f. Recently, Heo et al.[114] successfully prepared CsPbI3−x Brx sub-module by spray
coating with an efficiency of 13.82% (112 cm2 aperture area). A graded PVK absorber
structure is created and it shows only 9% degradation after 1-sun light soaking for 1000
h [114]. All-spray coating PSCs (CTLs and PVK) have also been reported [115], and PCEs
are in the range of 10–12% with an aperture area of about 1 cm2. Spray coating of PVK
PV shows an increasing PCE situation in the recent few years and the future experiments
can concern more about low volatility controlling, new additives for PVK solution and
novel transport materials [113].

Slot-die coating
Slot-die coating can be applied for film deposition of different layers, especially the PVK
layer. During the process, the coating head is positioned close to substrate and there is
a narrow slit on the coating head. Precursor solution is pumped into the coating head
and is forced to flow out of the narrow slit onto the moving substrate. The film quality
is extremely sensitive to the processing parameters such as the substrate temperature,
wettability, moving speed, and width of the slit. Besides, the wettability, viscosity of pre-
cursor solution also influences the degree of PVK crystallinity [118, 119]. In Cotella’s work
[120], the preheated substrate combining with air-knife led to a temperature gradient in
the wet film which plays a crucial role in controlling the crystallization. By selecting low
boiling solvents and employing multifunctional additives, the processing window time
can be widened. The Dutch institute Solliance, which is specialized in the roll-to-roll
slot die production process of PVK layers [121], has modified the ink with a co-solvent
and additive, avoiding efficiency losses with the increase of area during the drying pro-
cess. They demonstrated a 144 cm2 module with a PCE of 14.5% [122]. Apart from the
physical property influence of precursor solution, chemical properties such as additive
[123, 124], and precursors composition [125, 126], can also lead to excellent film prop-
erties. By applying additive method, Yang et al. [127] prepared large-area FACs-based
PVK films with a certified quasi-stabilized PCE of 16.63% (20.77 cm2). In additional to
several basic parameters, models and principles are also introduced to further explain
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Figure 2.2: (a) Image of slot die coated PSC-based mini-module with an active area of 60.08 cm2 [116]; (b) the
J −V curves of the device shown in (a) [116]; (c) image of 7 m2 fully printed PSC-based modules [117]; (d)
diagram of fabrication process for fully printed PSCs [117].
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the slot die coating process. Xu et al. [116] investigated the infiltration process of the
precursor solution into a mesoporous titanium oxide (TiO2) [128]. Under the guidance
of the model, coating parameters were optimized and a PCE of 12.87% was obtained
with an active area of 60.08 cm2 [116]. Figure 2.2a and 2.2b show the device structure
and corresponding J-V curves [116]. Bu et al. [129] prepared 65 cm2 FACs-based PSCs
with a certificated PCE of 19.54%. In their work, avoiding the formation of PVK inter-
mediate complex is the key point to obtain high quality PVK film. Not only for PVK film
formation, but deposition of CTLs can be also realized with slot-die coating. All-slot-
die coating devices with PCEs around 11% have been successfully fabricated [130–132].
Among all-slot-die coating works, Di Giacomo et al. [133] in Solliance fabricated PVK
solar modules; the highest PCE exceeded 10% with a power output of 1.7 W for an area
of 168.75 cm2. Slot-die coating shows a great potential toward industrialization because
it is one of the most used techniques for the roll-to-roll fabrication of PSCs [134].

Inkjet printing
In terms of inkjet printing, precursor solution is dispersed by nozzles. The influence
of some basic factors (such as substrate wettability, temperature, ink droplet wetting
behavior, viscosity, and solvent evaporation rate) on PVK film quality was investigated.
Properties of the precursor solution play an important role in controlling PVK film for-
mation [135]. Li et al. [136] reported a new ink system, whose solvent was composed
of n-methyl pyrrolidone (NMP) and dimethylformamide (DMF), the corresponding de-
vices were fabricated with PCEs of 14.5% (4.04 cm2) [136]. As the most basic factor, tem-
perature is also taken into consideration. In Liang’s work [137], inkjet printing com-
bined with vacuum-assisted thermal annealing was employed for scaling up. High-
performance PSCs based on printed MAPbI3 were demonstrated to obtain a PCE of
13.3% with an active area of 4.0 cm2 [137]. Recently, the emerging of all-inkjet-printed
PSCs accelerates the process of industrialization. Hu et al. [117] fabricated a large-area
(49 cm2) PVK module that exhibited a PCE of 10.4% with a fully printable process. Be-
sides, a 7 m2 fully printed PSC-based module has been successfully prepared (see Figure
2.2c and 2.2d), showing promising potential in the practical photovoltaic application.

2.2.2. Vacuum based processes
As an alternative to solution-based processes, vacuum deposition has been explored to
grow thin-film PVK from dry sources. There are two unique advantages of vacuum-based
process. Firstly, the process does not involve the use of toxic solvents which may have
a negative effect on the environment.Secondly, the conformal growth onto rough sub-
strates allowing the use of textured substrates in devices to improve light in-coupling
[138]. This opens the integration of PVK cells on textured c-Si bottom cells for further
applications [138–140].

Thermal evaporation
In thermal evaporation process, the precursors are sublimated by heating in high vac-
uum conditions. They are deposited onto substrates to form different material layers
as shown in Figure 2.3a. According to the evaporation temperature of different source
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materials, a PVK film can be grown using two methods: co-evaporation [53, 141] and
sequential vacuum deposition [142].

Figure 2.3: (a) Schematic diagram of the co-evaporation of PVK film [53]; (b) image of 64 cm2 FAPbI3 thin film
and corresponding fabrication process [143]; (c) SEM image of the PVK film fully covering the silicon pyramids
[144]; (d) a cross-section of the PVK/SHJ monolithic tandem solar cell [144].

Liu et al.[53] firstly reported PSCs with high PCEs, which were prepared by the dual-
source co-evaporation method. Large area PVKs have also been reported. Borchert et
al. [143] applied the co-evaporation method for large-area PVK deposition. Formami-
dinium lead triiodide (FAPbI3) thin films were obtained with an area of 64 cm2, as shown
in Figure 2.3b. Up to now, MAPbI3 layer deposited by thermal evaporation demonstrates
a PCE of 18.13% with 21 cm2 active area (mini-modules) [145]. A challenge for PVK de-
position with thermal evaporation is the control of the organic precursors, such as the
MAI and FAI. Apart from two source co-evaporation, multi-source co-depositions and
sequential thermal evaporation are also applied for PVK fabrication [146, 147]. For multi-
source deposition, Bolink’s group from University of Valencia reported several studies
focused on fully thermal evaporated PSCs [58], wide-bandgap absorber [147], and de-
vice stability [54]. In terms of sequential thermal evaporation, Feng et al. [148] success-
fully deposited some superior FA-based PVK films using low temperature annealing in
vacuum. Zhou et al [149] from Tsinghua University reported solar cells fabricated with
thermally deposited absorber with record PCE of 26.4%. Compared with other solution
based methods, thermal evaporation has been demonstrated to allow PVK deposition
onto textured substrates [144], and this feature provides a promising future for further
applications. Sahli et al. [144] applied the sequential two-step method to deposit the
PVK layer for a monolithic tandem device. The PVK film fully covered the µm-sized sil-
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icon pyramids (see Figure 2.3c and 2.3d), and the tandem device achieved an efficiency
as high as 25.2% [144]. Following the same approach, the same group demonstrated a
PVK/PVK/c-Si monolithic triple-junction solar cell [146]. All-vacuum-processable PSCs
are also obtained recently [150, 151], Lei et al. reported an all-evaporation method to
achieve PCEs beyond 13% with an active area of 16 cm2 [152]. The recently reported im-
proved results based on thermal evaporation indicate the potential application in PSCs
scaling up, especially for scalability and the compatibility with textured device-Si bottom
cells.

Pulsed laser deposition
Pulsed laser deposition (PLD) is a versatile technique for stoichiometric deposition of
various inorganic materials independently of vapour pressure to form thin films. The
PLD configuration and deposition process are shown in Figure 2.4a. Different from other
vacuum-based approaches, PLD exhibits stoichiometric mass transfer of materials from
the target to the substrate [153]. This unique advantage offers a potential application
for PVK film formation. PLD consists of two main stages, namely formation of the target
plasma and material deposition. In the first stage, the focused laser strikes the surface
of the target material for a short time, ablating material that forms a so-called plasma
plume containing ions and atoms. In the second stage, these excited ions directly im-
pinge the substrate in front of the target. Film properties can be optimized by controlling
the laser parameters [154], substrate temperature [154], and chamber pressure [155].

The first deposition of MAPbI3 film based on PLD was reported by Bansode et al.
[155] in 2015. Following the same method, they successfully deposited PVK films on
silicon showing good crystal quality. The corresponding SEM-based top view and cross-
sectional images are shown in Figure 2.4b and 2.4c [155], respectively. From then on,
several PLD-grown inorganic metal halide PVKs have been successfully prepared, show-
ing good photovoltaic properties and film stability [156–158]. Wang et al. [156]. fabri-
cated a dense CsPbBr3 film via PLD. No significant decomposition was observed when
the sample was placed in a highly humid (80%) environment for 15 days [156]. Lead-
free PVK film formation is also achieved with PLD. CsSnI3 film was recently reported
by Kiyek et al. [157]. The thickness-optimized film shows a stabilized black phase with
a sharp absorption edge. About the deposition of organic-inorganic hybrid PVKs, an-
other method named resonance infrared matrix-assisted pulsed laser evaporation [159]
should be mentioned, showing low laser-induced damage of organic material. A de-
tailed description of the new pulsed laser-based method can be found in Soto-Montero’s
review [160]. Based on the film quality as well as stability mentioned above, PLD has a
potential application for scalable deposition of PVKs, especially in terms of fully inor-
ganic PVK deposition.

2.2.3. Hybrid chemical vapor deposition
Hybrid chemical vapour deposition (HCVD) method can avoid solvent-related compli-
cations, which are challenging to control in industrial large-scale fabrication [163], such
as fast solvent removal and wettability issues. This method combines chemical vapour
deposition (CVD) and other scalable deposition methods, such as thermal evaporation
[164] or spray coating [165]. A typical PVK-based HCVD process consists of two steps:
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Figure 2.4: (a) Schematic diagram of the PLD configuration and deposition process [155]; (b) top view of PVK
film on silicon wafer deposited with PLD [155]; (c) the cross-section of the PLD PVK film [155]; (d) schematic
diagram of the HCVD configuration for MAI deposition onto PbI2 coated substrates [161]; (e) image of cells
and modules prepared with HCVD approach demonstrating the up-scaling process [162].

formation of inorganic film and organic/inorganic halide vapour deposition. The inor-
ganic film is mainly deposited via thermal evaporation in reported works [166, 167]. As
for the CVD process, the organic halide vapour is optimized by pressure and tempera-
ture to deposit on the inorganic film, following a gas-solid reaction and converting into
uniform PVK films [168]. The HCVD configuration and vapour deposition process for
MAPbI3 are shown in Figure 2.4d. Several works have reported a successful formation
of scalable PVK films by combining thermal evaporation and CVD [157, 162, 164]. Ley-
den et al. [161] firstly prepared a planar MAPbCl3 device via HCVD method, achieving a
PCE as high as 11.8%. Following the similar approach, Leyden et al.[162] again indicated
the device upscaling process via HCVD. They fabricated MAPbI3 based devices with a
PCE of 9.5% (8.8 cm2) and obtained a PCE of 9.0% (12 cm2) for FAPbI3 based devices,
the corresponding up-scaling processes are shown in Figure 2.4e. However, similar to
solution-based film formation, mixed-cations and mixed-halides play a critical role in
film opto-electronic properties and stability [169]. Therefore, mixed cations/halides are
commonly introduced in the first step by co-evaporation [170]. Different from this ap-
proach, Luo et al. [164] prepared a mixed-cation PVK film by optimizing the second step.
They replaced pure FAI vapour with FAI/FACl mixed vapour to optimize the vapour-solid
reaction, resulting in improved phase stability. Consequently, the large-sized PSC mod-
ules (active area of 41.25 cm2) demonstrated champion PCE of 12.24%.

2.3. Challenges for device upscaling
The device PCEs, deposition approaches, and corresponding areas are summarized in
Figure 2.5, which clearly shows that PCEs significantly decrease for large device areas. As
for the methods not mentioned above (e.g. CVD, soft-cover deposition), detailed techni-
cal parameters can be found somewhere [165, 170–172]. The upscaling of PVK PV tech-
nology faces challenges toward commercialization. In this section, we review the most
significant challenges for processing high PCE devices from lab-scale to fab-scale.
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Figure 2.5: Summary of PCEs as a function of the device area for PSCs prepared by different fabrication meth-
ods [83, 93, 103, 111, 116, 117, 127, 129, 133, 135–137, 145, 148, 150, 152, 162–165, 170, 173–178, 178–187].

2.3.1. Precursors and absorber layer

Upscaling of PVK films emphasizes the suitable storage of precursors as well as film de-
position process. For solution-based methods, the precursor solution ratio and stor-
age may have impacts on film quality, influencing both the nucleation and the crystal
growth. To address this question, many attempts have been performed to control the
film morphology and photovoltaic performance starting from a non-stoichiometric pre-
cursor solution [188, 189]. As an example, excess of PbI2 can lead to higher PCEs sug-
gesting that unreacted PbI2 improves the crystallinity of PVK films [190]. The reported
precursor engineering may have some differences based on different solution deposition
methods, but most of them are related to introducing of additives as stabilizer or mix-
ing solvents to optimize the precursor viscosity as well as boiling point [191]. Table 2.1
briefly shows the reported requirements, approaches and corresponding solution-based
deposition methods. Besides, the detailed PVK precursor solution chemistry is reviewed
by Jung et al. [192] from fundamentals to industrialization.

Compared with solution-based methods, vacuum deposition can exactly control the
deposited amount. However, one of the drawbacks is the lack of compatibility with addi-
tive engineering, which is an excellent approach to improve crystal quality, as shown in
Table 2.2. Furthermore, this method shows less flexibility in the number of sources that
can be incorporated in the final PVK material. For the deposition process, one of the
most challenging part is to form a suitable interaction between substrate and precursors
for both solution and vacuum related deposition approaches [209]. A better interaction
not only depresses formation of non-radiative centres in the interfacial, but also has an
influence on PVK crystal growth.



2

20 2. Progress and challenges on scaling up of perovskite solar cell technology

Table 2.1: Different requirements and strategies of precursor solution preparation/storage based on different
solution-based methods

Methods Requirement Approaches

Blade coating
Purified organic precursor [193]

high viscosity [93]

Reductant [194, 195]
Moisture barrier [196]

Material with synergistic effects [197]

Spray coating
Low viscosity [192]

Suitable boiling point solvent [104]

Co-solvents [198]
Low ink concentrations [108, 199]

Material with synergistic effects [200]

Slot die coating -
Co-solvents [201–203]

Lewis base additives [127]
Material with synergistic effects [120, 178]

Ink printing Slow solvent evaporation [204]
Material with synergistic effects [136, 205–207]

Co-solvents [208]

Table 2.2: Comparison of solution- and vacuum-based depositions

Approaches advantages disadvantages

solution-based
Simple

Compatible with additives [214]
Solvent usage [215]

Low material utilization [216]

Vacuum-based
Uniformity control on large area

Non-toxic solvent
Flexibility in substrate usage [217]

Number limitation of evaporation sources
Long deposition process

2.3.2. Charge transporting layers
For large area film fabrication, charge transporting layers (CTLs) should not only have
appropriate energy alignment, thickness as well as conductivity, but also be suitable for
scalable deposition. Therefore, the selection of compatible materials and processes is
important for PSC commercialization. In this section, CTLs will be briefly discussed fo-
cusing on challenges for both hole transporting layer (HTL) and electron transporting
layer (ETL).

HTL
Organic materials, such as spiro-MeOTAD [210, 211] and poly(triarylamine) (PTAA) [212,
213], are widely used as hole transporting material for high-performance PSCs. Spiro-
MeOTAD is the most common HTL material in lab-scale device preparation. There are
some successful examples for large area device preparation with spiro-MeOTAD as HTL.
Luo et al.[164] prepared PVK solar modules with spiro-MeOTAD, the device achieved a
PCE of 12.24% and device area is 64 cm2.

Following the spin coating method, Yang et al.[93] demonstrated a four-cell module
(12.6 cm2) with a stabilized efficiency output of 13.3%. Nevertheless, these pure organic
HTL materials have low hole mobility, and dopants such as bis(trifluoromethane) sul-
fonimide lithium salt (LiTFSI) are required to improve the device PCE. Unfortunately,
the introduction of the dopants can accelerate the degradation of PVK. Therefore, spiro-
MeOTAD still has a gap between lab and fab due to its cost and the negative effect of
dopant. In terms of inorganic materials, such as metal oxides, they are utilized not only
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to improve device stability but also to simplify the deposition process in mass produc-
tion. Nickel oxide (NiOx ) is a popular HTL with high material stability [218]. NiOx film
can be formed with a variety of approaches, such as screen printing [219], spin-coating
[220], and spray deposition [221]. However, the carrier mobility in NiOx is also not so
high and the reported NiOx based device area is only 3-5 cm2 [222, 223]. Another com-
monly used metal oxide is molybdenum oxide (MoOx ) [224]. Different MoOx film mor-
phologies are obtained with different approaches, such as solution preparation [225],
thermal evaporation [226], blade coating [227], and electrodeposition [228]. Thermally
deposited MoOx is commonly used in PSCs to realize energy level alignment and hole
extraction [229, 230]. It is generally applied together with spiro-MeOTAD as a bilayer
because the interface reaction between MoOx and PVK may accelerate the degradation
of PVK [231]. Several other inorganic materials are also researched for HTL application,
for example, CuSCN [232] and VOx [233, 234]. Even though small area devices based
on CuSCN and VOx have achieved excellent PV properties, PCEs drop dramatically with
the increase of device area. Next to the abovementioned materials used as HTL in PSCs,
some novel materials (such as TaTm:F6-TCNNQ, TaTm) are also applied as HTL and the
details can be found in ref. [235]. Taking the cost and stability into consideration, inor-
ganic materials show potential candidates for large area devices, further works focused
on good film quality with high hole mobility should be achieved in near future.

ETL

SnO2 [164, 170], C60 [143, 226], and PCBM [236, 237] are most frequently used as ETLs
for high PCE devices because of their high carrier mobility and good conductivity. Those
materials can also be used for large area ETL fabrication. For TiO2 [117, 238, 239], sev-
eral works show outstanding properties [240, 241]. Keremane et al. [241] printed in
ambient atmosphere mesoporous TiO2 enabling 11.55% PCE (70 cm2). However, TiO2

is reported to show a photocatalytic effect which may degrade the PVK absorber layer
[242]. Atomic layer deposition (ALD)-based SnO2 is also an excellent candidate demon-
strating high Voc, small J −V hysteresis, and negligible photocatalytic effect. Currently,
the highest PCE of SnO2-based PSCs has achieved 23.3% with an active area of 0.1 cm2

[243]. However, SnO2-based large-area device fabrication still needs to be further im-
proved, because SnO2 has a higher probability of pinhole formation during film fabri-
cation compared with TiO2 [170]. SnO2 film needs to be thin while it is not easy to fully
cover the substrate surface with extremely thin SnO2 film. This problem is more critical
for large area PSCs. Therefore, a trade-off between thickness and mobility needs to be
carefully found. Up to now, the most successful example for SnO2 film scaling up is by
Qi’s group [170]. By precise interface engineering, they demonstrated a PCE of 10% with
a designated area of 91.8 cm2 [170]. PCBM is also applied for scalable deposition, which
is usually in combination with other materials such as C60 or BCP to form an efficient
electron transporting bilayer [178, 236, 237]. Especially, C60 and BCP can be deposited
by thermal evaporation, that makes these films easy to realize also on large area sub-
strates, making it compatible with industrialization. The reported C60 and BCP based
devices show PCEs of 14.6% (57.2 cm2) [83] and 16.4% (63.7 cm2) [180].
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2.3.3. Back electrode
Thermally or e-beam evaporated metals (Au, Ag, Al) are the mostly used materials for
the back electrode in PSCs. Analogous to the metal electrode in c-Si solar cells, a scal-
able and industrial process for metallization is a critical aspect to address in terms of
material consumption for large-area devices. Cheaper materials are needed in replace-
ment of noble metals when looking into commercialization. Nickel (Ni) film is also ap-
plied as back electrode for scalable PVK application [244]. One interesting aspect is that
degraded PVK can be washed off from a device with Ni electrodes and then fresh PVK
can be reloaded [244]. This unique recycling technology shows a new way for further
development of low-cost PSCs. Besides, the direct contact between a metal and the CTL
or PVK may lead to additional reactions. To address this issue, TCO films (for example,
indium-doped tin oxide (ITO), aluminum-doped zinc oxide (AZO), indium-doped zinc
oxide (IZO)) can be inserted between metal and CTL to prevent the undesired ion im-
migration. Lee et al. [245]. fabricated large-scale PVK solar modules with application of
multi-layered transparent electrodes, demonstrating excellent thermal stability. Carbon
has also been proposed as electrode due to several advantages, such as high stability,
low cost, excellent conductivity, and environmental protection [246, 247]. A large-area
(70 cm2) PVK solar module with carbon electrode was fabricated, achieving a PCE of
10.74% (certified PCE 9.11%) [120]. Besides, graphene is also an excellent candidate as
electrode due to its good conductivity, stability, and transparency [248, 249]. Thus, it
is commonly applied as electrode for PSC, especially for semi-transparent [250, 251] or
flexible PSCs [252, 253]. Based on the above discussion, carbon electrodes show a poten-
tial application in PSC commercialization, especially because of their stability and low
cost.

