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Abstract

Crystalline Silicon (c-Si) solar cells are dominating the photovoltaic (PV) market, covering
a market-share above 90%. Owing to their large cumulative manufacturing capacity,
reliability and high power conversion efficiency, c-Si solar cells are now cost-competitive
with other non-renewable electricity sources in most parts of the world. The price of ¢-Si
PV modules has been decreasing drastically for the past decades. They now account for
less than half of the cost of an installed PV system. System costs other than modules
include labour, installation, mounting structure, inverters, grid connections, etc. As
these costs are rather inflexible, increasing the power conversion efficiency of the solar
modules is the most efficient approach to lower the levelized cost of PV electricity. One
issue is that c-Si cells are approaching their practical efficiency limit. One strategy to
increase efficiency beyond the limit of c-Si relies on adding, on the front of a ¢-Si cell,
another solar cell featuring a complementary absorption profile to form a tandem solar
cell. Stacking a wider-band gap absorber on c-Si enables carrier extraction with a higher
voltage due to reduced thermalisation losses. Inorganic-organic lead halide perovskite
solar cells are promising top cell candidates to combine with ¢-Si based on their sharp
absorption edge with few sub-band gap defects, band gap tunability, high efficiencies,
ease of manufacturing and low material costs. By combining both technologies, power
conversion efficiencies in the range of 30-35% are realistic, well above best-in-class c-Si

solar cells, which achieve a power conversion efficiency up to 26.7%.

This thesis aims to produce high efficiency perovskite solar cells specifically tailored for a
2-terminal monolithic tandem integration with a c-Si bottom cell. First, we develop a
perovskite hybrid fabrication method, which employs thermal evaporation to produce
a lead halide template and then a spin-coating step with an organohalide solution. By
varying the composition of the template and solution, the perovskite band gap can
be tuned in the 1.6-1.8 eV range, which are ideal values to produce sub-cells that are
current-matched in a 2-terminal tandem. In addition, the use of a thermally evaporated
lead halide template makes the perovskite deposition compatible with rough and textured
substrates. Then, we develop a recombination junction connecting the ¢-Si and perovskite
sub-cells that features highly doped nanocrystalline hydrogenated silicon layers (nc-Si:H).
When used with a c-Si bottom cell featuring a planar front side, this recombination
junction shows a superior optical performance compared to commonly used transparent
conductive oxides thanks to a better matching of refractive indices. In addition, owing
to the low conductivity of the nc-Si:H layers, the top cell leakage current is reduced as
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the impact of shunts that may be present in the top cell is mitigated, which enables to
scale-up the cell active area. Then, relying on these concepts, perovskite/c-Si tandems
featuring a double-side textured c-Si bottom cell are processed, achieving a certified
power conversion efficiency of 25.2%. This high efficiency, the highest at the time of
publication, is enabled by low reflection losses and efficient infrared light trapping thanks
to the pyramidal texture present on both sides of the device. More importantly, the use
of front and rear side texture yields a close to optimum system that is also simpler and
optically more efficient compared to alternatives (e.g. a textured antireflective foil placed
on top of a front-side polished device). Furthermore, such double-side textured tandem
design does not require any modification to existing ¢-Si manufacturing production lines
as these rely on silicon wafers textured on their front side.

In the second part of the thesis, we intend to replace the spin-coating of the organohalides
by a vapour transport deposition (VTD) step. First, we detail our home-made vapour
transport deposition setup that offers a large flexibility in terms of processing parameters.
Using a thermally evaporated lead iodide template and a methylammonium iodide vapour,
perovskite solar cells with an efficiency > 12% are fabricated on 0.25 cm?. Thanks to the
presence of a showerhead and a large deposition chamber, a homogeneous and conformal
perovskite growth is obtained on 6 inch textured c-Si substrates (> 220 cm?), the industry
standard. The VTD of formamidinium iodide (FAI) is more challenging. Only a limited
amount of FAI molecules are introduced in the deposition chamber. Trimerisation reaction
of the FAI molecule to form sym-triazine is identified as the main problem regarding FAI
evaporation by VTD. The resulting sym-triazine vapour does not react with the lead
template to form the perovskite. Nevertheless, it is found that in the presence of primary
amines, the sym-triazine heterocycle is cleaved, resulting in the formation of formamidine,
thus offering an alternative pathway to deposit perovskite layers.