2.3.4. Stability of large area PVK devices
Sources of instability
The instability of PVK and degradation mechanisms have been systematically studied
based on experiments and simulations [75, 254]. Lab-scale devices show improved sta-
bility via different optimization steps, such as introducing inorganic cations [163, 166],
surface modification and using 2-dimensional (2D) materials [167, 255, 256]. How-
ever, to make PVK competitive to c-Si, the issues related to device lifetime still need to
be addressed. The instability of PVK film comes mainly from defects (ion migration)
[257, 258], pinholes (lattice deformation) [259], and phase transition [260], which may
accelerate the degradation in presence of water [261], high temperature [262], light [263],
and electric field [264]. To estimate the potential lifetime of PSCs, the International Elec-
trotechnical Commission (IEC) is normally used based on a series of strict tests, such
as UV-light, thermal cycling, and damp heating [183]. The long-term operation of PSCs
does not only depend on stability of PVK film, but also properties of CTLs and electrode,
for example, the thermal instability of Spiro [265], UV-instability of TiO2 (ref. [266]) and
reaction between I- and Ag [267].

Developments and strategies on long term device stability
Focusing on the instability problems mentioned above, some strategies are proposed to
improve the stability of large area PSCs, which can be summarized into four main parts.
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Table 2.3: The structure (light entering from the left-hand side), performance, and stability of large area
(≥5.00 cm2) PSCs

Approach
PCE
(%)

Area
(cm2)

Stability Ref

Glass/ITO/NiOx /PVK/Nb2O5/Ag 11.20 5.00 98% for 150 min, N2, 100 ◦C [223]
Glass/FTO/TiO2/PVK/spiro-MeOTAD/Au 14.60 12.00 96% for 1200 min, N2, MPP [163]
Glass/FTO/TiO2/PVK/WBH/P3HT/Au 16.00 24.97 85% for 1370 h, RH 85%, room temperature [89]

Glass/FTO/c-TiO2/m-TiO2/ZrO2/PVK/carbon 10.40 49.00 30 days for RH 80%, 30 ◦C [117]
Glass/FTO/c-TiO2/m-TiO2/ZrO2/PVK/carbon 10.75 70.00 95% for 2000 h, RH 65-70%, 25-30 ◦C [173]
Glass/FTO/c-TiO2/m-TiO2/ZrO2/PVK/carbon 6.40 100.00 96% for 1046 h, full sun light illumination [268]

Firstly, composition engineering. Inorganic cations such as Cs+ and Rb+ are introduced
to stabilize the PVK cubic phase [269, 270]. Secondly, interfacial modification is useful
to not only passivate non-radiative central defects, increase resistance to moisture, but
also hinder I – migration [271]. As an example, the use of 2D materials has been suc-
cessfully extended to large-area PSC fabrication. It was reported that 2D material-based
large-area PVK solar modules (PCE 13.4% for 108 cm2 and 15.3% for 82 cm2) showed ex-
cellent stability under thermal stress test at 65 ◦C (ISOSD2) for over 1000 h [256]. Thirdly,
select other functional layer materials to replace susceptible CTLs and electrodes. Es-
pecially for the HTL, inorganic candidates such as NiOx [272], CuOx [273], and CuSCN
[274] are introduced to substitute organic materials. Table 2.3 summarizes the structure,
stability, and corresponding performance of PSCs with areas larger than 5 cm2. Finally,
encapsulation. It is the final step of device fabrication, which provides a physical barrier
protecting against various outdoor environmental factors. The company Microquanta
Semiconductor announced that their encapsulated PVK module (20 cm2) showed degra-
dation of less than 2% after a 100 kW h ultraviolet (UV) preconditioning test (6.5 times
IEC standards) [275]. One thing need to be noted, we can observe a great variety of test
conditions reported in the literature which makes a systematic comparison difficult. To
solve this issue, a consensus statement [275] was given by many researchers for stabil-
ity assessment. Based on the International Summit on Organic Photovoltaic Stability
(ISOS) protocols, some other properties of PSCs are investigated, such as ion redistribu-
tion under electric fields, reversible degradation, and distinguishing ambient-induced
degradation from other stress factors [275]. This section has a summary about strategies
on PSC stability towards commercialization, the corresponding detailed information can
be found in ref. [183, 183, 276–280].

2.4. Scaling up of two-terminal monolithic tandem devices
To overcome the SQ limit of single-junction solar cells, the multijunction (MJ) configura-
tion has been developed. The MJ approach is certainly not new in the PV community. In
fact, it has been intensively investigated for thin-film Si [281–293] and III-V PV technolo-
gies [294–302]. It consists of two or more sub-cells that absorb light of different energies.
By tuning the bandgap (Eg) of these sub-cells, better utilization of solar photons can be
achieved resulting in higher PCEs. The simplest example is a so-called ‘tandem’ device
consisting of two sub-cells stacked one on top of the other with engineered absorber lay-
ers. In the monolithic configuration, also known as two-terminal (2T), the sub-cells are
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electrically connected in series, meaning that the absorber properties must be carefully
designed for ‘current matching’, namely each sub-cell should deliver an equal photocur-
rent. There are also other configurations, such as the four-terminal (4T) [303], which
eliminates the current matching requirement and provides only a mechanical stacking,
and the three-terminal (3T) [304], which is suitable for back-contacted bottom cell ar-
chitectures [300, 305].

In this context, PVK/c-Si tandem device attracts much attention because of the stable
and mature c-Si technology, the bandgap compatibility between the two absorbers, and
the low processing temperature of the PVK top cell. Starting from the 1.12 eV of the
Eg of c-Si and using a PVK top cell of 1.70 eV, the theoretical limit of PCE for PVK/c-Si
monolithic tandem device is 44.1%. Considering the great variety of PVK compositions
and the ease of integration of new elements in the PVK lattice, Eg can be varied in a wide
range of energies from 1.2 eV (ref. [306]) to 3.0 eV [307, 308]. Consequently, MJ solar
cells fully consisting of PVK devices [84, 86] or combinations with CIGS bottom cells [20,
309, 310] have been demonstrated. Independent of the deployed hybrid technologies,
MJ devices using PVKs have shown a rapid PCE increase which can contribute to the
acceleration towards the commercialization of PVK devices.

This section focuses on progress and challenges for PCE and stability, which is based
on large area (≥ 1 cm2) PVK/c-Si two-terminal monolithic tandem devices. The detailed
discussion based on material, technical, and device levels of small area PVK/c-Si tandem
devices can be found somewhere else [311–315].

Figure 2.6: A summary of different 2T tandem structures for large area PVK-based tandem devices [85, 144, 316–
321].
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2.4.1. Conversion efficiency
The efficiency of tandem devices is related to the properties of bottom cell, top cell, and
various anti-reflective, recombination, and contact layers. Homojunction and hetero-
junction silicon (SHJ) can be used as the bottom cell for both 4T [318, 322] and 2T tan-
dem devices [144, 316]. SHJ solar cells are commonly chosen due to their high Voc and
PCE, which have a positive effect on the tandem device performance. Homojunction
cells are also excellent candidates because they currently dominate most parts of the PV
market. Up to now, works reported on efficiency improvement of large area tandem de-
vices can be classified into three areas: PVK sub-cell optimization, recombination layer
optimization, and optical design. Figure 2.6 shows a summary of different tandem struc-
tures, which were reported to be used for large area tandem devices.

PVK sub-cell
For 2T large area tandem solar cells, the PVK film quality strongly determines the top
cell photovoltaic properties. It is a big challenge to form high-quality large area PVK film
on a textured surface to enable integration with industry-relevant textured c-Si bottom
cells. Hou et al. [323] demonstrated a solution processed PVK top cell with fully tex-
tured c-Si bottom cell by employing an µm-thick PVK layer. In recent work, a two-step
sequential vacuum process was applied for PVK deposition on textured surface [324].
Consequently, 100 cm2 textured silicon substrate was perfectly covered by a PVK film
vi a sputtering and CVD. In addition, interface modification, as well as composition en-
gineering, have a huge influence on the whole device efficiency. Low-temperature (70
◦C) slot-die coating was applied with a combination of modification strategy for top cell
preparation [325]. A PVK/textured silicon monolithic 2T tandem device achieved a PCE
of 23.8% with an area of 1 cm2 [325]. Besides, Cs+ and FA+ were also applied to tune the
PVK bandgap and high device stability was obtained. The mixed-cation based PVK/c-Si
solar cell achieved a PCE of 23.6% with an area of 1 cm2 [317]. Current matching cannot
be ignored to obtain a high PCE for tandem device, and the most common method is
to optimize the bandgap of the top cell. The bandgap optimization can be realized by
composition engineering.

Recombination layer
Improvements in PCE are also driven by selection and optimization of the recombina-
tion layer between the two sub-cells. A thorough analysis of many aspects related to
the recombination junction for tandem devices was recently published by Bastiani et al
[344]. Most commonly, TCO materials are used as recombination layers because they
can fulfill both optical and electrical interconnection requirements. Up to now, recom-
bination layers such as ITO, IZO, AZO have been generally applied for large area 2T tan-
dem devices and excellent outcomes have been obtained. With optimization of the IZO
thickness, Werner et al. [318] achieved a stable PCE of 19.2% over an aperture area of
1.22 cm2. A PCE of 22.6% (area 57.4 cm2) was achieved with a sputtered ITO recombi-
nation layer [332]. Apart from TCO layers, doped hydrogenated nanocrystalline silicon
(nc-Si:H) has also been employed as a recombination layer. For example, Sahli et al.
[144] introduced a nc-Si:H recombination junction to the tandem device with an effec-
tive decrease of the parasitic absorption and optical reflection, demonstrating a certified
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PCE of 25.2% with an active area of 1.419 cm2 [144]. Following a similar approach, PCE of
18.0% and 25.1% were obtained with areas of 12.96 cm2 and 1.42 cm2, respectively [329].
The use of nc-Si:H as the recombination layer for large area monolithic tandem devices
has been mainly reported by EPFL until now. Another unique structure was reported
by Zheng et al. [319]: the tandem device shows a recombination contact between SnO2

and a p-doped region, as illustrated in Figure 2.6. Compared with the common struc-
ture with an interfacial layer, SnO2 serves not only as an ETL for the top cell, but also a
recombination contact. As a result, PCEs of 17.6% (area 16.00 cm2) and 21% (area 4.00
cm2) were achieved [319].

Optical design
Optical design is an efficient approach to further improve the device’s short current den-
sity (Jsc ) and to achieve current matching. Currently, optical design for PVK-based tan-
dem devices deals with three aspects: light trapping, reflection losses, and parasitic ab-
sorption [345]. Regarding light trapping, a rear-side textured bottom cell can effectively
improve light trapping and increase its near-infrared spectral response [346]. In addi-
tion, textured structures can also be applied for light management at the front side of
tandem devices [318, 330, 347]. As an example, Jošt et al. [348] employed a textured
foil on the planar front-side of a tandem solar cell, significantly improving Jsc from 17.3
mA/cm2 to 18.5 mA/cm2. As for the reduction of reflection losses, introducing an optical
interlayer between the sub-cells can significantly decrease the reflection losses resulting
from large differences in optical refractive index of Si and PVK. Mazzarella et al. [349]
employed hydrogenated nanocrystalline silicon oxide (nc-SiOx : H) with optimized re-
fractive index and thickness as an optical interlayer of a tandem device resulting in 1.4
mA/cm2 current gain with a device area of 1 cm2. Besides, nc-Si : H replacing ITO as a
recombination layer improves the optical properties of monolithic tandem device [329],
shown in Figure 2.6. Based on comparison with ITO, the nc-Si : H recombination junc-
tion was demonstrated to mitigate reflection at the sub-cell interface and increase the
light transmittance to the bottom cell, consequently, the bottom cell photocurrent in-
creased by more than 1 mA/cm2 [329]. In addition, thinner front ITO can also improve
light-harvesting due to a lower parasitic absorption as well as reflection. Focusing on
decreasing parasitic absorption, spectrum down-conversion materials can convert high
energetic photons into visible light, which can be used to avoid the parasitic absorption
of CTLs for tandem devices. Zheng et al. [328] employed (Ba, Sr)2SiO4Eu2

+ phosphor at
the front of the monolithic tandem cells to realize PCE as high as 23.1% for an area of 4
cm2. It should be noted that Jsc has been dramatically improved from 14.1 mA/cm2 to
16.5 mA/cm2. Besides, a thinner transparent electrode and inorganic HTL can effectively
decrease the parasitic absorption and further improve the device Jsc . Current progress
in terms of parameters and properties of PVK-based large area 2T tandem devices are
summarized in Table 2.4.

2.4.2. Stability of large area PVK-based monolithic tandem devices
Currently, there are some works based on the stability of large-area monolithic tandem
devices. The stability of PVK-based monolithic tandem devices is mainly determined by
the PVK sub-cell. c-Si is stable enough to operate consistently for many years in ambi-
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Table 2.5: Summary of stability for large area PVK-based 2T tandem devices sorted per device area from the
smallest to the largest.

Structure
PCE
(%)

Area
(cm2)

Stability Ref

CsFAPbI3−x Brx PVK/SHJ Si 23.6 1.00 80% for 1000 h, 85% RH, 85 ◦C [317]
FA0.75Cs0.25Pb(I0.8Br0.2)3 PVK/SHJ Si 27.1 1.00 96% for 1000 h, MPP operation, 60 ◦C [335]

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 PVK/CIGS 23.3 1.03 97% for 11 h, MPP operation, 40 ◦C [350]
CsFAPbI3−x Brx PVK/SHJ Si 25.2 1.42 90% for 270 h, MPP operation [144]

FAMAPbI3−x Brx PVK/homojunction Si 23.1 4.00 90% for 288 h, UV exposure [328]
(FAPbI3)0.83(MAPbBr3)0.17 PVK/homojunction Si 21.8 16.00 91% for 31 days, N2, room temperature [351]

ent conditions. Therefore, the research based on large-area tandem device stability is
mainly focused on the top-cell stability improvement. According to recent studies, pin-
holes are among the factors responsible for device instability. The existence of pinholes
leads to film instability because of a decrease in carrier lifetime and mobility [334]. To
solve this problem, Bush et al. [317] applied a bilayer SnO2/ZTO by ALD or pulsed-CVD
deposition to prevent the formation of pinholes. The double-layer enables the device to
withstand a 1000 hour damp heat test at 85 ◦C and 85% relative humidity. Another factor
is the reaction between the electrode (Ag) and halogens in PVK. Reducing the reaction
between PVK and the Ag electrode can also improve the device stability [335]. Sahli et
al. [144] pointed out that buffer layers, as well as a transparent conductive electrode,
can efficiently prevent ion migration and suppress the reaction of PVK with the Ag elec-
trode. Besides, a stable carbon or gold electrode can largely improve the device’s stability.
A third factor impacting stability is moisture/light/temperature-induced environmental
degradation. Inorganic materials can be applied to improve thermal stability, such as
Cs+ for PVK [317] and NiOx for the HTL. As for water, dense buffer layers or transparent
polymer layers are introduced to realize a moisture barrier [144, 328]. In addition, spec-
trum down-conversion materials are employed to transfer high-energy photons into low
energy photons, realizing a device UV stability [328]. Table 2.5 summarizes the large area
device stabilities in detail. Compared to c-Si solar cells, the stability of PVK-based large
area 2T tandem solar cells still needs to be improved further.

2.5. Conclusion and outlook
In this chapter, the developments and challenges for PSCs from lab-to-fab are systemati-
cally discussed focusing on different relevant aspects. In the past years, key material pro-
cessing, scalable device fabrication, and PSC properties have been investigated in depth.
However, compared with other well-established PV technologies, both the efficiency and
stability of PSCs show a large gap between small-area cells and large-area modules. To
achieve the goals of PSCs upscaling and further industrialization, many issues need to be
addressed, including not only the efficiency, but also stability, costs, reproducibility, and
fabrication techniques. At present, the main challenges involving PSCs commercializa-
tion are: (1) long term stability. Modules should ensure durable outdoor operation un-
der operative conditions such as long-term illumination and heat; (2) cost issues. More
efforts should be devoted to identify alternative low-cost raw materials for each layer
composing the cell, as well as simplifying the device process; (3) further applications.



2.5. Conclusion and outlook

2

29

Broad the PSCs application market, for example, tandem device, flexible device, and in-
door PV technology. Finally, we are still at the early stage of the PSCs industrialization.
In the long term, can PVK realistically become a competitive candidate in the PV market
to uptake silicon technology? How the research community will be able to come up with
new ideas and solutions aiming at addressing the key challenges/problems we discussed
in this review, will indicate the future paths, and define the success of the emerging PVK
technology.
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This chapter was published in ACS Applied Energy Materials*

Abstract

Multiple-source thermal evaporation is emerging as an excellent technique to obtain
perovskite (PVK) materials for solar cell applications due to its solvent-free process-
ing, accurate control of stoichiometric ratio, and potential for scalability. Nevertheless,
the currently reported layer-by-layer deposition approach is afflicted by long process-
ing times caused by the multiple repetitions of thin films, which hinder industrial up-
take. On the other hand, the co-evaporation entails higher complexity due to the chal-
lenges of controlling the sublimation of multiple sources simultaneously. In this work,
we propose a simplified approach consisting of a single-cycle deposition (SCD) of three
thick precursor layers to obtain high-quality Cs0.15FA0.85PbI2.85Br0.15(CsFAPbIBr) films.
After annealing, the optimized PVK film exhibits comparable properties to the one de-
posited by multicycle deposition in terms of crystal structure, in-depth uniformity, and
opto-electrical properties. Also, the formation and evolution of SCD PVK during anneal-
ing are investigated. We found that, in the competitive processes of precursor diffusion
and reaction, the presence of cesium bromide can assist precursor mixing driven by the

*This chapter is based on the following publication: J. Yan, J. Zhao, H. Wang, M. Kerklaan, L. J. Bannen-
berg, B. Ibrahim, T. J. Savenije,* L. Mazzarella,* and O. Isabella, Crystallization Process for High-Quality
Cs0.15FA0.85PbI2.85Br0.15 Film Deposited via Simplified Sequential Vacuum Evaporation, ACS Appl. Energy
Mater. 2023, 6, 20, 10265-10273
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annealing treatment, demonstrating a reaction-limited process in the PVK conversion.
With this simplified SCD approach, a PVK film is obtained with expected optical and
opto-electronic properties, providing an appealing way for future thermally evaporated
PSCs preparation.

3.1. Introduction
As a new absorber material for next-generation solar cells, metal halide PVKs have at-
tracted intensive attention due to their high absorption coefficients [352], long carrier
diffusion lengths [353], and apparent defect tolerance [354]. The rapid developments in
material optimization and fabrication techniques have led to an unprecedented fast in-
crease of the PCE of PVK solar cells (PSCs) exceeding 25% within a decade [355]. One of
the key advancements in device PCE originates from the development of mixed-cation
and mixed-halide PVKs, which improve the crystal structure and phase stability [356].
Nevertheless, some well-developed solution-based methods are still limited with respect
to scalability because of low reproducibility and the use of hazardous solvents [300]. Vac-
uum deposition methods are possibly more attractive for device upscaling considering
that they are widely employed in the semiconductor and silicon PV industries. Moreover,
thermal evaporation is compatible with textured substrates [300]. Nevertheless, chal-
lenges still exist for high-quality PVK film preparation based on co-evaporation, such
as the realization of a stoichiometric composition [357] and achieving stable deposi-
tion rates for the methylammonium halide (MAX) precursors [358], especially for multi-
source co-evaporation. It has been shown that deposition of MAX and formamidinium
halide (FAX) can lead to chamber pressure fluctuations during evaporation, affecting the
deposition rate of other precursors and eventually the quality of the final PVK material.
Li et al. [359] recently reported that the ratio of PbI2 to methylammonium iodide (MAI)
progressively increases with deposition time during co-evaporation, resulting in a grad-
ually changing composition as the PVK film grows. Instead of simultaneously controlling
the rates of two or even more precursors during deposition, sequential deposition is less
complex and allows for better stoichiometric control. Feng et al. [148] used sequential
deposition for the preparation of PVK films, and the resulting devices reached a PCE of
21.32% (0.1 cm2). However, regarding thermally evaporated mixed-cation, mixed-halide
PVK thin films, most of the reports are based on co-evaporation [147, 360], while only a
few sequential deposition studies based on three or more precursors have been reported
[148]. In using sequential thermal evaporation, individual layers of the precursors are
deposited. This can be done in a multicycle approach yielding an array of precursor lay-
ers or in a single-cycle approach yielding thick films of each individual precursor (see
Figure 3.1a). Although the latter is a straightforward and cost-effective method, in par-
ticular, the nonuniform elemental distribution across the film might lead to local non-
stoichiometry [359]. A post-annealing treatment is yet expected to enhance the inter-
diffusion and improve the element distribution. However, as mentioned above, little
information regarding this method of deposition is available. Therefore, it is meaning-
ful to investigate the opto-electronic properties of PVK films prepared from precursors
varying in thickness, during and after the post-deposition annealing.

The mixed-cation, mixed-halide PVK Csx FA1−x PbI3−x Brx exhibits good thermal and
phase stability [361]. In this work, we propose to use the single-cycle deposition (SCD)
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procedure to prepare high-quality and uniform CsFAPbIBr PVK films. The impact of PVK
thickness as well as annealing is systematically investigated in terms of crystallinity, in-
depth uniformity, and opto-electronic properties. Also, the conversion from precursors
to PVK during post-deposition annealing is also studied in detail with grazing incidence
X-ray diffraction (GI-XRD). We find that, by applying an optimized annealing treatment,
CsFAPbIBr deposited with SCD shows comparable opto-electronic properties to the one
deposited by multicycle deposition (MCD) when the PVK thickness reach even 250 nm.
Moreover, we found that cesium bromide (CsBr) accelerates the interdiffusion of for-
mamidinium iodide (FAI) over the different layers, supporting the crystallization of PVK.
With this straightforward approach, the 250 nm SCD PVK film’s half-intensity lifetime
(τ1/2) reaches around 650 ns with carrier mobility close to 10 cm2 V-1 s-1. This work
demonstrates that precursors can be deposited by SCD and that relatively thick precur-
sor layers can still react to fully convert into PVK through the film. The understanding
of the influence of the post-deposition annealing treatment on the precursor diffusion
and on the reaction mechanism provides directions for further improving the thermally
evaporated PVK deposition.

3.2. Experimental details
3.2.1. Material and film preparation
CH(NH2)2I (FAI) (99.9%),CsBr, and PbI2 (99.999%) were purchased from Sigma-Aldrich
and used as received. Quartz and Corning glass substrates were cleaned according to a
standard procedure consisting of acetone, ethanol, and an ozone treatment for 5 min.
After cleaning, the substrates were directly transferred into a N2-filled glovebox and
loaded into the deposition chamber (AJA). The chamber was evacuated reaching a base
pressure of 5×10-6 mbar before the sources were heated. During film preparation, pre-
cursors were sequentially deposited forming one stack. The deposition order was PbI2,
FAI, and CsBr for Csx FA1−x PbI3−x Brx , while it was PbI2, FAI for FAPbI3. The target thick-
ness was obtained by repeating the stack number (N), where N = 20 for MCD and N =
1 for SCD. The PbI2 was evaporated at the temperature of about 240 ◦C, and the corre-
sponding deposition rate was stabilized at 0.4-0.5 Å/s. FAI was evaporated on top of the
as-deposited PbI2 film, and the evaporation rate of FAI reached 0.3-0.4 Å/s with the cru-
cible temperature of around 100 ◦C. As for CsBr, the source was evaporated with a rate of
0.08-0.10 Å/s at around 380 ◦C. Evaporation rates and film thicknesses were monitored
by one quartz crystal microbalance. Taking into consideration different tooling factors,
the target PVK film thicknesses were set to reach 100, 250, and 400 nm by adapting the
N or thickness of each precursor layer in one stack (shown in Table A.1). The detailed
processing information (such as evaporating temperature, chamber pressure, and de-
position rates) is shown in Table A.2. The as-deposited PVKs were then annealed under
100 ◦C for 30 min in the glovebox before characterization.

3.2.2. Characterization
XRD patterns were measured with a Bruker D8 Advance diffractometer equipped with
a Cu–Kα X-ray source that has a wavelength of 1.54 Å. Grazing incident XRD (GIXRD,
Bruker D8 Discover, Cu Kα) was performed with incident angles of 0.25°, 0.5°, 1°, 3°, and
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Figure 3.1: (a) Schematic illustration of the preparation procedure of PVK films by MCD and SCD; (b) XRD
patterns of the MCD precursor film (gray) and SCD film; (c-f) Top-view SEM images of samples reported in
panel; (b) with different thicknesses. All the films are annealed at 100 ◦C for 30 min.
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5°to vary the information depth. The measurements were carried out in vacuum at 10-4

mbar inside an Anton Paar XRK900 Reactor Chamber equipped with Be windows. On the
primary side, a Goebel mirror was used together with a fixed slit of 0.1, 0.1, 0.2, 0.6, and
1.0 mm, respectively, for the incident angles to control the footprint on the film. On the
secondary side, a Soller 2.5°slit was used, and the LYNXEYE XE detector was operated in
0D high-resolution mode. The elemental composition of the PVK films was analyzed by
X-ray photoelectron spectroscopy using a ThermoScientific K-Alpha spectrometer. The
spectrometer is equipped with a focused monochromatic AlKα X-ray source (1486.6 eV)
operating at 36 W (12 kV, 3 mA). The spot-size is approximately 800 × 400 µm2. The pass
energy of the analyzer was set to 50 eV. A flood gun was operated at 1 V, 100 µA to prevent
charging of the sample. The base pressure in the analysis chamber was approximately 2
× 10-9 mbar. Depth profiling was performed by etching the sample with argon ions. The
voltage of the ion gun was set to 1000 eV for in-depth etching for both 100 and 250 nm-
thick samples, while a higher voltage of 2000 eV was applied to the 400 nm-thick sample,
due to protection of the XPS machine with shortened etching time. Detailed analysis
was performed with the Avantage software. Atomic percentages were calculated based
on the fitted peak areas and the corresponding sensitivity factors of the detailed scans.
The binding energy was corrected for the charge shift by taking the done relative to the
primary C 1s hydrocarbon peak at BE = 284.8 eV as a reference. The surface morphol-
ogy of the PVK films were measured by the scanning electron microscope (SEM, JEOL)
under an accelerating voltage of 8 keV. The absorptance spectra of samples were mea-
sured by ultraviolet–visible spectroscopy (UV/vis, PerkinElmer, Lambda 1050) within a
wavelength range of 300-800 nm. The photoluminescence spectra of the samples were
investigated by the steady-state photoluminescence setup (PL, FLS 980) with an excita-
tion wavelength of 420 nm, while the emission light was filtered by a 550 nm filter. The
time-resolved photoluminescence was measured with the setup (Lifespec) with an ex-
citation wavelength of 405 nm. The detailed measurement was described in ref. [362].
Time-resolved microwave conductance (TRMC) was applied to learn about the carrier
lifetime, mobility, and trap densities. All the measurement parameters can be found in
ref. [363].

3.3. Results and discussion
Figure 3.1a shows the schematic cross sections of the PVK film preparation process based
on MCD and SCD thermal evaporation to produce CsFAPbIBr.

3.3.1. Thickness effects on SCD layers
To learn about the thickness-related PVK film properties, we measured crystal struc-
ture, in-depth uniformity, and opto-electronic properties of samples with different tar-
get thicknesses (100, 250, and 400 nm). Figure 3.1b shows the XRD patterns of the 100
nm-thick CsFAPbIBr reference layer obtained with MCD and three CsFAPbIBr films ob-
tained using SCD with thicknesses from 100 to 400 nm. For the MCD layer, we observe
the presence of two main peaks at 2θ = 14.08 °and 2θ = 28.32 °corresponding to the (100)
and (200) planes of the PVK. As no other intense reflections are present, this indicates a
preferable crystal growth [229]. Both the 100 and 250 nm-thick SCD films share a similar
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pattern with the reference film, and the detailed peak information is provided in Table
A.1. The presence of two main peaks in both the 100 and 250 nm-thick SCD PVK films
highlight the preferential orientation of the grains [360]. Interestingly, this kind of orien-
tation disappears as the thickness increases to 400 nm for the SCD sample [364]. When
we focus on the (100) peak of the samples with different thicknesses (Figure A.1 and Ta-
ble A.1), we notice no shift in peak position, which is consistent with a constant I/Br
ratio across the film thickness [365]. To investigate the film morphology as a function of
the thicknesses and deposition process, we report SEM top-view images in Figure 3.1c-f.
Looking at the two 100 nm-thick samples, the SCD layer shows an average grain size of
around 100 nm, which is slightly smaller than the reference MCD layer, which is around
130 nm. The corresponding grain size statistics are shown in Figure A.2. The decreased
grain size for the SCD film could be attributed to the increased number of nucleation
sites during deposition [366]. Note that in the single-cycle approach, PbI2 forms the
substrate on which the FAI layer is deposited, as shown in Figure 3.1a. Differently, the
mixed precursor/PVK already formed in MCD, which is shown as the template layer for
the subsequent stack.

Figure 3.2: XPS depth atomic percentage profile of PVK films with different thicknesses: (a) 100 nm MCD
layer (open symbols) and SCD samples (full symbols); (b) 250 nm SCD sample; (c) 400 nm SCD sample; (d-f)
Corresponding XPS depth atomic ratios of PVK films with different thicknesses for (d) I/Pb, (e) N/Pb, and (f)
Br/Pb. The green dashed line indicates the nominal ratio.

Furthermore, we observed in Figures 3.1c-f (and Figure A.2) that the grain size gradu-
ally increases as the film thickness increases from 100 to 250 nm, while the grain shapes
show a small change. The increased grain size mainly comes from improved crystallinity
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[367]. Differently, the grain shape is observed elongated in the horizontal direction
for the 400 nm-thick sample, which originates from the changing of crystal orientation
growth, resulting from the degree of precursor reaction [368]. Furthermore, we stud-
ied the role of annealing time on the crystal growth by looking at the evolution of film’s
microstructure for various annealing times (30 s, 1 min, and 30 min) by SEM inspec-
tion as shown in Figure A.6. For the 250 nm-thick sample, there is no apparent grain
shape change, while the grain size shows a slight increase from a 30 s to 30 min annealing
time, in agreement with the XRD results in Figure A.3a calculated from Scherrer equa-
tion [369]. Differently, the 400 nm-thick sample shows an apparent grain shape change
from 30 s to 1 min, which comes from the formation of non-orientation-preferred PVK
polycrystalline.

To examine the chemical composition across the film, we measured samples with
different thicknesses by XPS after specific periods of etching as shown in Figure 3.2. The
atomic percentages and element ratios through the film are plotted as a function of the
etching time. The XPS high-resolution spectra of Pb 4f7/2, C 1s, N 1s, Cs 3d5/2, I 3d5/2,
and Br 3d can be found in Figure A.7 for the 100 nm-thick SCD sample as an example
to show the fitting and extraction of raw data. The averaged atomic percentage of dif-
ferent elements for all samples extracted from Figure 3.2 are summarized in Table A.2.
In Figure 3.2a, we note that both MCD and SCD layers with a thickness of 100 nm show
similar atomic percentage trends for N, Cs, Br, Pb, and I, indicating comparable element
depth-dependent uniformity irrespective of the preparation procedure used. With in-
creased film thickness, we observe an almost stable composition along the film for the
250 nm-thick sample (Figure 3.2b), while the 400 nm-thick one exhibits atomic percent-
age variation, as shown in Figure 3.2c. In particular, the N (Pb) atomic percentage shows
a clear drop (increase) for etching times longer than 1200 s. This phenomenon may sug-
gest that for the thicker layer, FAI is unable to uniformly diffuse under 100 ◦C and a 30
min annealing due to the thicker layer. Therefore, a longer annealing time is applied to
the film, and the corresponding XRD patterns are shown in Figure A.4. Clearly, the sam-
ples with 45 and 60 min of annealing indicate the appearance of the PbI2 peak compared
with the ones with shorter annealing times, showing partcially sample thermal degrada-
tion. Thus, the SCD 400 nm-thick PVK film exhibits a problem with the balance between
FAI uniform distribution and thermal degradation during annealing optimization. To
compare the in-depth precursor ratios, we report in Figure 3.2d-f, the calculated atomic
ratios I/Pb, N/Pb, and Br/Pb as a function of the normalized in-depth profile. The N/Pb
gives an indication of the FAI distribution along the film thickness, and the Br/Pb ratio
is related to the bandgap variation. The nominal atomic ratio for I/Pb (N/Pb, Br/Pb) is
equal to 2.85 (1.7 and 0.15) in the CsFAPbIBr PVK structure, and it is shown as dashed
lines in Figure 3.2d-f. The I/Pb ratio shows similar trends for 100 nm SCD samples com-
pared with the 100 nm-thick MCD sample, while the 400 nm-thick SCD sample exhibits
a high I/Pb ratio and slow I/Pb drop at the top of the film compared with the ratio of
the 100 nm-thick samples (Figure 3.2d). Similarly, an initial high FA is observed for a
400 nm-thick SCD sample in Figure 3.2e, which further indicates a nonuniform distribu-
tion of FAI. Different trends are found for Br/Pb in Figure 3.2f, proving different diffusion
lengths of FAI and CsBr precursors in PbI2, which can be explained as the FAI molecular
size being larger compared with CsBr [370].
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As annealing drives molecular diffusion, we characterized the 400 nm-thick samples
by XPS before annealing to evaluate the impact of the annealing treatment on the ele-
mental distribution (Figure A.8). In the as-deposited 400 nm-thick sample, we observed
noticeable distribution variations with a gradual drop of the N/Pb (from 2 to 0.2) calcu-
lated by the atomic profile as etching goes from the PVK surface toward the PVK/quartz
interface. In addition, the I/Pb ratio at the bottom of the film is equal to 2, showing that
FAI can hardly penetrate through the bottom of the film. These results indicate the ham-
pering of the FAI diffusion into the PbI2 during deposition (without annealing). On the
contrary, both Br and Cs are detected across the entire PVK film thickness even though
the Br/Pb ratio gradually decreases when approaching the PVK/quartz interface. This
finding further confirms the longer diffusion length of CsBr in PbI2 compared to FAI.

Figure 3.3: Optical and opto-electronic properties of 100 nm MCD and SCD layers with different thicknesses.
(a) Fraction of light absorbed (FA ); (b) semilogarithmic plot of the absorption coefficients; (c) steady-state PL,
and (d) TRMC measurement with photon intensity of 2e10 cm2 per pulse.

In addition to the crystal structure, morphology, and uniformity, we carried out more
investigations to probe the opto-electrical properties of CsFAPbIBr films fabricated via
SCD. Figure 3.3a and 3.3b show different optical properties with varying film thicknesses.
Specifically, the spectra in Figure 3.3a of the PVKs show improved absorptance at the
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long wavelength range due to increased thickness. The absorption coefficients (α) are
compared in Figure 3.3b. The absorption coefficient of 100 nm-thick SCD samples over-
laps well with the one of the 100 nm-thick MCD sample. All the films show an α at the
level of 104 cm-1. Also, all these samples present a sharp absorption edge corresponding
to a bandgap of 1.58 eV as determined by the Tauc plot of Figure A.9a. These values are
in agreement with published work on PVKs having a similar composition [170]. To in-
vestigate the thickness-related film opto-electrical properties, carrier lifetime, mobility,
and trap densities are determined by applying steady-state PL, TRPL, and TRMC. Fig-
ure 3.3c reports the steady-state PL spectra of all samples. The spectra are symmetric
and can be well-fitted by a single Gaussian peak. In addition, the peak positions show a
slight red shift from 782 nm (1.58 eV) to 787 nm (1.57 eV) as the film thickness increases.
This kind of peak shift is related to the variation of precursor composition, as indicated
by the increased d-value in Table A.3. The dynamics of the charge carrier recombination
are analyzed by TRPL as shown in Figure A.9b. Interestingly, the 250 nm-thick sample
shows an even longer lifetime compared to the 400 nm-thick sample, benefiting from its
better crystal orientation [371].

In contrast to TRPL, TRMC gives information regarding the free charge carrier mo-
bility and lifetime (Figure 3.3d). In view of the low exciton binding energy of CsFA-based
PVK, we can assume that the free charge carrier generation yield, is close to unity at room
temperature. Therefore, we conclude that the sum of the effective electron and hole mo-
bilities,

∑
µ, increases from 5 to 9 cm2 V-1 s-1 with increasing the film thickness. This

improvement can be explained by the increased crystal size, verified by the SEM results
in Figure 3.1c-f [372]. Nevertheless, the lifetime of 400 nm-thick film is shorter than the
250 nm one, which is in accordance with the TRPL. One reason is that the orientation
growth of 250 nm film can suppress trap recombination. Compared to the TRPL results,
TRMC verified that the 400 nm-thick PVK film needs further annealing treatment to im-
prove the crystallization. Moreover, the TRMC with various incident light intensities is
shown in Figure A.10 based on samples with different thicknesses. It should be noted
that both the 250 and 400 nm-thick samples exhibit comparable carrier mobility and
lifetime to other published works, which are based on thermal co-evaporation methods
[359, 373]; the detailed data are summarized in Table A.4. Therefore, we conclude that
the variation of thickness in SCD affects the film opto-electronic properties performance
because of the precursor diffusion, reaction (Figure 3.2), and crystal growth (Figure 3.1).

3.3.2. Crystallization of the single-cycle thermally evaporated PVK during
annealing

The results discussed above indicate that the SCD process can reach comparable film
properties with MCD for 100 nm-thick film, and it can be expanded to thicker layers up
to 250 nm. However, the precursor diffusion and reaction process during annealing is
still not fully understood. Therefore, it is meaningful to study the conversion of PVK dur-
ing annealing. To this end, 400 nm-thick samples subjected to annealing times ranging
from 30 s to 30 min are monitored by GIXRD. By increasing the incident angle stepwise
from 0.25 °to 5 °, we increase the information depth of the XRD measurement to obtain
depth-dependent structural information regarding the PVK and PbI2 phases. The GIXRD
patterns of a 400 nm-thick CsFAPbIBr film shown in Figure 3.4a-c exhibit five main peaks
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at 2θ of 14.2 °, 20.0 °, 24.6 °, 28.4 °, and 31.8 °, which can be assigned to the (100), (011),
(111), (200), and (012) planes of cubic PVK [360]. The additional two diffraction peaks
at 11.8 °and 12.7 °correspond to the δ-phase PVK and the (100) peak of PbI2, respec-
tively [374]. Even at only 30 s of annealing at 100 ◦C, the appearance of the PVK peaks
in Figure 3.4a shows that a substantial amount of the precursors has already converted
into PVK, although unreacted PbI2 is still visible, in particular at large incident angles.
These results show that the top region has fully converted into PVK, while the bottom
part exhibits a mixture of PbI2 and PVK. With a longer annealing period of 1 min, a weak
PbI2 peak is only observed at large incident angles, indicating the presence of unreacted
precursor in the bottom of the PVK layer, as shown in Figure 3.4b. After 30 min of an-
nealing, no PbI2 peak is detected at any incident angle (Figure 3.4c), showing that PbI2

has completely converted into PVK.

To further understand the crystallization process as well as the role of CsBr in the
conversion during annealing, 400 nm-thick FAPbI3 layers are prepared by SCD. The sam-
ples are annealed at 100 ◦C for 30 s, 1 min, 10 min, 30 min and measured by GIXRD. The
FAPbI3 sample annealed for 30 s resulted to be particularly unstable during the sample
transfer, which comes from the conversion from FAPbI3 PVK into yellow phase. Thus,
this result is not included in Figure 3.4. The FAPbI3 film annealed for 1 min shown in
Figure 3.4d exhibits a high relative intensity of PbI2/PVK (100) at incident angles of both
3 °and 5 °, while no peak is spotted at lower incident angles, indicating relatively large
amounts of unreacted PbI2 at the bottom of film. Furthermore, even after 10 min of an-
nealing, the PbI2 peak is still visible at 5 °, as shown in Figure 3.4e, indicating there is
still some unreacted PbI2 at the bottom. Only for the longest annealing time of 30 min
is no PbI2 peak detected (Figure 3.4f). From this comparison, we can conclude that the
presence of CsBr accelerates the precursor conversion into PVKs. The fact that after 10
min of post-annealing thermal treatment, there is still PbI2 at the bottom of the FAPbI3

film suggests that, in the absence of CsBr, mixing of the precursors limits the complete
PVK conversion. To further classify the CsBr induced difference between CsFAPbIBr and
FAPbI3 during annealing, the IPbI2 /IPV K ratios from Figure 3.4a-f are plotted as a function
of the incident angle for both CsFAPbIBr and FAPbI3 to visualize the in-depth reaction
process as shown in Figure 3.4g. The IPbI2 /IPV K ratios increase going deeper into the film
for both PVK materials investigated and all annealing times, but their slopes are very dif-
ferent from each other’s. The steep slope change for CsFAPbIBr from 30 s annealing to
1 min annealing in Figure 3.4g visually indicates that the presence of CsBr assists pre-
cursor mixing and accelerates PVK conversion during annealing. We note that in gen-
eral interpreting GIXRD measurements of samples with preferred orientation is difficult
and should be taken with the necessary precautions, as both depth-dependence and
preferred orientation can cause a variation of the (relative) peak intensity with incident
angle. Although the preferential orientation of the PbI2 phase complicates also here the
interpretation, we believe that the consistent trends among the different samples with
different annealing times and in particular the different ratios of IPbI2 /IPV K of the differ-
ent samples strongly indicate that the variations of the PbI2 peak intensity also reflect a
depth-dependence of the PbI2 concentration. Apart from the PVK crystal formation, the
evolution of film opto-electronic properties upon annealing is also analyzed. We mea-
sure TRPL on 100, 250, and 400 nm-thick SCD samples with different annealing times
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Figure 3.4: (a-c) GIXRD measurements on 400 nm-thick CsFAPbIBr films with different annealing times: (a)
30 s, (b) 1 min, and (c) 30 min. (d-f) GIXRD measurements on 400 nm-thick FAPbI3 with different annealing
times: (d) 1 min, (e) 10 min, and (f) 30 min. The δ-phase PVK peak is highlighted in yellow; the PbI2 (100)
peak is highlighted in light blue; and the PVK (100) peak is highlighted in light brown. (g) Dependence of the
IPbI2 /IPV K (100) ratio extracted from Figure 3.4(a-f) as a function of incident angle for CsFAPbIBr and FAPbI3
at different annealing times.
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(30 s, 1 min, and 30 min), as shown in Figure 3.5a-c. All these samples show annealing
time-dependent PL decay, and the lifetime is extended by longer annealing time due to
higher crystallinity. For the 100 nm sample, the initial part of the TRPL signal of the 1
min overlays with the one of 30 min annealing. In contrast, for the 400 nm-thick sample,
the initial part of the TRPL signal of the 1 min overlays with the 30 s annealed signal. For
the 250 nm-thick sample, an intermediate behavior is found.