Keywords: Inorganic-organic perovskite, tandem solar cell, silicon heterojunction solar
cell, nanocrystalline silicon, vapour transport deposition of organohalides, methylammo-
nium iodide, formamidinium iodide, sym-triazine.
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Résumé

Les cellules solaires en silicium cristallin (c-Si) dominent le marché du photovoltaique
(PV) avec une part de marché supérieure a 90%. En raison du grand volume de leur
production, de leur bonne stabilité et de leur haute efficacité, les modules en c-Si permettent
désormais d’atteindre un prix de I'électricité compétitif en comparaison & d’autres sources
non renouvelables dans la plupart des régions du monde. Le cotit des modules PV & base
de ¢-Si a considérablement baissé au cours des derniéres décennies et celui-ci représente
désormais moins de la moitié du prix total d’une installation solaire. Le reste des cotits
d’un systéme solaire comprend la main-d’ceuvre, 'installation, le support, les onduleurs,
les connexions au réseau, etc. Le colt de ces derniers est difficile & réduire. Dés lors,
augmenter ’efficacité des modules solaires est un excellent levier pour réduire 'impact de
ces cotits additionnels et par conséquent le prix de 1’électricité produite. Cependant, les
modules & base de c¢-Si approchent de leur limite d’efficacité. Ainsi, la meilleure maniére
d’augmenter 'efficacité des modules de ¢-Si sur le long terme repose sur ’ajout sur leur
face avant d’une autre cellule solaire ayant un profil d’absorption complémentaire afin de
former une cellule tandem. En faisant directement croitre un matériau & bande interdite
plus large sur la cellule en c-Si, l'efficacité peut étre augmentée moyennant des cotits
additionnels de production relativement faibles. Cette augmentation de lefficacité résulte
du fait que les porteurs de charge peuvent étre extraits avec une tension plus élevée
du fait de la diminution des pertes de thermalisation. Les cellules solaires & base d’un
matériau de type pérovskite inorganique-organique sont des candidates prometteuses
du fait de leurs bonnes propriétés optiques et électroniques, haut potentiel d’efficacité,
de la possibilité d’ajuster la taille de leur bande interdite, sans oublier leur facilité de
fabrication a faibles coiits. En combinant les deux technologies, c-Si et pérovskite, une
efficacité en cellule tandem de 30 & 35% est réaliste, ce qui est bien au-dessus du record
de 26.7% obtenu en laboratoire pour les cellules en c-Si.

Cette thése vise a développer des cellules en pérovskite & haute efficacité en vue de leur
intégration de maniére monolithique en tandem & 2 terminaux avec une cellule en c-Si.
Dans un premier temps, nous avons développé une méthode hybride de fabrication de
la pérovskite utilisant ’évaporation thermique d’iodure de plomb suivie d’une étape
de revétement par centrifugation pour les molécules organiques. En faisant varier la
composition & chaque étape, des pérovskites avec des bandes interdites entre 1.6 a 1.8
eV sont ainsi obtenues, des valeurs idéales pour obtenir des sous-cellules qui produisent
le méme courant au sein d’une tandem. De plus, 'utilisation de la couche d’iodure de
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plomb produite par évaporation thermique rend le dépoét de la pérovskite compatible avec
des substrats rugueux ou texturés. Par la suite, nous avons développé une jonction de
recombinaison comportant des couches de silicium nanocristallin dopé (nc-Si:H) afin de
contacter les deux sous-cellules. Lorsqu’utilisée avec une cellule c-Si polie en surface, cette
jonction de recombinaison offre une combinaison d’indices de réfraction plus optimale
que les oxydes conducteurs transparents généralement utilisés. Cela se traduit par une
réflectance réduite entre les deux cellules et ainsi un gain en courant dans la cellule en
¢-Si. Du fait de la faible conductivité de cette couche, le courant de fuite de la cellule
pérovskite est diminué, ce qui permet la fabrication de cellules en tandem d’une taille plus
grande. En s’appuyant sur ces concepts, des cellules en tandem pérovskite/c-Si dotées
d’une cellule c-Si texturée sur ses deux faces sont fabriquées. Celles-ci atteignent une
efficacité certifiée de 25.2%, un record lors de la publication de ces résultats. La présence
de la texture microscopique sur la surface avant agit comme antireflet, permettant ainsi
d’obtenir un systéme optiquement simple mais efficace, lui donnant un avantage optique
en comparaison aux cellules polies en surface principalement utilisées actuellement. De
plus, 'utilisation en tandem de cellules ¢-Si texturées sur leur surface avant ne nécessite
pas d’étape de fabrication supplémentaire afin de polir la texture du c-Si, ce qui rend
ce type de tandem plus adapté a 'industrie du ¢-Si (qui utilise une texture sur la face
avant).