Figure 3.5: Evolution of opto-electrical properties of SCD Csx FA1−x PbI3−x Brx annealed at 100 ◦C and variable
time. (a-c) TRPL of 100, 250, and 400 nm SCD samples annealed at 30 s, 1 min, and 30 min.

From the above, for the 400 nm-thick sample, a 30 min annealing time is required to
obtain long TRPL lifetimes, even though from structural (Figure A.4) and optical (Figure
A.5) measurements, the PVK conversion seems to be complete even after only 1 min of
annealing. In contrast, for the 100 nm-thick sample, 1 min of thermal treatment seems
sufficient to reach optimal opto-electronic properties. It indicates that the structural and
optical properties are asynchronous with electrical properties during annealing, and this
phenomenon is strongly dependent on film thickness. As confirmed by GIXRD, the pre-
cursors exhibit a reaction-limited process during annealing. To look further into this
process, we measured the opto-electronic properties of the 400 nm-thick CsFAPbIBr
with different annealing times in Figures A.11. The PVK conversion can also be exam-
ined by measuring the evolution of opto-electronic properties during annealing. The
PVK absorption onset starts to form after 30 s of annealing, and a continuous increase of
the absorptance was observed from 300 to 800 nm for longer annealing times. In con-
trast to the 400 nm-thick sample, the 250 nm-thick samples show a similar absorptance
for 1 and 30 min annealing (Figure A.3b), especially at longer wavelengths. This implies
that the conversion into PVK has already finished, in line with the XRD results shown in
Figure A.3a. PL spectra were also recorded as a function of the annealing time by illumi-
nating through the quartz substrate (back) and PVK surface (front) of the 400 nm-thick
SCD sample as shown in Figure A.11. The peak shape and position are altered by illu-
minating from different sides for both 30 s and 1 min annealed samples, suggesting that
there are compositional changes through the cross section of the film.

3.3.3. Role of CsBr in PVK conversion in SCD films during post-deposition
annealing

Combining the information obtained by GIXRD, XPS, UV-vis, and PL measurements dur-
ing the annealing of the SCD film, we propose the following mechanism for the forma-
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tion of CsFAPbIBr. Three stages take place during the entire process as depicted in Figure
3.6 for both CsFAPbIBr and FAPbI3 . In the as-deposited film (stage I in Figure 3.6), FAI
and PbI2 almost keep as individual stacks for FAPbI3 film, while FAI shows concentration
driving gradient distribution in PbI2 film for CsFAPbIBr, as indicated in the XPS profile
in Figure A.8. Furthermore, signals of both Cs and Br were detected through the film and
even at the bottom of the as-deposited CsFAPbIBr layer (Figure A.8). As annealing time
goes on, precursors partially convert into PVKs through the film for both CsFAPbIBr and
FAPbI3, as shown in stage II in Figure 3.6. Compared with FAPbI3, the existence of CsBr
assists the precursor mixing and leads to the fast formation of CsFAPbIBr, which only
takes a few minutes to realize a full conversion of PVK through the film (Figure 3.4). We
attribute this difference to the role of CsBr that is already uniformly distributed through
the film (Figure A.8). As for stage III at the end of annealing, unreacted precursors are
detected at the bottom of the FAPbI3 film, while unreacted PbI2 exists through the Cs-
FAPbIBr film because of the different precursor mixing levels.

Figure 3.6: Schematic of the PVK conversion process for both CsFAPbIBr and FAPbI3 during annealing.

3.4. Conclusions
We demonstrated a simple sequential evaporation technique to prepare high-quality
PVK films based on multisource deposition. By sequentially depositing the precursors
into a single stack, highly crystalline Cs0.15FA0.85PbI2.85Br0.15 is obtained after optimized
annealing treatment. This single-cycle deposition film shows thickness-dependent
opto-electronic properties. As the target thickness increases to 400 nm, the film shows
a drop in opto-electronic properties even though it structurally shows a PVK diffraction
peak with optimized annealing. This phenomenon might be explained by the limited
diffusion length of these precursors in single-cycle deposited 400 nm-thick PVK film.
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To improve the composition uniformity for thick samples, further strategies could be
explored: (1) Change the deposition order; (2) First layer morphology optimization (an-
nealing or atmosphere treatment); (3) Introducing small-sized cations and halides in
as-deposited films. We also studied the precursor reaction during postdeposition an-
nealing, the crystal structure, and opto-electronic properties as a function of different
annealing times. The structural and optical properties are asynchronous with electrical
properties during annealing, which is strongly dependent on film thickness, resulting
from precursor mixing and reacting. In addition, the presence of CsBr can assist the pre-
cursor mixing during annealing, which is beneficial to the fast precursor reaction and
PVK conversion. The strategy used in this work provides an alternative way for uniform
and large-scale vacuum deposition for PVK-based photovoltaic technology.
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Abstract

The preferential orientation of the perovskite (PVK) is typically accomplished by manip-
ulation of the mixed cation/halide composition of the solution used for wet process-
ing. However, for PVKs grown by thermal evaporation, this has been rarely addressed.
It is unclear how variation in crystal orientation affects the opto-electronic properties
of thermally evaporated films, including the charge carrier mobility, lifetime, and trap
densities. In this study, we use different intermediate annealing temperatures Ti nter

between two sequential evaporation cycles to control the Cs0.15FA0.85PbI2.85Br0.15 ori-
entation of the final PVK layer. XRD and 2D-XRD measurements reveal that when using
no intermediate annealing primarily the (110) orientation is obtained, while when using
Ti nter = 100 ◦C a nearly isotropic orientation is found. Most interestingly for Ti nter ≥ 130
◦C a highly oriented PVK (100) is formed. We found that although bulk electronic prop-
erties like photoconductivity are independent of the preferential orientation, surface re-
lated properties differ substantially. The highly oriented PVK (100) exhibits improved
photoluminescence in terms of yield and lifetime. In addition, high spatial resolution
mappings of the contact potential difference (CPD) as measured by KPFM for the highly
oriented PVK show a more homogeneous surface potential distribution than those of

*This chapter is based on the following publication: J. Yan, L. Stickel, L. van den Hengel, H. Wang, P. Ravi
Anusuyadevi, A. Kooijman, X. Liu, B. Ibrahim, A. Mol, P. Taheri, L. Mazzarella, O. Isabella, T. J. Savenije, Vacuum
Deposited Perovskites with a Controllable Crystal Orientation, J. Phys. Chem. Lett. 2023, 14, 39, 8787–8795
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the non-oriented PVK. These observations suggest that a highly oriented growth of ther-
mally evaporated PVK is preferred to improve the charge extraction at the device level.

4.1. Introduction
Metal halide PVK solar cells have attracted an extensive amount of attention due to the
rapid enhancement of the PCE reaching 25% within a decade [375]. The most explored
approach to deposit high-quality PVK films is wet chemical processing including spin-
coating, which has demonstrated excellent performing devices with relatively small ar-
eas of about 0.1-1 cm2 [300]. Various strategies have been reported to improve the PCE
of spin-coated PSCs, including structure design [376], interface modification [377], and
composition replacement for each functional layer [37]. Among them, controlling the
growth of PVK crystals is critical to obtain high-quality absorber materials that exhibit
high absorption coefficients, high charge carrier mobilities, and long lifetimes [36, 378].
To date, several main techniques are commonly applied to control the PVK growth, such
as additive engineering [379], solvent engineering [43], and gradient annealing [380].
The main goal of these approaches is to slow down solvent evaporation to enhance the
crystal grain size [216]. Moreover, various groups have reported highly selective growth
using template modulated PVK growth [381, 382], or composition engineering, such as
MA/FA mixed cations in precursor solution in ref. [383]. In these works, preferential crys-
tal growth has been claimed to suppress nonradiative recombination and to improve the
free carrier lifetime in spin-coated PVK layers [383, 384]. Therefore, manipulation of the
PVK preferential crystal orientation is an interesting and effective method to improve the
PCE of PSCs [385, 386].

Unlike spin coating, thermal evaporation of PVKs does not require the use of harm-
ful solvents and is compatible with textured substrates [387]. Besides, it has very good
potential toward upscaling due to the exact precursor control [388] and uniform deposi-
tion [389]. Recently, Li et al. [145] prepared minimodules based on thermally evaporated
PVKs, with a champion PCE above 18% with an active area of 22 cm2. However, manipu-
lating the preferential orientation of the PVK crystal growth in layers prepared by thermal
evaporation has hardly been addressed [390, 391]. To date, only two papers have been re-
ported on the control of the preferential growth of thermally evaporated PVKs. Abzieher
et al. [364] investigated the effects of substrate material on the orientation of methylam-
monium lead iodide (MAPbI3) crystals and identified few organic hole transport materi-
als as ideal candidates for the fabrication of efficient fully evaporated PSCs [364]. Simi-
larly, Klipfel et al. [392] highlighted the importance of the underlying material selection.
Furthermore, both studies stressed that the deposition rate of co-evaporated lead(II) io-
dide (PbI2) and methylammonium iodide (MAI) can achieve fine-tuning of preferred
crystal orientation [392]. However, these studies mainly focused on the influence of sub-
strate material on MAPbI3 orientation growth and discussed opto-electrical properties
at the device level. A systematic study of the influence of the preferential orientation on
charge carrier mobility, lifetime, and trap densities is lacking [393]. Besides, no strate-
gies to manipulate the crystal orientation of thermally evaporated Csx FA1−x PbI3−y Bry

have been reported. Therefore, it is important to manipulate the crystal orientation of
thermally evaporated Csx FA1−x PbI3−y Bry and investigate the effects of the crystal orien-
tation on its opto-electronic properties.
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In this work, PVK films are fabricated using sequential deposition comprising two
cycles, each consisting of three thick precursor layers, i.e., PbI2, FAI, and CsBr [394].
By applying different intermediate annealing temperatures between the first and sec-
ond cycles, we can fabricate 450 nm-thick Cs0.15FA0.85PbI2.85Br0.15 films with a different
preferable crystal orientation, as demonstrated by both X-ray diffraction (XRD) and two-
dimensional XRD (2D-XRD). In addition, we explain the underlying mechanism of the
controllable crystal orientation by XRD. Furthermore, we investigate how the PVK crystal
orientation influences the opto-electronic properties in the bulk and at the surface of the
film by performing photoluminescence (PL) measurements, time-resolved microwave
conductivity (TRMC) measurements, and Kelvin probe force microscopy (KPFM). Our
findings suggest that the preferential growth along (100) shows less variation in the sur-
face potential/lower trap densities on the film surface compared with the (110)/(100)
mixed one. On the other hand, the variation of crystal orientation shows no effects on
the bulk opto-electrical properties for the thermally evaporated Cs0.15FA0.85PbI2.85Br0.15

PVK.

4.2. Experimental details
4.2.1. Material and film preparation
CH(NH2)2I (FAI) (99%, Sigma-Aldrich), CsBr (99.999%, Sigma-Aldrich), and PbI2

(99.999%, Thermal Scientific) precursors were used as received. Before sample prepara-
tion, the bare quartz sheet was cleaned with acetone and ethanol and then treated in UV
plasma cleaning for 5 min. PVK films were fabricated using a simplified approach con-
sisting of a single-cycle deposition method described elsewhere [394]. The schematic il-
lustration of the sequential thermal evaporation process is depicted in Figure 4.1a. Dur-
ing the deposition of the Cs0.15FA0.85PbI2.85Br0.15 film, three precursors were sequen-
tially evaporated with the order of PbI2, FAI, and CsBr into one stack with a total thick-
ness of 250 nm. Afterward, the second stack is deposited repeating the same sequenced
three-layer precursors stack to reach a target thickness of 450 nm. Between the two de-
position cycles, we applied different intermediate annealing (Ti nter ) treatments on a hot
plate for 5 min (without annealing (w/o-A); 50, 100, 130, and 160 ◦C) in a nitrogen-filled
glovebox. The final PVK layer consisting of two stacks was annealed at 130 ◦C for 5 min,
named T f i nal , also in a N2-filled glovebox.

4.2.2. Characterization
X-ray diffraction (XRD) patterns were measured with a Bruker D8 Advance diffractome-
ter equipped with a Cu Kα X-ray source that has a wavelength of 1.54 Å.

Two-dimensional X-ray diffraction (2D-XRD, Bruker D8 Discover, Cu Kα) was per-
formed with an incident angle of 5 °to analyze the crystallinity and orientation within
the PVK films. The X-ray generator shows a voltage of 40 kV and a current of 25 mA.
The beam size is 2.0 mm in diameter. The intensity of the peaks is integrated with
DIFFRAC.EVA software.

The elemental compositions of the PVK films were analyzed by X-ray photoelectron
spectroscopy (XPS) using a ThermoScientific K-Alpha spectrometer. The spectrometer
was equipped with a focused monochromatic Al-kα X-ray source (1486.6 eV) operating
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at 36 W (12 kV, 3 mA). The samples were transferred in a N2 box for XPS measurements
but were exposed to air during sample loading. Peak fitting was performed with Avantage
software using a Gaussian function. The binding energy was corrected for the charge
shift by taking the primary C 1s hydrocarbon peak at BE = 284.8 eV as a reference.

The morphology of the PVK surfaces was measured by a scanning electron micro-
scope (SEM, Thermo Scientific, Verios G4 UC) at an accelerating voltage of 5 kV.

The absorptance of samples were measured by ultraviolet–visible spectroscopy
(UV/vis, PerkinElmer, Lambda 950) with a wavelength range of 300-850 nm.

The photoluminescence spectra of the samples were investigated by steady-state
photoluminescence (PL, HORIBA, FL3-111) with an excitation wavelength of 405 nm;
besides, the emission light was filtered by a 550 nm filter.

Time-resolved microwave conductance (TRMC) was applied to learn about the car-
rier lifetime, mobility, and trap densities. All the measurement parameters can be found
in ref. [363]. The effective electron and hole mobilities (

∑
µ) are derived from the max-

imum signal height (∆Gmax ), which is normalized by the absorptance at an excitation
wavelength of 650 nm. The charge carrier half-lifetime is obtained from the photocon-
ductance decay.

Kelvin probe force microscopy (KPFM, Bruker, Dimension Edge scanning probe mi-
croscope) measurements were performed in an enclosure provided by the manufacturer
at ambient pressure, temperature, and humidity conditions. The requisite CPD distribu-
tion over the scan area (1 × 1 µm2) of the samples studied was determined by applying
an AC voltage and plus a DC voltage to the AFM tip. To ensure the appropriate electrical
conductivity between the tip and the sample, copper tape was attached between the film
and the AFM holder. The contact potential difference (CPD) between the tip and sample
was measured simultaneously with the topography of the region studied. The CPD/VPD
distribution maps and topographical maps were collected with a similar pixel density of
about 256 × 256 pixels per image and a scan rate of 0.6 µm/s. The data were analyzed
with the Gwyddion software. To remove high-frequency noise, the KPFM figures were
processed with a low pass filter.

4.3. Results and discussion
4.3.1. Effect of intermediate annealing temperature on PVK orientation

growth
After finishing both cycles and a final annealing step at T f i nal = 130 ◦C, we investigated
the influence of the intermediate annealing temperature (Ti nter ) in terms of crystallog-
raphy. Figure 4.1b shows visual images of the unit cell with crystal orientation along
the (100) and (110) planes. The XRD patterns of the final Cs0.15FA0.85PbI2.85Br0.15 films
with different Ti nter values are plotted in Figure 4.1c. The major peaks are located 2θ
at 14.05°, 20.08°, 28.16°, 31.88°, and 40.43°, which are assigned to the (100), (110), (200),
(012), and (220) crystal planes of PVK, respectively [360]. Apparently, the (100) peak in-
tensity (highlighted in light gray in Figure 4.1c) gradually increases with higher Ti nter .
This trend is indicative of improved crystallization and crystal orientation of (100) direc-
tion for a higher thermal budget. On the contrary, by increasing the Ti nter from w/o-A to
160 ◦C, the (110) peak intensity (highlighted in light brown) decreases to almost zero.
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Figure 4.1: (a) Schematic illustration of the sequential thermal evaporation with various Ti nter ; (b) Illustra-
tions of the (100) and (110) planes in a unit cell; (c) XRD patterns of final PVK films grown with different Ti nter
values and constant final annealing (T f i nal ); (d) Simulated XRD patterns of non-oriented PVK and PVK with
orientations along the (110) or (100) direction.

To analyze the orientation of the prepared samples, simulated XRD patterns are pro-
vided in Figure 4.1d, which either are isotropic or have a preferred growth along the
(110) or (100) direction. On comparison of the experimental patterns (Figure 4.1c) with
the simulated results (Figure 4.1d), we note that intermediate annealing can control the
crystal orientation ranging from (1) no annealing: some preferential orientation along
the 110 direction; (2) Ti nter = 100 ◦C annealing: near isotropic orientation; and (3) Ti nter

= 160 ◦C annealing: preferential orientation mostly along the (100) direction. The differ-
ence in full width at half-maximum (FWHM) of the (100) and (110) peaks is negligible
as Ti nter increased, as shown in Table B.1, suggesting a comparable crystallite size in all
samples. The top-view SEM images of these samples are shown in Figure B.1. In agree-
ment with the XRD results, there is no clear grain size variation as the crystal orientation
changes. We show in Figure B.2 the grain size distribution for samples with Ti nter of w/o-
A((110)/(100)-mixed) and 160 ◦C ((100)-oriented). Thus, an apparent preferable growth
along the (100) and (200) crystallographic planes for PVKs by increasing the Ti nter is
concluded.

To further assess the controllable crystal orientations, we measured 2D-XRD of PVK
samples w/o-A at 130 ◦C as shown in Figure 4.2. The two samples are selected based
on their clear different preferential crystal orientations of mixed (110)/(100) and (100).
In the 2D-XRD images of Figure 4.2a,b, the azimuthal intensity distribution correlates
to the orientation of the planes [395]. Therefore, uniform intensity along the Debye-
Scherrer ring indicates no preferable crystal orientation [396]. In contrast, the brighter
parts compared with the dark region suggest specific out-of-plane orientations. The
Debye-Scherrer ring shown in Figure 4.2a,b is the diffraction pattern of the (100) crystal
plane for samples of w/o-A and 130 ◦C [395]. It is observed that diffraction intensities of
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the preferential (100) plane varied significantly with different Ti nter , according to Figures
4.2a and 4.2b. To better visualize and compare the difference, we integrate the intensity
of the (100) crystal plane along different azimuth angles (χ), as shown in Figures 4.2c and
4.2d. More details about the integration process can be found in Figure B.3. The peak
position reflects the angle of the (100) plane with respect to the substrate, while the peak
intensity and width stand for the distribution [397]. For sample w/o-A (Figure 4.2c), two
broad peaks appear at 88°-93°and 134°-135°with relatively low peak intensities, suggest-
ing that the (100) plane is oriented along two different directions with azimuth values of
88°-93°and 134°-135°, as visualized in the inset. In contrast, the sample with a Ti nter of
130 ◦C (Figure 4.2d) shows an increased peak intensity with a narrower distribution of
the (100) plane oriented along 89°-90°, as shown by the cubes in the inset. Apparently,
as Ti nter increases, the orientation of the (100) plane is intensified along χ ≈ 90°, which
is perpendicular to the substrate surface. It confirms that the preferred facet orientation
along the (100) crystal plane is achieved by applying a high Ti nter .

Figure 4.2: (a, b) 2D-XRD of samples with Ti nter values of (a) w/o-A and (b) 130 ◦C. (c, d) Integration of the
azimuthal intensity along the (100) reflex in 2D-XRD for samples with Ti nter of (a) w/o-A and (b) 130 ◦C. The
insets in (c) and (d) depict the preferred crystal orientation.
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4.3.2. Understanding the orientation growth of PVK films
To analyze the influence of the stack from the first cycle on PVK growth, XRD charac-
terization is performed on the first stack after the different annealing temperatures, as
shown in Figure 4.3a. For the samples w/o-A and Ti nter = 50 ◦C, XRD patterns show a
high PbI2 peak at 2θ = 12.7°, indicating a low conversion of the deposited precursors
into PVK. With the increase of Ti nter to 100 ◦C and higher, the PbI2 peak disappears, and
the PVK peak gradually increases in intensity. Then we deposited the second stack on
these various samples and applied a final annealing step for all samples at 130 ◦C. The
diffraction patterns of these double-cycle deposited PVKs are shown in Figure 4.3b. The
(110) and (220) plane diffraction signals in Figure 4.3b gradually disappear as Ti nter in-
creases, while the (100) and (200) PVK diffraction peaks become more intense. The IPV K

(sum of peak intensities of (100) and (110)) of the first stack and the (100)/(110) ratios
of the PVK films are plotted in Figure 4.3c as a function of Ti nter . For Ti nter < 100 ◦C
the IPV K vs Ti nter is nearly constant. When Ti nter is around 100 ◦C, the ratio quickly
increases, confirming the nearly complete PVK formation. A Ti nter of 100 ◦C seems to be
a threshold temperature to obtain substantial precursor conversion which is in line with
other works on vacuum deposited PVKs [142, 357, 398]. Interestingly, the trend for the
(100)/(110) ratio for the final PVK with increasing Ti nter follows the same trend as the
IPV K obtained from the first stack. For low Ti nter , the (100)/(110) ratio remains below
1, while for a high Ti nter , a (100)/(110) ratio ≥ 10 is found, demonstrating a substantial
change in the preferred PVK orientation.

To analyze the preferential orientation of the grown PVK layers with different values
of Ti nter , the peak intensities for layers with different orientations were simulated and
can be found in Figure B.4 and Table B.2. These X-ray diffraction patterns have increas-
ing preferential ordering along the (100) or (110) directions as defined by the March-
Dollase parameter (MDP) [399] with a MDP of 1 corresponding to the absolute random
orientation and a lower MDP value corresponding to increasing preferential orientation
[399]. The sample with Ti nter = 100 ◦C shows peak intensities comparable to those of
the simulation with no preferential oriented PVK (MDP = 1). From our analysis, we can
conclude that the degree of preferential PVK growth is in line with the conversion of the
precursors in the first stack. We ascribe the crystal orientation dependency on the Ti nter

to a template-guided PVK growth process. In other words, the ratio of unreacted precur-
sors/converted PVK at the surface of the first stack dictates the preferential ordering of
the second stack PVK. This finally leads to the manipulation of PVK orientation from a
mixed (100) and (110) to a preferential (100).

To further confirm this explanation, XPS is applied to the first stacks w/o-A and with
Ti nter = 160 ◦C. Full XPS spectra for the first stack samples w/o-A and 160 ◦C can be found
in Figure B.5, while the high-resolution spectra of Pb 4f7/2, I 3d5/2, Cs 3d5/2, and Br 3d
are shown in Figure B.6. The corresponding peak positions and atomic percentages are
given in Tables B.3 and B.4. The peak position of Pb 4f7/2 shows 138.5 eV for sample w/o-
A, while it shifts to 139.1 eV for the sample with 160 ◦C (Table B.4). These peak positions
are all calibrated by C 1s spectra at 284.8 eV [400]. Interestingly, the reported binding
energy of Pb 4f7/2 in PbI2 for the literature value is 138.5 eV, indicating that the Pb still
exists in the form of PbI2 on the surface of the sample w/o-A. To support this conclusion,
we also recorded high-resolution XPS spectra of Pb 4f7/2, I 3d5/2, Cs 3d5/2, and Br 3d of
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Figure 4.3: (a) XRD patterns of the first stack PVKs with different Ti nter . Note that the y-axis contains two gaps
to improve clarity. (b) XRD patterns of the double-cycle deposited samples which are continued with the first-
cycle deposited samples shown in Figure 4.3a. (c) PVK peak intensity (IPV K , which is the sum of intensities of
peak (100) and (110)) of the first stack and the (100)/(110) ratio of the corresponding double-cycle deposited
films as a function of Ti nter . (d) Mechanism of template-guided PVK crystal orientation growth for different
Ti nter .

the individual precursors shown in Figure B.7. Furthermore, the ratio of FAI/PbI2 at the
film surface can be obtained by calculating the (I-2Pb)/Pb ratio, which is 1.71 and 0.91
for the samples w/o-A and Ti nter = 160 ◦C, respectively (Table B.3). Apparently, the dif-
ference in (I-2Pb)/Pb for these two samples provides different templates for the growth
of the next stack. Hence, the degree of PVK formation of the first stack directly influences
the growth and crystal orientation of the entire PVK film.

Based on the XRD, 2D-XRD, and XPS results, we relate the crystal orientation depen-
dency on the Ti nter to a template-guided PVK growth process, as shown in Figure 4.3d.
Different intermediate stages are achieved using Ti nter from w/o-A to 160 ◦C. For the
case without Ti nter , the unreacted precursors in the film provide a disordered template
for the deposition of the second stack and lead to a PVK film with mixed orientations as
shown. On the contrary, the samples with high Ti nter combined with nearly complete
PVK conversion provide a template for the deposition of the second stack leading to a
PVK film with a highly preferential orientation along the (100) direction.
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4.3.3. Effects of orientation growth on opto-electronic properties

Figure 4.4: Opto-electronic properties of the first stack (left column) and double-stacked (right column) sam-
ples with different Ti nter : (a, d) absorbance spectra, (b, e) steady-state PL, and (c, f) TRPL.

As reported in several publications [390, 401, 402], solution-based PVKs show opto-
electronic properties dependent on crystal orientation. Hereby, we investigate the influ-
ence of orientation growth on opto-electronic properties based on thermally evaporated
PVKs. Specifically, we choose samples with a Ti nter of w/o-A, Ti nter = 100 ◦C, and Ti nter

= 160 ◦C to study the opto-electronic properties. UV-vis and PL results of the first stacks
with different Ti nter values are shown in Figure 4.4a-c. In Figure 4.4a. The first stack
w/o-A shows relatively low absorptance compared to the other samples because of the
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limited PVK conversion, as confirmed by XRD in Figure 4.3a. Both steady-state PL and
time-resolved PL measurements are performed to study the radiative band-to-band re-
combination at an excitation wavelength of 405 nm. The appearance of two peaks for
samples w/o-A in Figure 4.4b could be explained from the initial formation of different
PVK compositions [396] or trap-assisted emission [403]. Because the (100) PVK peak in
the XRD pattern can be fitted using a single Gaussian as shown in Figure B.8, it is ex-
pected that the PVK composition is rather uniform. This is in line with the very similar
absorption onsets shown in Figure 4.4a for different values of Ti nter . Hence, it is likely
that the presence of unreacted precursors might lead to the formation of shallow emis-
sive states [404], resulting in the appearance of the shoulder in the PL spectrum at 810
nm. The position of maximum PL in Figure 4.4b shows a gradual blue-shift with increas-
ing Ti nter as evidence of the precursor reaction, which is consistent with the conclusion
from Figure 4.3. Similarly, the longer lifetime in TRPL decay of the first stack with 160 ◦C
shows a more complete conversion. The first stacks treated with different Ti nter (Figures
4.4a-c) are then completed with the second cycle and final annealing step as shown in
Figures 4.4d-f. The onset of absorptance in Figure 4.4d is identical for all three samples,
implying that the bandgap is identical for the PVKs with different preferential orienta-
tion. From the increased PL with higher values for Ti nter , the radiative electron-hole
recombination increases as shown in Figure 4.4e. In addition, the TRPL measurements
shown in Figure 4.4f exhibit a slower decay over time with increasing Ti nter . All the TRPL
spectra are fitted by mono-exponential decays, and the corresponding lifetimes and de-
viation (χ2) are summarized in Table B.5. These PL measurements indicate that at least
the surface of the PVKs prepared using different values for Ti nter develops different sur-
face properties.

TRMC gives information regarding charge carrier mobilities and lifetimes. Figures
B.9a-c show the photoconductance (∆G) as a function of time on pulsed excitation for
the samples w/o-A, Ti nter = 100 ◦C, and Ti nter = 160 ◦C. Given the low exciton binding
energy of CsFA-based PVKs, we can assume that the charge carrier generation yield,Φ, is
close to unity at room temperature [405]. No significant differences in both the lifetime
and mobility are observed between samples with different orientations, as summarized
in Figure 4.5a. The recombination dynamics are also investigated by probing the sample
with different laser intensities, as shown in Figures B.9a-c. The decay of ∆G under low
photon intensities (109/cm2) is attributed to the immobilization of excess charge car-
riers via trapping or recombination [363], indicated by process 1 in Figure B.9d. As the
photon intensity increases to 1010/cm2, the decay curve shows a clear difference with the
low photon intensity for all samples (Figures B.9a-c), demonstrating enhanced second-
order electron-hole recombination, as shown by process 2 in Figure B.9d. Therefore, we
conclude that all samples with different preferable crystal growth share a comparable
trap density. We find similar mobility values of 30 cm2 V-1 s-1 and τ1/2 values of 780 ns
using photon intensities of 1010/cm2 for all samples, as summarized in Figure 4.5a. In
view of the excitation wavelength used for the TRMC measurements (650 nm), result-
ing in a rather homogeneous excitation profile, we conclude that the bulk properties of
the different PVKs are very similar. This is agreement with the comparable grain size
for the different samples, as verified by both SEM (Figures B.1 and B.2) and XRD (Table
B.1). Therefore, the comparable charge carrier mobilities and lifetimes of samples with
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different values for Ti nter imply that the bulk opto-electronic properties for thermally
evaporated PVKs crystals are crystal orientation independent.

According to DFT calculations reported by Li et al. [391], the (100) planes show less
dangling bonds as compared to the (110) planes in accordance with our observations.
In this work, the reduced standard deviation for the sample with Ti nter = 160 ◦C agrees
with the fact that at the surface, only a single plane is exposed. For the sample w/o-A the
different planes lead to larger variations in measured CPD values.

Figure 4.5: (a) Mobility (left axis) and half-lifetime (right axis) extracted from TRMC traces in Figure B.9 as a
function of Ti nter for different samples. (b) PL spectra of samples w/o A and Ti nter = 160 ◦C with excitation
wavelengths of 300 and 600 nm. (c, d) 2D CPD distribution maps of double-stacked PVK films with Ti nter
of (c) w/o-A, and (d) 160 ◦C. (e) Schematic illustration of the relationship between crystal orientation and the
corresponding bulk/surface opto-electrical properties.
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In order to examine how the extent of preferential ordering affects the opto-
electronic properties, PL spectra are recorded using different excitation wavelengths (λ
= 300 nm or λ = 600 nm) of the samples w/o-A and with Ti nter = 160 ◦C, as shown in
Figure 4.5b. The penetration depths are very different going from tens of nanometers to
hundreds of nanometers. While the PL spectra are similar for both samples usingλ = 600
nm, at λ = 300 nm the intensity for the sample w/o-A is a factor of 4 lower than that of the
sample with Ti nter = 160 ◦C. This implies that the surface properties of the sample w/o-A
lead to more radiationless decay. To further confirm our conclusion, we performed ad-
ditional Kelvin probe force microscopy (KPFM) measurements to specifically study the
laterally resolved contact potential difference distribution. Figures 4.5c and 4.5d show
KPFM images of the contact potential difference (CPD) distribution for the samples w/o-
A and Ti nter = 160 ◦C, respectively. The sample w/o-A exhibits a low averaged CPD of 22.8
mV combined with a large standard deviation of ±0.95 mV. On the contrary, the sample
with Ti nter = 160 ◦C shown in Figure 4.5d shows a large and quite uniform averaged CPD
of 29.7 mV and a standard deviation of ±0.47 mV. The CPD distributions of both images
are converted into histograms in Figure B.10. The increased average CPD is related to a
reduced concentration of surface defects caused by the dangling bonds [406]. According
to DFT calculations reported by Li et al. [391], the (100) planes show less dangling bonds
as compared to the (110) planes in accordance with our observations. In this work, the
reduced standard deviation for the sample with Ti nter = 160 ◦C agrees with the fact that
at the surface only a single plane is exposed. For the sample with w/o-A the different
planes lead to larger variations in measured CPD values.

Combining the results of measurements probing the bulk and surface, the influ-
ence of thermal evaporated PVK crystal orientation on film opto-electrical properties
is schematically illustrated in Figure 4.5e. In terms of bulk properties, variation in the
preferable crystal growth has little effect on the bulk opto-electronic properties. Reasons
lay in the similar grain boundaries, as confirmed by the comparable grain size in Figure
B.2. On the contrary, the effect of different crystal orientations on the opto-electronic
properties is observed at the surface of the film. The mixed crystal orientations expose
different facets at the film surface, affecting the number of surface vacancies and dan-
gling bonds and further exhibiting differences in surface potential. A uniform ordering
of the PVK crystals might lead to improved charge extraction at the interface of PVK and
transporting layers and less interfacial recombination [407].

4.4. Conclusions
We propose an intermediate annealing approach to manipulate the crystal orientation
of thermally evaporated Cs0.15FA0.85PbI2.85Br0.15 PVK films fabricated by using a sim-
plified sequential layer deposition method. By optimizing the intermediate annealing
temperature, we demonstrate that the crystal orientation can be tailored ranging from
primarily (110) to near isotropic to predominantly (100). Our results indicate that the
degree of precursor reaction upon different intermediate annealing temperatures of the
first stack influences the preferred crystal orientation of the entire PVK film by providing
different templates for the subsequent deposition. Moreover, we reveal how thermally
evaporated PVK crystal orientation influences the film opto-electronic properties by ap-
plying PL, TRMC, and KPFM measurements. We found that the preferable growth along
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both directions have comparable bulk properties in terms of charge carrier mobility, life-
time, and trap densities, which is dominated by the grain size and grain boundaries. On
the contrary, the (100) oriented growth exhibits higher surface potential/lower trap den-
sities at the film surface compared to the primarily (110) to near isotropic PVK layers,
which plays a decisive role in charge carrier extraction. Therefore, realizing uniform PVK
layers with a highly preferential (100) orientation is expected to show improved charge
extraction and transportation at the device level.
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This chapter was submitted in Solar Energy Materals and Solar Cells *

Abstract

Sequential thermal evaporation is an emerging technique to obtain PVK photoactive
materials for solar cell application. Advantages include solvent-free processing, accurate
stoichiometry control, and scalable processing. Nevertheless, the PCE of PSCs fabricated
by evaporation still lags behind compared to solution-processed PSCs. Here, based on
multi-cycle sequential thermal evaporation, we systematically investigate the effects of
the post-deposition annealing temperature on the PVK properties in terms of surface
morphology, opto-electronic properties, and device performance. We find that the av-
erage grain size increases to 1 µm and charge carrier mobilities exceed 50 cm2 V-1 s-1

when the annealing temperature is increased up to 170 ◦C. We introduce a trace of PbCl2

to the multi-cycle sequential deposition to improve the absorber crystallinity at lower
annealing temperature, as evidenced by the XRD and PL. The resulting PSC yields a PCE
of 18.5% with a cell area of 0.09 cm2. With the same deposition parameters, the cell area
is scaled up to 0.36 cm2, and 1 cm2, achieving champion PCEs of 17.3% and 11% , respec-
tively, with no significant open-circuit voltage drop. This indicates the great potential of
this technology for commercialization of PSCs in the future.

*This chapter is based on the manuscript: J.Yan, J. Nespoli, R. Boekhoff, H. Wang, T. Gort, X. Liu, B. Ibrahim,
T. J. Savenije, O. Isabella, L. Mazzarella., Scalable and simplified sequential vacuum deposition for perovskite
solar cells, which has been submitted in Solar Energy Materials and Solar Cells.
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5.1. Introduction
Thermal evaporation is a promising technique for the commercialization of perovskite
(PVK) solar cells (PSCs), which is attributed to its numerous advantages, including con-
trollable thickness, solvent-free processing, and compatibility with textured substrates
[216, 300, 408]. Since the first work was reported in 2013 [53], remarkable progress has
been achieved in this field. To date, PSCs based on vapor-deposited PVK have achieved
a record power conversion efficiency (PCE) of 24.4% [149]. Additionally, fully evaporated
PSCs have demonstrated a PCE of 20% [149]. Despite these significant advancements,
several challenges hinder the steps toward industrial application of vacuum-based PSCs,
including the control of organic ammonium compound [409] and the complexity asso-
ciated with multisource deposition processes involving more than two precursors [147].
In contrast to co-evaporation, sequential thermal evaporation demonstrates compati-
bility with in-line fabrication [410], and it exhibits enhanced reproducibility due to the
absence of cross-influence among the sources during deposition [411]. However, con-
strained by precursor mixing and interdiffusion, it is crucial to optimize the thickness
of each layer during deposition. Conversely, an excessive number of layers in sequential
deposition is time-consuming compared to co-evaporation process. As a result, there are
limited reports on multi-cycle sequential vacuum deposition processes [142, 412, 413].
Unlike solution-based PVK, the crystal growth of thermally evaporated PVK can hardly
be modulated through solvent engineering [414]. Therefore, the thermally deposited
films commonly exhibit lower charge carrier mobility limited by grain size and shorter
lifetime because of traps during film preparation [56, 415]. These defects lead to non-
radiative recombination and photovoltage loss, which detrimentally affect the device
efficiency and stability [55, 397]. To address these challenges, incorporating lead chlo-
ride (PbCl2) into the precursors has emerged as a promising strategy. This approach
has been explored first in solution-based [416, 417] but also in vacuum-based methods
[397, 418] to influence crystallization dynamics and enhance the opto-electronic proper-
ties of the PVKs. Specifically, mixed cations, mixed halide perovskite, Csx FA1−x PbI3−x Brx

exhibit thermal stability [419], phase stability [420], and tunable bandgap [421], which
satisfy the requirements for top cells in tandem devices by ensuring current match-
ing. To date, studies on sequential multi-cycle vacuum deposited Csx FA1−x PbI3−x Brx

are rarely reported. Numerous studies have been reported focusing on the formation of
PVKs by co-evaporation [300, 357, 360, 422]. In contrast, PVKs deposited by sequential
vacuum deposition are converted mainly during the post-annealing process, highlight-
ing the crucial role of annealing. Based on the process proposed in our previous work
[394, 423], we demonstrate here efficient PSCs based on multi-cycle thermally deposited
Csx FA1−x PbI3−x Brx . In this work, the impact of post-deposition annealing is systemat-
ically investigated in terms of crystallinity, morphology, and opto-electrical properties
and performance. We find that the grain size increases on average from 500 nm to 1 µm
as the annealing temperature increases from 130 ◦C to 170 ◦C. Using the optimized an-
nealing temperature and time, PVKs including PbCl2 precursor are investigated at both
film and device levels. We demonstrate that PbCl2 improves PCE by enhancing the open
circuit voltage (Voc) and fill factor (FF), which are attributed to the improved absorber
crystallinity. With these optimized parameters, 0.09 cm2 PSCs show PCE of 18.5% with
a Voc of 1.01 V, a short circuit-current (Jsc) of 23.95 mA/cm2, and FF of 78.5%. Further-
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more, cells with different area are fabricated, ranging from 0.09 cm2 to 1 cm2. The best
PSC gives the highest PCE of 17.3% and 11% for 0.36 cm2 and 1 cm2, respectively, with no
losses observed in Voc when the active area is scaled up to 1 cm2. Our findings provide
an alternative approach for thermal evaporated absorber preparation and scaling up in
PSCs application.

5.2. Experimental details
5.2.1. Material and device preparation
Indium tin oxide (ITO) coated glass substrates and PTAA were purchased from Yokou.
CsBr, Fullerene (C60) and BCP were purchased from Sigma Aldrich. CH(NH2)2I (FAI)
and PbI2 were purchased from Greatcell Solar Materials. All the chemicals are used as
received. ITO coated glass substrates were cleaned with acetone, ethanol, and oxygen
plasma for 5-10 mins respectively. As a hole-extraction layer, 1.5 mg/mL PTAA was spin
coated with 6000 rpm (acceleration 2000 rpm), and then was annealed with 100 ◦C for
10 mins. Then, the samples were transferred to the vacuum chamber (Perovap, Crea-
Phys) for PVK deposition at a base pressure of 10-6 mbar. PVK films are prepared with
a simplified approach consisting of a multi-cycle sequential thermal deposition method
described by our previous works [394, 423]. To obtain Cs0.15FA0.85PbI2.85Br0.15 film, three
precursors were sequentially evaporated, PbI2, FAI, and CsBr, into one stack with a to-
tal thickness of 200-250 nm. Afterwards, two additional stacks are deposited repeating
the same sequenced three-layer precursors stack to reach a target thickness of about 600
nm. As for the case with introducing of PbCl2, 1.5% molar ratio of PbCl2 to 1 of PbI2

is thermally deposited between PbI2 and FAI layers in every stack. Figure 5.1a shows a
schematic illustration the sequential evaporation process. The final PVK layers consist-
ing of three stacks were annealed on a hot plate with different annealing temperature
(130 ◦C, 150 ◦C, and 170 ◦C) and time (10 min, 15 min, and 20 min). Afterwards, the
samples were transferred into a second vacuum chamber (Optivap 2, CreaPhys) for the
thermal evaporation of 20-nm thick of C60, and 2-nm thick of BCP, followed by a 100-nm
thick Ag electrode (Optivap 1, CreaPhys) using metal masks to define the cell area.

5.2.2. Characterization
X-ray diffraction patterns (XRD) were measured with a Bruker D8 Advance diffractome-
ter equipped with a Cu-Kα X-ray source with a wavelength of 1.54 Å. The top-view mor-
phology and cross-section of PVK films and devices were measured by the scanning
electron microscope (SEM, Thermo scientific, Verios G4 UC) with an accelerating volt-
age of 5 kV. The absorption of samples was measured by Ultraviolet-visible spectroscopy
(UV/Vis, Perkin-Elmer, Lambda 950) with a wavelength range of 300-850 nm. The pho-
toluminescence spectra of the samples were investigated by the Steady-state Photolumi-
nescence (PL, HORIBA, FL3-111) with an excitation wavelength of 405 nm; besides, the
emission light was filtered by a 550 nm filter. Time-resolved photoluminescence spec-
tra were carried out using an Edinburgh LifeSpec spectrometer equipped with a single-
photon counter. The films were excited at 405 nm with a filter of 550 nm for emission
light. The current density-voltage (J-V ) characteristics were recorded using a Keithley
2400 source measure unit using a solar simulator type (company). The active area of the
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solar cells was determined using top metal contact to be 0.09 cm2, 0.36 cm2, and 1 cm2.

5.3. Results and discussion
5.3.1. Effects of lead chloride on film structural and opto-electrical prop-

erties
Based on the sequential thermal deposition approach described above, we investigated
the impact of PbCl2 on the film properties for different annealing temperatures, in-
cluding crystal structure, morphology, and opto-electrical properties. Samples without
PbCl2 are denoted as w/o, while those with PbCl2 are referred to w/ in the subsequent
texts and figures. Figure 5.1b presents the X-ray diffraction (XRD) patterns of the sample
w/o and w/PbCl2 annealed at temperatures in the range between 130 ◦C and 170 ◦C. The
major peaks of the PVK films are located at 14.05°and 28.16°, which are assigned to the
(100), and (200) crystal planes of cubic PVK, respectively. The absence of significant peak
shifts across different conditions implies identical lattice constants even with the intro-
duction of trace amounts of PbCl2. However, the increasing peak intensities indicate
improved crystallinity with higher annealing temperatures for both w/o and w/ PbCl2.
This observation is consistent with both the top-view (Figure C.1) and cross-sectional-
view (Figure 5.1c) SEM images. In Figure 5.1c, the grain size shows a strong dependence
on the annealing temperature. For both w/o and w/ PbCl2 samples, large grains form
when temperature exceeds 150 ◦C, whereas annealing conditions at lower temperature
(≤150 ◦C) result in smaller grains throughout the film. To further investigate the effect of
PbCl2, the full width at half maximum (FWHM) and the peak intensities of the w/o and w/
PbCl2 samples are reported in Figure 5.1d as function of the annealing temperature. In-
terestingly, the w/ PbCl2 samples annealed at 130 ◦C show a similar intensity and FWHM
to the w/o PbCl2 samples annealed at 150 ◦C (highlighted in light orange and light blue
bar in Figure 5.1d), reflecting improved crystallinity in the presence of PbCl2. Further-
more, both w/ PbCl2 samples annealed at 150 ◦C and 170 ◦C exhibit almost columnar
grain growth, as shown in the cross-sectional SEM (Figure 5.1c). This columnar growth
has been reported to be beneficial for efficient charge carrier collection [424–426], as
evidenced by the high FF in cell performance (Figure C.2). In additional to the cross-
sectional SEM, the grain size distribution statistics are summarized in Figure 5.1e for
samples w/ PbCl2 at different annealing temperatures. These data are extracted from the
top-view SEM shown in Figure C.1. Like the observations made in Figure 5.1d, the grain
size distribution confirms that in the presence of PbCl2, an annealing temperature of
150 ◦C is sufficient to convert the precursors into a dense PVK film with large grain sizes.
This enhancement is consistent with published works on both solution-processed and
co-evaporated PSCs [418, 425, 427, 428].

Following the structural and morphological analysis, Figure 5.2 shows the compari-
son on opto-electronic properties based on samples w/o and w/ PbCl2 annealed at 150
◦C. The UV-vis absorption spectra of the PVK films are shown in Figure 5.2a. Higher ab-
sorption measured for sample w/o PbCl2 compared to the w/ PbCl2 one can be related to
small thickness variation. Figure C.3 shows the evolution of absorption with increasing
annealing temperature for both w/o and w/ PbCl2 samples, together with a zoomed-in
view of the absorption edge in the inset. Different with the samples of w/o PbCl2 shown
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Figure 5.1: (a) Schematic illustration of the sequential thermal evaporation to prepare a PVK absorber; (b) XRD
patterns of PVK films w/o and w/ PbCl2 subjected to different annealing temperatures; (c) Cross-sectional SEM
of PVKs with varying annealing temperatures for both w/o and w/ PbCl2 samples; (d) FWHM and absolute
peak intensity of the (100) crystal plane of w/o and w/ PbCl2 samples as a function of annealing temperatures;
(e) Grain size distribution of PVK w/ PbCl2 with different annealing temperatures. Grain sizes were measured
using ImageJ software and data were extracted from top view SEM images in Figure C.1.

in C.3a, there is almost no change in the absorption edge for the samples w/ PbCl2 in Fig-
ure C.3b. This indicates that the PVK has already fully converted at 130 ◦C in the presence
of PbCl2, consistent with the results shown in XRD and SEM discussed above. Figure
5.2b displays the steady-state photoluminescent (PL) spectra of the two types of films.
Compared to the w/o PbCl2 film, no significant peak position shift is observed in the PL
spectrum of the PbCl2-based film. This aligns with the XRD peak position shown in Ta-
ble C.1, suggesting that Cl is not incorporated into the PVK lattice but rather enhances
the crystallization and precursor reactions during annealing [427]. To support the above
conclusion, XPS spectra at different etching times are recorded to investigate the ele-
mental composition of the PbCl2-based film, as shown in Figure C.4. Interestingly, both
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Figure 5.2: Opto-electrical properties of the w/o and w/ PbCl2 samples annealed at 150 ◦C. (a) Absorption
spectra; (b) Steady state PL; (c) TRPL decay; (d) PL intensity and half-lifetime as a function of annealing tem-
perature, the comparison of PL intensity and half-lifetime are highlighted in light orange and light blue bars;
(e) TRMC traces recorded under laser pulses at 650 nm; (f) Urbach energies for w/o and w/ PbCl2 sample.

the surface and bulk show no Cl signal. This could result from either a Cl content below
the detection limit or from the fact that Cl evaporates in the form of an organic salt. How-
ever, the improved PL intensity with introducing of PbCl2 indicates that the PbCl2-based
film has less non-radiative recombination centre. Similarly, the TRPL decays are shown
in Figure 5.2c for both samples. The w/ PbCl2 PVK film shows a longer half-lifetime com-
pared to the w/o PbCl2 film, indicating improved crystalline quality in the PbCl2-based
films. To further verify the role of PbCl2, PL intensities and half-lifetimes are summa-
rized in Figure 5.2d as a function of annealing temperature for both w/o and w/ PbCl2

samples. Similar to Figure 5.1d, the samples of w/ PbCl2 annealed at 130 ◦C show similar
PL intensity and even a higher half lifetime compared to the w/o PbCl2 sample annealed
at 150 ◦C, highlighted in light orange and light blue bars. This result indicates that intro-
ducing PbCl2 has similar effects as the increasing annealing temperature, with is related
to increased film crystallinity and decreased trap states. Given that PbCl2 improves PVK
crystallization as evidenced by XRD and PL, we applied time-resolved microwave con-
ductivity (TRMC) to study the electronic properties and charge-carrier dynamics. An
enhancement in the charge-carrier mobility by a factor of about 1.3 from 14.5 cm2 V-1

s-1 to 19.0 cm2 V-1 s-1 was observed, implying a significantly improved diffusion length
for the w/ PbCl2 PVK. (Figure 5.2e). The increased mobility in the w/ PbCl2 sample can
be related to the larger grains, as observed by SEM. Finally, the Urbach energies (Eu),
defining the sub-band gap tail states in the PVKs, were obtained by using TRMC for both
samples. Figure 5.2f shows the logarithmic absorption coefficient, ln(α) as a function
of the photon energy, Eph. From the resulting slope near the offset, the Urbach energy
(Eu) can be derived amounting to 14.5 and 13.9 meV for the w/o PbCl2 and w/ PbCl2 PVK
films, respectively. These relatively low Eu values for both samples are indicative of a low
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Figure 5.3: Photovoltaic performance of solar cells w/o and w/ PbCl2 annealed at 150 ◦C. (a) J-V curves in
forward and reverse scan modes of the champion PSC; (b) PCE distribution of 20 cells for each condition, ex-
tracted from Figure C.2; (c) Recently reported mobilities and PCEs as a function of grain size based on PSCs
with thermally deposited absorbers. Sphere symbols represent the PTAA/PVK/C60 architecture, identical to
the structure used in this study, while square symbols represent solar cells with other HTL/PVK/ETL;(d) Nor-
malized PCE (nPC E ) versus time over nearly 30 days with the solar cells are stored in N2 filled glovebox in
between measurements. The solar cells area is 0.09 cm2.

degree of energetic disorder, implying a low concentration of sub gap tail states.

5.3.2. Effects of Lead Chloride on device performance
Next, we investigated the influence of the annealing on the performance of solar cells
first w/o PbCl2 and later-on w/ PbCl2. The cell configuration is illustrated in Figure C.5.
Doubling the annealing time from 10 to 20 minutes at 150 ◦C shows negligible impact
on the photovoltaic parameters of the cell, as indicated in Figure C.6. This result sug-
gests that higher annealing temperatures are necessary to achieve improved PVK crys-
tallization and enhanced cell efficiency. However, PTAA is not thermally stable when the
temperature increases up to 170 ◦C, even though such a temperature is optimal for the
absorber, as evidenced by Figure C.7. Figure C.7 shows the J-V curve of solar cells an-
nealed at 170 ◦C, showing a significantly reduced PCE of below 10% compared to around
15% for the reference case annealed at 150 ◦C. Therefore, most of the discussion in the
following part is limited to PVK annealed at 150 ◦C.
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The record solar cells with PbCl2-based PVK achieved instead a PCE of 18.5% in for-
ward bias scan (Voc = 1.01 V; Jsc = 24.5 mA/cm2; FF = 78.5%), compared to 15.8% in case
of the sample w/o PbCl2(Voc = 0.85 V; Jsc = 24.2 mA/cm2; FF = 76.3%). As evidenced by the
film crystallinity and opto-electrical properties, the champion cell w/ PbCl2 shows im-
proved Voc and FF compared to the sample of w/o PbCl2 (Figure 5.3a), benefiting from
the enhanced passivation and the extended carrier diffusion length (lifetime and mobil-
ity).The PCE statistics distribution are summarized in Figure 5.3b based on 20 solar cells
for each condition, where the average PCEs are approximately 15.0% and 17.6% for the
samples of w/o and w/ PbCl2, respectively. The corresponding statistical distributions of
the photovoltaic parameters (Voc, Jsc, and FF) are reported in Figure C.2. Moreover, the
statistic of FF in reverse and forward scan are summarized in Figure C.8 for PSCs w/o and
w/ PbCl2. In contrast to the w/o PbCl2 samples, the PbCl2-based PSCs show comparable
FF values for reverse and forward scans, demonstrating that PbCl2 effectively reduces
the hysteresis, in agreement with findings in spin-coated PSCs [429, 430]. The reason of
this improvement in the hysteretic behavior could be attributed to fewer defect states
near the surface of PVK/transporting layers [431].

To further link the film morphology and opto-electrical properties to cell-level
performance, we plotted the PCE and carrier mobility as functions of grain size in
Figure 5.3c, including data reported in literature based on similar cell structures
(HTL/PVK/ETL) and fabricated with thermally deposited absorbers. The data distribu-
tion clearly delineates two main regions, indicating that both PCE and carrier mobility
are both largely influenced by the grain size. Profiting from the reduced trap states, sta-
bility tests (Figure 5.3d) of the PSCs stored for 30 days in glovebox proved that both PSCs
w/o and w/ PbCl2, retained 77% and 88% of their initial efficiency, respectively (Figure
5.3d).

5.3.3. Up-scaling of cell area
The PCE values of the PSCs reported above are all based on cell area of 0.09 cm2. While
it has been reported in literature that the increase of area generally leads to a significant
reduction of PCE and Voc because of pinholes, we proceeded to scale up the w/ PbCl2 de-
vices up to 1 cm2. Figures 5.4a-c show the dark and illuminated current density-voltage
(J-V ) curves in forward, and reverse scan direction of the champion PSCs with cell areas
of 0.09 cm2, 0.36 cm2, and 1 cm2, all annealed at 150 ◦C. The corresponding external pa-
rameters measured in the reverse/forward scans and the corresponding hysteresis val-
ues are reported in Table C.2. From the J-V curves, it is evident that the FF drops as cell
area increases. Despite similar dark J-V characteristics, there is a marked difference in
the slope of light J-V curve at the 0 bias-voltage region, indicating significant photon-
shunt as the cells area increases. This is due to problems in carrier transport and in-
terfacial accumulation rather than pinholes. This observation suggests the feasibility of
preparing large-area cells without pinholes using this deposition technology. To further
explore the impact of annealing temperature on cell performance as cell area varies, we
applied annealing temperature of 130 ◦C, 150 ◦C, and 170 ◦C to the absorber for cells with
areas of 0.09 cm2, 0.36 cm2, and 1 cm2. The corresponding cell statistics are summarized
in Figure 5.4d-g. Similar as reported in literature, Figure 5.4d demonstrates a decrease in
PCE as cell area increases. However, this drop mainly comes from reductions in both Jsc
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Figure 5.4: Influence of the annealing temperature on J-V curves and external parameters of w/ PbCl2 PSCs.
(a)-(c) Dark, forward, and reverse J-V curves of PSCs with active areas ranging from 0.09 to 1 cm2; (d)-(g)
Distribution of external parameters (PCE, Voc, Jsc, and FF) of PSCs as a function of annealing temperature
and cell area. Data of more than 20 cells are collected for each variation. The cells of 0.09 cm2 and 0.36 cm2

reported here are prepared in the same batch, while the 1 cm2 cells are prepared in another batch with the
same deposition parameters.

and FF because of carrier transport issues, as discussed in Figure 5.4a-c. Notably, when
increasing the active area from 0.09 cm2 to 0.36 cm2 and 1 cm2, the Voc remains mostly
unaffected, especially in cases of low annealing temperature to exclude the PTAA degra-
dation influence. The Voc for increasing cell area shows relative variations between 1%
and 2% as compared with the 0.09 cm2 PSCs. These findings further confirm the reduced
trap densities and high uniformity of the thermally evaporated PVK thin films over large
areas. Moreover, it indicates that PCE losses over large areas are primarily attributable to
the increased electrode resistance.

To assess the uniformity of large-area PVKs deposited via sequential evaporation, a
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Figure 5.5: Uniformity test of the large area PVK film in terms of thickness, crystal structure, opto-electronic,
and device performance. PVK films shown here are fabricated with PbCl2 and annealed at 150 ◦C for 20 mins.
(a) Photo of the sequentially thermal deposited PVK film. The substrate size in photo is 15.6×15.6 cm2; (b)
Thickness mapping of the film shown in Figure 5.5a; (c) PL mapping of film shown in Figure 5.5a; (d) Photo of
PVK films at different positions for measurement of crystal structure, opto-electronic, and device performance;
(e) Absolute peak intensity for (100) crystal plane and bandgap as a function of samples at different positions
on the large area film as shown in Figure 5.5d; (f) Boxplot distribution of PCEs at 6 different locations, with
each location having 20 cells with cell area of 0.09 cm2, as shown in Figure 5.4a.

15.6×15.6 cm2 film (Figure 5.5a) was deposited on glass and evaluated in terms of ho-
mogeneity of thickness, PL, and device performance. The thickness mapping of sample
in Figure 5.5b indicates that the PVK layer thickness varies by less than 15% between
the center and edges, confirming the potential application of this deposition technique
for fabricating highly efficient large-area devices. Besides, the dis-uniformity decreases
to less than 9% when excluding the external edges, as shown in the yellow dash line in
Figure 5.5b. In Figure 5.5c, the PL distribution reveals rather comparable signal inten-
sities, indicating uniform emission properties across the film. In addition to full area
test, specific samples were selected from different regions for both film and device-level
measurements. Figure 5.5d shows the selected positions of the large-area PVK film (1,
5, 7, 9, 11 and 15) for PL and XRD investigations. It was found that the peak intensities
of the (100) plane from XRD and bandgap values extracted from PL in different regions
are comparable, as provided in Figure 5.5e. This result suggests a uniform crystallization
and composition throughout the large-area PVK films. Figure 5.5f and Figure C.9 present
the performance of 0.09 cm2 solar cells, demonstrating that all photovoltaic parameters
exhibit less than 10% variation across different positions, affirming the uniformity and
reliability of the fabricated large-area PVK devices.
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5.4. Conclusions
In conclusion, we fabricated and characterized perovskite films and p-i-n devices us-
ing sequential thermal evaporation. The grain size increases significantly from less than
200 nm to almost 1 µm as the annealing temperature increase from 130 ◦C to 170 ◦C.
The introduction of minor amounts of PbCl2 improves the perovskite crystallinity. The
champion efficiency is observed in devices with PbCl2 and annealed at 150 ◦C, achiev-
ing a maximum power conversion efficiency of 18.5% and exhibiting Voc and FF equal
to 1.01 V and 78.5%, respectively, for 0.09 cm2 cell area. Building on these optimized
parameters, we scaled the device size up from 0.09 cm2 to 0.36 cm2, and 1 cm2. De-
spite the increase in cell area, larger area devices showcase almost Voc (≥ 1 V). Besides,
15.6×15.6 cm2 perovskite films are prepared with uniform crystallization and compara-
ble photovoltaic parameters, showing less than 10% variation across different positions.
These results indicate the potential application of this technology for commercialization
of perovskite solar cells.





6
Conclusions and outlook

6.1. Conclusions
This thesis describes the development of sequential thermally deposited perovskite
(PVK) films for solar cell applications, and how to make use of them for scaling up pur-
pose. The main conclusions are summarized below.

Firstly, we have written a literature review focusing on the recent progress in large-
scale PSCs and the challenges for commercialization. In Chapter 2, we firstly summa-
rize several high-volume manufacturing technologies which are suitable for scalable de-
position of PVK film. Afterwards, we discuss the challenges for scaling up different PVK
layers. Finally, an overview of efficiency and stability of large area PVK-based monolithic
tandem solar cells is provided.

Secondly, we have developed a simplified approach consisting of a single-cycle de-
position (SCD) of three thick layers of precursors to obtain thermally deposited per-
ovskite films by means of an optimized post-annealing treatment. In Chapter 3, we
optimize the thermally deposited PVK films with a simplified single-cycle deposition. By
varying the film thickness and post-annealing time, we indicated that the maximum pre-
cursor mixing/diffusion thickness is roughly 250 nm based on the single cycle deposition
consisting of the three precursors layers. As the target thickness increases to 400 nm, the
film shows a drop in opto-electronic properties even though it structurally shows a PVK
diffraction peak with optimized annealing. This phenomenon might be explained by the
limited diffusion length of these precursors in single-cycle deposited 400-nm thick PVK
film. An optimized 250-nm thick PVK film was obtained with comparable properties (µ
of 10 cm2 V-1 s-1 and τ1/2 of 300 ns) as the one with multi-cycle deposition. Besides, the
structural and optical properties are asynchronous with electrical properties during an-
nealing, which is strongly dependent on film thickness, resulting from precursor mixing
and reacting. In addition, we noticed that the presence of CsBr can assist the precur-
sor mixing during annealing, which is beneficial to the fast precursor reaction and PVK
conversion.

Thirdly, we have repeated the single cycle deposited perovskite with intermediate
annealing to manipulate the crystal orientation. In Chapter 4, we present a method
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to manipulate the crystal orientation of the thermally deposited layers by applying an
intermediate annealing treatments at different temperature between two subsequent
deposition cycles. Through analyses on the crystal structure, surface morphology, op-
tical properties and intermediate annealing temperature-dependent electrical proper-
ties, the template guided different perovskite preferrable crystal growth were proposed.
By optimizing the intermediate annealing temperature, we demonstrate that the crystal
orientation can be tailored ranging from primarily (110) to near isotropic to predomi-
nantly (100). Our results indicate that the degree of precursor reaction upon different
intermediate annealing temperatures of the first stack influences the preferred crystal
orientation of the entire PVK film by providing different templates for the subsequent
deposition. In addition, We found that although bulk electronic properties like photo-
conductivity are independent from the preferential orientation, surface related proper-
ties differ substantially. Therefore, realizing uniform PVK layers with a highly preferential
(100) orientation is expected to show improved charge extraction and transportation at
the device level.

Finally, we have implemented the abovementioned techniques to prepare ther-
mally deposited perovskites for devices scaling up. In Chapter 5, we fabricate and char-
acterize perovskite films and devices with the sequential thermal evaporation approach
as reported in Chapter 3. By varying the annealing temperature, the grain size increases
significantly from less than 500 nm to almost 1 µm as the annealing temperature in-
crease from 130 ◦C to 170 ◦C. Moreover, a trance of PbCl2 is introduced as precursor,
improving the perovskite crystallinity as evidenced by XRD, SEM, PL, and device perfor-
mance. The champion efficiency is observed based on device with PbCl2 and annealed
at 150 ◦C, achieving a maximum power conversion efficiency of 18.5% with Voc and FF
equal to 1.01 V and 78.5%, respectively, for 0.09 cm2 cell area. Building on these opti-
mized parameters, we scaled the device size up from 0.09 cm2 to 0.36 cm2, and 1 cm2,
while keeping almost unaffected open circuit voltage of above 1 V. Besides, 15.6×15.6
cm2 perovskite films are prepared with uniform crystallization and comparable photo-
voltaic parameters over the whole area, showing less than 10% thickness variation across
different positions. These results indicate the potential application of this technology for
commercialization of perovskite solar cells.

6.2. Limitations of this work
In many experiments, various limitations are encountered, such as small details within
the experiment, the stability of materials used, and the reliability of the equipment. This
work is no different and this section covers the manner in which such limitations influ-
ence the outcomes reported in the experimental chapters.

Reproducibility. The issue of reproducibility remains of importance in the field of
perovskites and is a key parameter across experiments toward commercialization. In this
thesis, sequential thermal evaporation shows good reproducibility as long as attention
is paid to some small details. The most important of them is to control the overshoot of
temperature. Especially for the organic salt, a thermal overshoot will mostly result in a
chemical vapor, which will influence film properties. Besides, cooling down of the source
is needed to wait for the next source shutter open. As for the powder reuse, it has not
been seen much difference for batch-to-batch variation with the reused powder, even
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for the organic ones. However, it is better to further investigate the impact of precursor
aging in the future.

Degradation of HTL. Improved perovskite quality (grain size and mobility) has been
observed at high annealing temperature (170 ◦C). However, PTAA will partially degrade
with too high annealing temperature, leading to traps at the HTL/perovskite interface.
Therefore, it is better to replace the PTAA with more stable HTLs such as NiOx/SAMs for
higher efficiency solar cell .

Device stability. It has been noticed that the perovskite film shows good stability in
air but poor moisture stability for device level. This mainly comes from the reaction of
Ag and I in perovskite. The C60/BCP are very thin, 20 nm and 2 nm, respectively. The
C60 is not very dense film, which lead to easy diffusion of Ag through the ETL. For the
future work, thicker BCP (8 nm) or ALD deposited SnOx or Al2O3 should be applied for
improved cell stability.

Long processing time. The optimized sequential evaporation process on our labora-
tory scale evaporation chamber takes more than 12 hours to deposit 500 to 600-nm thick
perovskite films. The deposition of precursors is very quick, but the temperature ramp-
ing up of each sources takes an extended period of time. In the longer term, line-based
sources with moving substrates does not require alternate ramp up of sources making
this technology industrially appealing.

6.3. Outlook
Several areas relevant to the development of thermally deposited perovskite solar cells
are described in this thesis. This section elaborate further on crucial aspects that are
expected to become the focus of the future research.

Balance between Voc and FF . As discussed in Chapter 3, we evidenced the presence
of diffusion limitation of PVK precursors when attempting to increase the thickness of
the layers of the unit PVK stack, as also evidenced at the cell level. If there is obvious non-
reacted PbI2 precursors in bulk, related PSCs will show obvious S-shape curve. Besides,
we noticed a very obvious trade-of between Voc and FF of the cells during optimization,
high probably attributed from the level of precursor reaction. Therefore, it is advised to
target a thinner unit stack and repeat the cycle to obtain the final PVK thickness. With
that approach, a larger process window is avaliable for introducing other lead halide
PbX2 for sequential depositions.

Bi-HTL layers. In our works, we have noticed substrate influenced perovskite com-
position change during thermal evaporation. Even though the PbI2 serves as template
layer, there is still composition change when the substrate property changes, for ex-
ample, the level of substrate crystallization (HTL here in HTL/PVK/ETL structure), and
chemical composition (metal oxide or organic materials). In this respect, bi-HTL metal
oxide/organic materials such as NiOx/SAMs, MoOx/TaTm can be good options. The
metal oxide keeps good thermal stability and high work function. On the other hand, or-
ganic surface will block the interaction (coordination effects) between metal oxide and
Pb2+, which could accelerate the degradation of perovskite at interface.

Development of solar cells with area above 1 cm2. To fabricate PVK PV on an indus-
trial scale, the focus needs to be on (1) highly efficient absorber materials; (2) industrially
viable throughput rates (dynamic deposition rates in industrial terminology); and (3) the
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lowest possible complexity of the deposition process [432]. Aiming at these targets, the
following aspects are proposed and discussed as follows:

1) Control the quality of the absorber layers and bottom transporting layer. PSCs
deposited with thermal evaporation technique still need to reduce non-radiative re-
combination and improve charge transport to achieve the highest possible Voc and FF.
Even though thermal evaporation demonstrated to be a suitable technology to fabricate
pinhole-free PVK films, as reported in Chapter 5, shunting problem still dominates the
efficiency drop when cell area increases. Therefore, it is crucial to control the crystallinity
of perovskite and control the quality of the bottom transporting layer to ensure cracks-
free films. Besides, interfacial traps are also one crucial factor influence the power con-
version efficiency, traps at interface can be suppressed by controlling the grain growth
and applying interfacial modification/passivation.

2) Increasing deposition rate. Sequential thermal evaporation is compatible with in
line production of PVK films compared to co-evaporation. In our laboratory scale pro-
cess, the PVK film deposition with a thickness around 600 nm takes more than 12 hours,
which is way longer compared to co-evaporation. The long-time processing results from
the slow source temperature ramping up and the low deposition rate. Two actions are
proposed to mitigate this issue. Firstly, increasing the deposition rate of each precur-
sor depositions can accelerate the full process. Recently, few research works [433, 434]
demonstrated a stable soler cell performance for co-evaporated MAPbI3 films down to
less than 30 mins. We expect an increase of the deposition speed up to 1-3 nm/s which
can reduce the sequential process down to 20 mins. Secondly, the further reduction of
the number of precursor cycles. Currently in our work we demonstrated a minimum of
two cycle of precursors (see Chapter 3). Further process optimization and the use of seed
layers is expected to lead to an even simpler process with only one precursor cycle. This
further reduction is attractive for the in line-deposition in industrial environment where
only 3-4 sequential precursor depositions are needed.

3) Reliability test study. One key issue of the large-area PSCs is the long-term stability.
The reliability test is still a not completely explored topic, which is crucial for perovskite
large area industrial upscaling. As reported from Oxford PV, the thermally evaporated
PVK cells are superior to the solution-based ones, when tested for hundreds of hours
under different illumination conditions and 85 ◦C, the degradation mechanism and the
control of the performance under operative conditions are not conclusive yet.

Perovskite solar cell for application in tandem device. PVK/c-Si tandem device at-
tracts much attention because of the stable and mature c-Si technology, and tunable
bandgap of the PVK top cell. Based on the ITRPV roadmap [435], the tandem cell is
expected in the marker already in 2028. Aiming at this target, following aspects are pro-
posed for further investigation:

1) Exploring texture in the tandem cells. For PVK/c-Si tandem solar cells industrial-
ization, the use of a commercially available c-Si bottom cells without deep modifications
of their production is preferable. This requirement implicates the growth of PVK sub-
cells on pyramidal textured substrates. Few groups have proposed strategies to control
the PVK deposition on rough substrates as we reviewed in Chapter 2. Thermal evapora-
tion or hybrid approach demonstrated a conformal growth of the PVK absorber (see also
Chapter 2). However, the substrate effects can strongly influence the perovskite com-
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position, which leads to poor crystallization and increase of trap densities. Therefore,
introducing surface modification layers on textured surface will minims the substrate
effects and ensure the conformal growth of absorber layer. Besides, manipulation of the
PVK crystal orientation by introducing seed/template layers is also beneficial to the car-
rier transportation and collection.

2) Thermal evaporation of wide-bandgap perovskite. To exploit the highest efficiency
possible of a tandem device the current matching requirement is crucial. As discussed
in Chapter 2, the optimal PVK band gap is around 1.7 eV. Practically, in most of the re-
ported works, as discussed in Chapter 2, PVK bandgaps are slightly lower in the range of
1.65-1.68 eV clearly indicating a limitation in the electrical quality of larger bandgap PVK
absorbers. To reach the suitable bandgap, higher Br/I ratio is needed by incorporating
more Br, which leads to low carrier mobility and high trap densities, and therefore results
in reduced carrier diffusion length. Besides, the photon induced phase segregation will
accelerate the formation of traps in these wide-bandgap perovskite films. To minimize
the perovskite phase segregation, it is important to suppress the mobile ion under bias
or light. In our previous work (unpublished), we investigated sequential evaporation for
wide-bandgap PVK by subsequently depositing PbI2, PbBr2, FAI and CsBr to form one
stack. Here, we noticed comparable phase segregation as reported for perovskite films
with the same composition but deposited via spin coating. To further progress in the
application of wide-bandgap perovskites, the distribution of Br/I in the bulk of the PVK
film needs to be carefully kept uniform to slow down the likelihood of phase segregation.
Therefore, possible approaches could consist in co-evaporating PbI2 and PbBr2 firstly
followed by the organic evaporation. In fact, similarly to what we observed for CsBr in
Chapter 3, the presence of PbBr2 could be beneficial to the precursor mixing and pro-
mote the subsequent FAI diffusion. An alternative option consists in introducing a 2D
PVK layer at the interface with HTL in pin configuration to partially block ion diffusion.
This result can be obtained with phenethylammonium iodide that is also compatible
with thermal evaporation.





A
Crystallization process for

high-quality CsFAPbIBr film
deposited via simplified

sequential vacuum evaporation

This appendix provides supporting information of Chapter 3, which was included in the
publication of ACS Appl. Energy Mater *.

A.1. X-ray diffraction patterns of the (100) PVK peak for different samples.

Table A.1: XRD analysis for samples with different thickness for peak (100).

Samples
(100)Peak position

(°)
FWHM

(°)
Intensity

(a.u.)
d-value

(Å)
100 nm MCD 14.26 0.163 80.5 6.259
100 nm SCD 14.25 0.186 82.4 6.263
250 nm SCD 14.24 0.096 197.8 6.267
400 nm SCD 14.24 0.145 58.79 6.267

Figure A.1 shows the XRD patterns zooming in of the (100) PVK peak for samples
with different thickness. With respect to the multi-cycle layer PVK film, the single-cycle
deposited layers show similar crystallinity. To have a detailed comparison, the peak po-
sition, FWHM, intensity and d-values can are listed in Table A.1. The similar peak in-
formation in peak position is also consistent with a constant I/Br ratio across the film
thickness.
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A. Crystallization process for high-quality CsFAPbIBr film deposited via simplified

sequential vacuum evaporation

Figure A.1: X-ray diffraction patterns zooming in of the (100) PVK peak for samples produced by SCD and
MCD with different thicknesses.
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A.2. The grain size distribution and top view SEM of all samples

Figure A.2: The grain size distribution of all samples reported in Figure 3.1c-f. The grain sizes are collected
from the top-view SEM images by using ImageJ software.

Looking at Figure A.2 about the two 100-nm thick samples, the SCD layer shows an
average grain size of ∼100 nm, which is slightly smaller than the reference MCD layer,
which is around ∼130 nm. The decreased grain size for the SCD film could be attributed
to the increased number of nucleation sites during deposition. Furthermore, the grain
size gradually increases as the film thickness increases from 100 to 250 nm. The in-
creased grain size mainly comes from improved crystallinity.
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A. Crystallization process for high-quality CsFAPbIBr film deposited via simplified

sequential vacuum evaporation

A.3. Structural and optical evolution during annealing of 250 nm SCD PVK

Figure A.3: Crystal structure and optical properties of 250-nm thick CsFAPbIBr layers as-deposited and an-
nealed at 100 ◦C for different annealing time. (a) Zooming in of the (100) XRD peak and (b) Absorptance
spectra as a function of wavelength.

For the 250-nm thick sample, there is no apparent grain shape change, while the
grain size shows a slight increase from a 30 s to 30 min annealing time, in agreement
with the XRD results in Figure A.3a calculated from Scherrer equation. We observe an
almost stable composition along the film for the 250 nm thick sample.
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A.4. Structural and optical evolution during annealing of 400 nm SCD PVK

Figure A.4: Close-up diffraction patterns of PbI2 and PVK (100) peak for 400-nm thick CsFAPbIBr annealed at
100 ◦C for different times between 30 s and 60 min.

Figure A.5: Absorptance as a function of wavelength of 400-nm thick PVK.

The samples with 45 and 60 min of annealing indicate the appearance of the PbI2

peak compared with the ones with shorter annealing times, showing some thermal
degradation. Thus, the SCD 400-nm thick PVK film exhibits a problem with the balance
between FAI uniform distribution and thermal degradation during annealing optimiza-
tion. The PVK absorption onset starts to form after 30 s of annealing, and a continuous
increase of the absorption was observed from 300 to 800 nm for longer annealing times.
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A. Crystallization process for high-quality CsFAPbIBr film deposited via simplified

sequential vacuum evaporation

A.5. Morphology evolution during annealing for SCD PVKs with different thick-
ness

Figure A.6: The grain size distribution of all samples reported in Figure 3.1c-f. The grain sizes are collected
from the top-view SEM images by using ImageJ software.

For the 250-nm thick sample, there is no apparent grain shape change, while the
grain size shows a slight increase from a 30 s to 30 min annealing time. Differently, the
400-nm thick sample shows an apparent grain shape change from 30 s to 1 min, which
comes from the formation of non-orientation-preferred PVK polycrystalline.
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A.6. XPS data analysis and the summary of atomic percentage for different ele-
ments

Figure A.7: XPS raw data analysis and fitting for different spectra. The red line indicates the fit to the data.

Table A.2: The averaged atomic percentage of different elements for all samples extracted from (Figure 3.2).

Samples Cs N (FA) Pb I Br
100 nm MCD 2.62 27.34 16.25 45.48 3.12
100 nm SCD 3.20 27.59 17.52 44.67 3.08
250 nm SCD 2.84 26.92 17.11 46.82 3.28
400 nm SCD 3.05 27.88 17.08 49.42 3.30

The XPS high-resolution spectra of Pb 4f7/2, C 1s, N 1s, Cs 3d5/2, I 3d5/2, and Br 3d
can be found in Figure A.7 for the 100-nm thick SCD sample as an example to show the
fitting and extraction of raw data. The averaged atomic percentage of different elements
for all samples extracted from Figure 3.2 are summarized in Table A.2.
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A. Crystallization process for high-quality CsFAPbIBr film deposited via simplified

sequential vacuum evaporation

A.7. XPS in depth element distribution

Figure A.8: XPS in-depth element distribution profile for 400-nm thick PVK films before and after annealing
(100 ◦C, 30 min).

In the as-deposited 400-nm thick sample, we observed noticeable distribution varia-
tions with a gradual drop of the N/Pb (from ∼2 to ∼0.2) calculated by the atomic profile
as etching goes from the PVK surface toward the PVK/quartz interface. In addition, the
I/Pb ratio at the bottom of the film is equal to 2, showing that FAI can hardly penetrate
through the bottom of the film. These results indicate the hampering of the FAI diffusion
into the PbI2 during deposition (without annealing). On the contrary, both Br and Cs are
detected across the entire PVK film thickness even though the Br/Pb ratio gradually de-
creases when approaching the PVK/quartz interface. This finding further confirms the
longer diffusion length of CsBr in PbI2 compared to FAI.
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A.8. Optoelectrical properties of SCD samples with different thickness

Figure A.9: Optoelectrical properties of 100-nm MCD and SCD layers with different thicknesses. (a) Tauc plot
and (b) TRPL decays.

Table A.3: The fitting of TRPL and corresponding decay lifetime for all samples

Samples τ1 τ2 χ2

100 nm MCD 7.07 42.82 0.997
100 nm SCD 11.36 50.34 0.999
250 nm SCD 31.30 96.88 0.995
400 nm SCD 10.85 129.91 0.088

All these samples present a sharp absorption edge corresponding to a bandgap of
∼1.58 eV as determined by the Tauc plot of Figure A.9a. These values are in agreement
with published work on PVKs having a similar composition.

The dynamics of the charge carrier recombination are analyzed by TRPL as shown
in Figure A.9b. Interestingly, the 250-nm thick sample shows an even longer lifetime
compared to the 400-nm thick sample, benefiting from its better crystal orientation.
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A. Crystallization process for high-quality CsFAPbIBr film deposited via simplified

sequential vacuum evaporation

A.9. TRMC of SCD samples with different thickness

Figure A.10: TRMC with various incident light intensities based on samples with different thickness.

Table A.4: The averaged atomic percentage of different elements for all samples extracted from (Figure 3.2)

Sample
τ1/2
(ns)

Mobility
(cm2/Vs)

Ref.

100 nm MCD 360 3.6 -
100 nm SCD 410 5.2 -
250 nm SCD 650 7.3 -
400 nm SCD 400 8.8 -

100 nm MAPbI3 280 7.5 [1]
300 nm MAPbI3 210 4.0 [2]
400 nm FAPbI3 2.8 31 [3]

The TRMC with various incident light intensities is shown in Figure A.10 based on
samples with different thicknesses. It should be noted that both the 250 and 400-nm
thick samples exhibit comparable carrier mobility and lifetime to other published works,
which are based on thermal coevaporation methods; the detailed data are summarized
in Table A.4. Therefore, we conclude that the variation of thickness in SCD affects the
film optoelectronic properties performance because of the precursor diffusion, reaction
(Figure 3.2), and crystal growth (Figure 3.1).
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A.10. PL as a function of wavelength of 400-nm thick PVK

Figure A.11: Absorptance as a function of wavelength of 400-nm thick PVK.

PL spectra were also recorded as a function of the annealing time by illuminating
through the quartz substrate (back) and PVK surface (front) of the 400-nm thick SCD
sample as shown in Figure A.11. The peak shape and position are altered by illuminating
from different sides for both 30 s and 1 min annealed samples, suggesting that there are
compositional changes through the cross section of the film.





B
Vacuum deposited perovskites

with a controllable crystal
orientation

This appendix provides supporting information of chapter 4, which was included in the
publication of J. Phys. Chem. Lett. *

B.1. XRD pattern information of samples with different Ti nter .

Table B.1: Full-width half-maximum (FWHM) of (100) and (110) peaks for samples with different Ti nter .

Ti nter

(◦C)
FWHM
(100)

FWHM
(110)

w/o A 0.130 0.170
50 0.148 0.191

100 0.154 0.191
130 0.148 -
160 0.145 -

The difference in full width at half-maximum (FWHM) of the (100) and (110) peaks is
negligible as Ti nter increased, as shown in Table B.1, suggesting a comparable crystallite
size in all samples.
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B.2. Top view SEM and grain size distribution of samples with different Ti nter

Figure B.1: Top-view SEM of Cs0.15FA0.85PbI2.85Br0.15 samples with different Ti nter (a) w/o-A, (b) 50 ◦C, (c)
100 ◦C, (d) 130 ◦C and (e) 160 ◦C.

Figure B.2: Grain size distribution of Cs0.15FA0.85PbI2.85Br0.15 samples (a) w/o-A and (b) Ti nter of 160 ◦C
reported in figure B.1. The grain sizes are collected by using ImageJ software.

The top-view SEM images of these samples are shown in Figure B.1. In agreement
with the XRD results, there is no clear grain size variation as the crystal orientation
changes. We show in Figure B.2 the grain size distribution for samples with Ti nter of
w/o-A((110)/(100)-mixed) and 160 ◦C ((100)-oriented).
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B.3. Intergration of (100) diffraction pattern of 2D XRD.

Figure B.3: Integration of the (100) diffraction ring of 2D XRD pattern with software (DIFFRAC.EVA). (a) w/o-A
(b) 130 ◦C.

Details about the integration process can be found in Figure B.3.
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B.4. Simulated XRD patterns with varying degrees of texture.

Figure B.4: XRD pattern simulation of samples textured along (100) and (110) orientation with varying degrees
of texture defined by the March–Dollase parameter (MDP). Software named PowderCell2.4 was used.

Table B.2: Simulated peak intensity with different preferred orientation/MDP value.

2 Theta
(◦C)

hkl
Intensity (a.u.) with [100] texture
MDP 1.00 MDP 0.75 MDP 0.50 MDP 0.25 MDP 0.01

13.99 100 100.00 100.00 100.00 100.00 100.00
19.83 110 30.72 23.58 7.16 0.39 0.00
24.35 111 29.41 21.53 6.01 0.31 0.00

2 Theta
(◦C)

hkl
Intensity (a.u.) with [110] texture
MDP 1.00 MDP 0.75 MDP 0.50 MDP 0.25 MDP 0.01

13.99 100 100.00 100.00 100.00 8.18 0.00
19.83 110 30.72 34.38 78.73 100.00 100.00
24.35 111 29.41 31.29 36.26 3.30 0.00

To analyze the preferential orientation of the grown PVK layers with different values
of Ti nter , the peak intensities for layers with different orientations were simulated and
can be found in Figure B.4 and Table B.2. These X-ray diffraction patterns have increas-
ing preferential ordering along the (100) or (110) directions as defined by the March-
Dollase parameter (MDP) with a MDP of 1 corresponding to the absolute random orien-
tation and a lower MDP value corresponding to increasing preferential orientation. The
sample with Ti nter = 100 ◦C shows peak intensities comparable to those of the simula-
tion with no preferential oriented PVK (MDP = 1).
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B.5. Wide XPS image and list of atomic percentages for samples with Ti nter of w/o-
A and 160 ◦C.

Figure B.5: Wide XPS image of the samples with Ti nter of w/o-A and 160 ◦C.

Table B.3: Atomic percentage of Pb, I, Cs, and Br for samples with Ti nter of w/o-A and 160 (◦C).

Atomic percentage w/o-A 160 (◦C)
Pb 19.43 24.18
I 72.08 70.54

Cs 3.23 2.91
Br 5.26 2.37

Full XPS spectra for the first stack samples w/o-A and 160 ◦C. the ratio of FAI/PbI2 at
the film surface can be obtained by calculating the (I-2Pb)/Pb ratio, which is 1.71 and
0.91 for the samples w/o-A and Ti nter = 160 ◦C, respectively (Table B.3). Apparently,
the difference in (I-2Pb)/Pb for these two samples provides different templates for the
growth of the next stack.
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B.6. Fine XPS information for samples with Ti nter of w/o-A and 160 ◦C.

Figure B.6: Fine XPS images of Pb 4f7/2, I 3d5/2, Cs 3d5/2, Br 3d5/2, and Br 3d3/2 peaks with different Ti nter for
first stacks.

The high-resolution spectra of Pb 4f7/2, I 3d5/2, Cs 3d5/2, and Br 3d are shown in
Figure B.6. The corresponding peak positions and atomic percentages are given in Tables
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Table B.4: Peak positions of cores in XPS spectra for samples with Ti nter of w/o-A and 160 ◦C.

XPS w/o-A 160 ◦C Ref
Pb 4f7/2 138.5 139.1 138
I 3d5/2 619.1 619.0 619

Cs 3d5/2 724.8 724.5 724
Br 3d5/2 68.5 69.3 69

B.3 and B.4. The peak position of Pb 4f7/2 shows 138.5 eV for sample w/o-A, while it shifts
to 139.1 eV for the sample with 160 ◦C. These peak positions are all calibrated by C 1s
spectra at 284.8 eV. Interestingly, the reported binding energy of Pb 4f7/2 in PbI2 for the
literature value is 138.5 eV, indicating that the Pb still exists in the form of PbI2 on the
surface of the sample w/o-A.
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B.7. XPS spectrum of the pure precursors

Figure B.7: XPS spectrum of the pure precursor (PbI2, FAI, and CsBr) with surface scan.

The high-resolution spectra of Pb 4f7/2, I 3d5/2, Cs 3d5/2, and Br 3d measured with
XPS for pure precursors.
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B.8. Gaussian fitting of XRD patterns and PL spectrum

Figure B.8: Gaussian fitting of (a) XRD pattern and (b) PL spectrum of the first cycle-deposited sample w/o-A.

Because the (100) PVK peak in the XRD pattern can be fitted using a single Gaussian
as shown in Figure B.8, it is expected that the PVK composition is rather uniform. It is
likely that the presence of unreacted precursors might lead to the formation of shallow
emissive states, resulting in the appearance of the shoulder in the PL spectrum at 810
nm.
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B.9. Optoelectrical properties of samples with different Ti nter

Figure B.9: TRMC of samples measured under different photon intensities for different Ti nter : (a) w/o-A, (b)
100 ◦C, and (c) 160 ◦C. (d) Kinetic model of the charge-carrier processes.

Table B.5: Decay times obtained from TRPL and fitted by mono-exponential decay equation.

Samples τ1/2 χ2

w/o-A 45.98 0.998
100 (◦C) 59.85 0.999
160 (◦C) 83.14 0.999

All the TRPL spectra are fitted by mono-exponential decays, and the correspond-
ing lifetimes and deviation (χ2) are summarized in Table B.5. These PL measurements
indicate that at least the surface of the PVKs prepared using different values for Ti nter

develops different surface properties. TRMC gives information regarding charge carrier
mobilities and lifetimes. Figures B.9a-c show the photoconductance (∆G) as a function
of time on pulsed excitation for the samples w/o-A, Ti nter = 100 ◦C, and Ti nter = 160 ◦C.
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B.10. CPD distribution for PVKs with Ti nter of w/o-A and 160 ◦C

Figure B.10: Histogram of the contact potential difference (CPD) distribution for PVKs with (100) preferable
and (110)/(100) mixed orientation.

The sample w/o-A exhibits a low averaged CPD of 22.8 mV combined with a large
standard deviation of ±0.95 mV. On the contrary, the sample with Ti nter = 160 ◦C shown
in Figure 4.5d shows a large and quite uniform averaged CPD of 29.7 mV and a stan-
dard deviation of ±0.47 mV. The CPD distributions of both images are converted into
histograms in Figure B.10.





C
Scalable and simplified

sequential vacuum deposition for
perovskite solar cells

This appendix provides supporting information of Chapter 5, which was included in the
manuscript in preparation.

Figure C.1: Top-view SEM of samples w/o and w/ PbCl2 annealed at different temperatures.
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Table C.1: Peak position of (100) for samples w/o and w/ PbCl2 annealed at different temperature.

Annealing temperature (◦C) w/o PbCl2 w/ PbCl2

130 13.927 13.889
150 13.891 13.885
170 13.878 13.871

Figure C.2: Statistical distributions of the photovoltaic parameters (Voc , Jsc , FF, and PCE) of solar cells w/- and
w/o- PbCl2. Each condition includes 20 solar cells.

Table C.2: The photovoltaic parameters and hysteresis index for the PSCs shown in Figure 5.4a-c.

Cell area (cm2)
Voc

(V)
Jsc

(mA/cm2)
FF
(%)

PCE
(%)

0.09 Forward 1.001 24.77 78.24 19.4
0.09 Reverse 0.999 23.98 76.74 18.4
0.36 Forward 1.07 23.64 68.32 17.29
0.36 Reverse 1.07 23.06 67.14 16.57

1 Forward 1.030 19.14 55.64 10.97
1 Reverse 1.033 19.35 55.63 11.13
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Figure C.3: Absorption spectra of samples w/o- and w/- PbCl2 annealed at different temperatures. The inserted
figure is the detailed curves by zooming in the figure in the wavelength range of 700-850 nm.

Figure C.4: Fine XPS images of C 1s, Pb 4f, I 3d, Cs 3d, Br 3d, and Cl 2p peaks with different etching time (in-
depth).
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Figure C.5: Schematic structure of the solar cell.

Figure C.6: Statistical distribution of PSCs w/o- PbCl2 based on different annealing temperature and time. To
classify, the purple distribution box means that the samples are annealed at 150 ◦C for 10 mins and afterwards
160 ◦C for 5 mins.
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Figure C.7: J-V curve of the cell with 170 ◦C annealing for 10 mins.

Figure C.8: Statistic distribution of FF with forward and reverse scan mode of the samples w/- and w/o- PbCl2.

Figure C.9: Statistical distributions of the Voc , Jsc , and FF based on the samples at different position shown on
Figure 5.5d.
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S. K. So, A. B. Djurišić, et al., Efficiency enhancement by defect engineering in per-
ovskite photovoltaic cells prepared using evaporated multilayers, Journal of Mate-
rials Chemistry A 3, 9223 (2015).

[230] Y. Zhao, A. M. Nardes, and K. Zhu, Effective hole extraction using moox-al contact
in perovskite solar cells, Applied Physics Letters 104 (2014).

[231] P. Schulz, J. O. Tiepelt, J. A. Christians, I. Levine, E. Edri, E. M. Sanehira, G. Hodes,
D. Cahen, and A. Kahn, High-work-function molybdenum oxide hole extraction
contacts in hybrid organic–inorganic perovskite solar cells, ACS Applied Materials
& Interfaces 8, 31491 (2016).

[232] I. S. Yang, M. R. Sohn, S. Do Sung, Y. J. Kim, Y. J. Yoo, J. Kim, and W. I. Lee, Forma-
tion of pristine cuscn layer by spray deposition method for efficient perovskite solar
cell with extended stability, Nano Energy 32, 414 (2017).

[233] J. A. Raiford, R. A. Belisle, K. A. Bush, R. Prasanna, A. F. Palmstrom, M. D. McGe-
hee, and S. F. Bent, Atomic layer deposition of vanadium oxide to reduce parasitic
absorption and improve stability in n–i–p perovskite solar cells for tandems, Sus-
tainable Energy & Fuels 3, 1517 (2019).

[234] S. Chu, R. Zhao, R. Liu, Y. Gao, X. Wang, C. Liu, J. Chen, and H. Zhou, Atomic-
layer-deposited ultra-thin vox film as a hole transport layer for perovskite solar cells,
Semiconductor Science and Technology 33, 115016 (2018).



126 References

[235] D. Forgács, D. Pérez-del Rey, J. Ávila, C. Momblona, L. Gil-Escrig, B. Dänekamp,
M. Sessolo, and H. J. Bolink, Efficient wide band gap double cation–double halide
perovskite solar cells, Journal of Materials Chemistry A 5, 3203 (2017).

[236] Y. Zheng, J. Kong, D. Huang, W. Shi, L. McMillon-Brown, H. E. Katz, J. Yu, and A. D.
Taylor, Spray coating of the pcbm electron transport layer significantly improves the
efficiency of pin planar perovskite solar cells, Nanoscale 10, 11342 (2018).

[237] Z. Yang, C.-C. Chueh, F. Zuo, J. H. Kim, P.-W. Liang, and A. K.-Y. Jen, High-
performance fully printable perovskite solar cells via blade-coating technique under
the ambient condition, Advanced Energy Materials 5, 1500328 (2015).

[238] L.-L. Jiang, S. Cong, Y.-H. Lou, Q.-H. Yi, J.-T. Zhu, H. Ma, and G.-F. Zou, Interface
engineering toward enhanced efficiency of planar perovskite solar cells, Journal of
Materials Chemistry A 4, 217 (2016).

[239] Y. Yang, K. Ri, A. Mei, L. Liu, M. Hu, T. Liu, X. Li, and H. Han, The size effect of tio 2
nanoparticles on a printable mesoscopic perovskite solar cell, Journal of Materials
Chemistry A 3, 9103 (2015).

[240] B. Su, H. A. Caller-Guzman, V. Koerstgens, Y. Rui, Y. Yao, N. Saxena, G. Santoro, S. V.
Roth, and P. Mueller-Buschbaum, Macroscale and nanoscale morphology evolu-
tion during in situ spray coating of titania films for perovskite solar cells, ACS Ap-
plied Materials & Interfaces 9, 43724 (2017).

[241] K. S. Keremane, S. Prathapani, L. J. Haur, A. Bruno, A. Priyadarshi, A. V. Adhikari,
and S. G. Mhaisalkar, Improving the performance of carbon-based perovskite solar
modules (70 cm2) by incorporating cesium halide in mesoporous titanium oxide,
ACS Applied Energy Materials 4, 249 (2020).

[242] P. Chen, Z. Wang, S. Wang, M. Lyu, M. Hao, M. Ghasemi, M. Xiao, J.-H. Yun, Y. Bai,
and L. Wang, Luminescent europium-doped titania for efficiency and uv-stability
enhancement of planar perovskite solar cells, Nano Energy 69, 104392 (2020).

[243] Q. Jiang, Y. Zhao, X. Zhang, X. Yang, Y. Chen, Z. Chu, Q. Ye, X. Li, Z. Yin, and J. You,
Surface passivation of perovskite film for efficient solar cells, Nature Photonics 13,
460 (2019).

[244] Z. Ku, X. Xia, H. Shen, N. H. Tiep, and H. J. Fan, A mesoporous nickel counter elec-
trode for printable and reusable perovskite solar cells, Nanoscale 7, 13363 (2015).

[245] S. H. Lee, G. Kim, J. W. Lim, K.-S. Lee, and M. G. Kang, High-performance zno:
Ga/ag/zno: Ga multilayered transparent electrodes targeting large-scale perovskite
solar cells, Solar Energy Materials and Solar Cells 186, 378 (2018).

[246] C. Tian, A. Mei, S. Zhang, H. Tian, S. Liu, F. Qin, Y. Xiong, Y. Rong, Y. Hu, Y. Zhou,
et al., Oxygen management in carbon electrode for high-performance printable per-
ovskite solar cells, Nano Energy 53, 160 (2018).



References 127

[247] H. Chen and S. Yang, Carbon-based perovskite solar cells without hole transport
materials: The front runner to the market? Advanced materials 29, 1603994 (2017).

[248] T. Mahmoudi, Y. Wang, and Y.-B. Hahn, Graphene and its derivatives for solar cells
application, Nano Energy 47, 51 (2018).

[249] E. L. Lim, C. C. Yap, M. H. H. Jumali, M. A. M. Teridi, and C. H. Teh, A mini review:
can graphene be a novel material for perovskite solar cell applications? Nano-micro
letters 10, 1 (2018).

[250] Z. Liu, P. You, C. Xie, G. Tang, and F. Yan, Ultrathin and flexible perovskite solar
cells with graphene transparent electrodes, Nano Energy 28, 151 (2016).

[251] H. Sung, N. Ahn, M. S. Jang, J.-K. Lee, H. Yoon, N.-G. Park, and M. Choi, Trans-
parent conductive oxide-free graphene-based perovskite solar cells with over 17%
efficiency, Advanced Energy Materials 6, 1501873 (2016).

[252] J. Yoon, H. Sung, G. Lee, W. Cho, N. Ahn, H. S. Jung, and M. Choi, Superflexible,
high-efficiency perovskite solar cells utilizing graphene electrodes: towards future
foldable power sources, Energy & Environmental Science 10, 337 (2017).

[253] C. Zhang, S. Wang, H. Zhang, Y. Feng, W. Tian, Y. Yan, J. Bian, Y. Wang, S. Jin, S. M.
Zakeeruddin, et al., Efficient stable graphene-based perovskite solar cells with high
flexibility in device assembling via modular architecture design, Energy & Environ-
mental Science 12, 3585 (2019).

[254] M. I. Asghar, J. Zhang, H. Wang, and P. D. Lund, Device stability of perovskite solar
cells–a review, Renewable and Sustainable Energy Reviews 77, 131 (2017).

[255] Y. Wang, Y. Zhou, T. Zhang, M.-G. Ju, L. Zhang, M. Kan, Y. Li, X. C. Zeng, N. P. Pad-
ture, and Y. Zhao, Integration of a functionalized graphene nano-network into a
planar perovskite absorber for high-efficiency large-area solar cells, Materials Hori-
zons 5, 868 (2018).

[256] A. Agresti, S. Pescetelli, A. L. Palma, B. Martin-Garcia, L. Najafi, S. Bellani,
I. Moreels, M. Prato, F. Bonaccorso, and A. Di Carlo, Two-dimensional material
interface engineering for efficient perovskite large-area modules, ACS Energy Let-
ters 4, 1862 (2019).

[257] J. Wu, J. Shi, Y. Li, H. Li, H. Wu, Y. Luo, D. Li, and Q. Meng, Quantifying the interface
defect for the stability origin of perovskite solar cells, Advanced Energy Materials 9,
1901352 (2019).

[258] X. Ren, L. Zhang, Y. Yuan, L. Ding, et al., Ion migration in perovskite solar cells, J.
Semicond 42, 010201 (2021).

[259] H. Yu, Q. Sun, T. Zhang, X. Zhang, Y. Shen, and M. Wang, Is the strain responsible to
instability of inorganic perovskites and their photovoltaic devices? Materials Today
Energy 19, 100601 (2021).



128 References

[260] E. Zheng, Z. Niu, G. A. Tosado, H. Dong, Y. Albrikan, and Q. Yu, Revealing stability
of inverted planar ma-free perovskite solar cells and electric field-induced phase
instability, The Journal of Physical Chemistry C 124, 18805 (2020).

[261] K. J. Xu, R. T. Wang, A. F. Xu, J. Y. Chen, and G. Xu, Hysteresis and instability pre-
dicted in moisture degradation of perovskite solar cells, ACS Applied Materials &
Interfaces 12, 48882 (2020).

[262] M. Wang, V. Vasudevan, S. Lin, J. Jasieniak, S. P. Russo, N. Birbilis, and N. V.
Medhekar, Molecular mechanisms of thermal instability in hybrid perovskite light
absorbers for photovoltaic solar cells, Journal of Materials Chemistry A 8, 17765
(2020).

[263] S. Fang, W. Yao, Z. Hu, L. Huang, X. Liu, H. Zhang, J. Zhang, and Y. Zhu, Stability in
photoinduced instability in mixed-halide perovskite materials and solar cells, The
Journal of Physical Chemistry C 125, 21370 (2021).

[264] S. Bae, S. Kim, S.-W. Lee, K. J. Cho, S. Park, S. Lee, Y. Kang, H.-S. Lee, and D. Kim,
Electric-field-induced degradation of methylammonium lead iodide perovskite so-
lar cells, The journal of physical chemistry letters 7, 3091 (2016).

[265] W. Song, L. Rakocevic, R. Thiruvallur Eachambadi, W. Qiu, J. P. Bastos, R. Gehlhaar,
Y. Kuang, A. Hadipour, T. Aernouts, and J. Poortmans, Improving the morphol-
ogy stability of spiro-ometad films for enhanced thermal stability of perovskite solar
cells, ACS Applied Materials & Interfaces 13, 44294 (2021).

[266] F. Wan, X. Qiu, H. Chen, Y. Liu, H. Xie, J. Shi, H. Huang, Y. Yuan, Y. Gao, and C. Zhou,
Accelerated electron extraction and improved uv stability of titanium oxide based
perovskite solar cells by tin oxide based surface passivation, Organic Electronics 59,
184 (2018).

[267] W. Ming, D. Yang, T. Li, L. Zhang, and M.-H. Du, Formation and diffusion of metal
impurities in perovskite solar cell material: implications on solar cell degradation
and choice of electrode, Advanced Science 5, 1700662 (2018).

[268] A. Mei, X. Li, L. Liu, Z. Ku, T. Liu, Y. Rong, M. Xu, M. Hu, J. Chen, Y. Yang, et al., A
hole-conductor–free, fully printable mesoscopic perovskite solar cell with high sta-
bility, Science 345, 295 (2014).

[269] Z. Tang, T. Bessho, F. Awai, T. Kinoshita, M. M. Maitani, R. Jono, T. N. Murakami,
H. Wang, T. Kubo, S. Uchida, et al., Hysteresis-free perovskite solar cells made
of potassium-doped organometal halide perovskite, Scientific Reports 7, 12183
(2017).

[270] S. Tang, S. Huang, G. J. Wilson, and A. Ho-Baillie, Progress and opportunities for cs
incorporated perovskite photovoltaics, Trends in Chemistry 2, 638 (2020).

[271] G. Wu, J. Zhou, J. Zhang, R. Meng, B. Wang, B. Xue, X. Leng, D. Zhang, X. Zhang,
S. Bi, et al., Management of the crystallization in two-dimensional perovskite solar



References 129

cells with enhanced efficiency within a wide temperature range and high stability,
Nano Energy 58, 706 (2019).

[272] J. You, L. Meng, T.-B. Song, T.-F. Guo, Y. Yang, W.-H. Chang, Z. Hong, H. Chen,
H. Zhou, Q. Chen, et al., Improved air stability of perovskite solar cells via solution-
processed metal oxide transport layers, Nature Nanotechnology 11, 75 (2016).

[273] W. Sun, Y. Li, S. Ye, H. Rao, W. Yan, H. Peng, Y. Li, Z. Liu, S. Wang, Z. Chen, et al.,
High-performance inverted planar heterojunction perovskite solar cells based on a
solution-processed cuo x hole transport layer, Nanoscale 8, 10806 (2016).

[274] S. Ye, W. Sun, Y. Li, W. Yan, H. Peng, Z. Bian, Z. Liu, and C. Huang, Cuscn-based
inverted planar perovskite solar cell with an average pce of 15.6%, Nano Letters 15,
3723 (2015).

[275] M. V. Khenkin, E. A. Katz, A. Abate, G. Bardizza, J. J. Berry, C. Brabec, F. Brunetti,
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