Dans la deuxiéme partie de cette thése, nous tentons de remplacer ’étape de revétement
par centrifugation des organohalogénures par une étape de déposition par transport de
vapeur (VTD), plus prometteuse en vue d’une industrialisation. Tout d’abord, nous
décrivons le systéme de déposition par transport de vapeur utilisé durant cette theése. Ce
systéme offre une grande flexibilité concernant les paramétres de déposition. En utilisant
un substrat d’iodure de plomb préalablement évaporé et une étape de dépo6t en phase
vapeur d’iodure de méthylammonium, des cellules solaires pérovskite avec des efficacités >
12 % pour 0.25 cm? sont fabriquées. Grace au design du réacteur, une croissance homogéne
de la pérovskite est obtenue sur un substrat de c-Si texturé de 6 pouces (> 220 cm?), le
standard utilisé par I'industrie du ¢-Si. La VTD de l'iodure de formamidinium (FAI) est
quant a elle plus difficile. Seule une quantité limitée de FAI est introduite dans la chambre
de dépot. La réaction de trimérisation de la molécule FAI formant de la sym-triazine
est identifiée comme principal probléme concernant I’évaporation du FAI par VTD. La
vapeur de sym-triazine ne réagit pas avec la matrice de plomb pour former la pérovskite.
Néanmoins, on constate qu’en présence d’amine primaires, I’hétérocycle sym-triazine peut
étre clivé pour former de la formamidine, offrant ainsi une alternative pour fabriquer des
cellules en perovskite.

Mots clés : pérovskite inorganique-organique, cellule solaire en tandem, cellule solaire
silicium & hétérojonction, silicium nanocristallin, déposition par transport de vapeur
d’organohalogénure, iodure de méthylammonium, iodure de formamidinium, sym-triazine.
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Introduction

Context and motivation

Currently, the vast majority of our energy supply comes from fossil fuels. Even though
fossil fuel reserves are still sufficient to cover our needs, their use comes at a massive
environmental cost. The temperature rise related to greenhouse gases is projected to be
higher than 5-7°C at the end of 2100 if no action is taken. This is clear that renewable
technologies must be widely deployed to avoid this catastrophic scenario. Amongst
the possible options, solar energy has the biggest potential. The resource, sunlight, is
abundant and solar technologies are compatible, at least on paper, with a terawatt/year
deployment.

Wafer-based crystalline silicon (c-Si) solar cells represent more than 90% of the solar
module market.! Since first commercialised, the cost of c¢-Si modules has declined
drastically.? This trend mainly stems from improvements in fabrication processes, economy
of scale effects thanks to the ever-growing cumulative capacity installed (1 MW in 1975
to 500 GW now??) and increasing efficiencies. As a result, the cost of a c-Si module
represents today less than 50% of the overall price of a residential photovoltaic system.
The other 50% arise from the balance-of-system costs (BOS), which include the mounting
system, wiring, grid connection (inverters), labour and permits. These costs are difficult to
reduce. Due to this cost distribution, increasing power conversion efficiency (PCE) at the
cell level is the most straightforward approach to further lower the price of PV electricity.
In other words, the aim is to produce more watts for the same BOS costs. This quest
for efficiency can be observed today in the PV industry, where less efficient cell designs
such as aluminium back surface field (Al-BSF) are being quickly replaced by passivated
emitter and rear cell (PERC) or more advanced technologies based on passivating contacts
(TOPCon, POLO, SHJ). However, there is a limit to this technological upgrade: the
theoretical limit of c-Si solar cells (29.4%).% Best-in-class c-Si devices yield efficiencies
close to their practical efficiency limit, with record devices reaching 26.7%.% The only
validated approach to surpass the efficiency limit of single-junctions under 1 sun conditions,
detailed by Shockley and Queisser, involves stacking several absorbers in a multijunction
solar cell.® The band gap (1.1 eV), efficiency, industrial know-how and long-term stability
make c-Si the ideal bottom cell of a tandem. While III-V materials can be used as top



cell to reach efficiencies higher than 30%,7® their costs are prohibitive.

Recently, organic-inorganic lead halide perovskite solar cells have been identified as
promising top cell candidates for c-Si cells due to their highly attractive optoelectronic
properties, tunable band gap and potentially low processing costs. Over the years, the
PCE of perovskite solar cells has increased from 3% to above 25% at the single-junction
level. Besides, perovskite solar cells can be deposited by various techniques (from solution-
based to vapour phase processes) at low temperature, enabling a monolithic integration
on a bottom cell. By combining perovskite and c-Si cells in a tandem device, efficiencies
beyond 30% may be achieved cost-competitively.

At the start of this thesis in 2016, only few reports presented perovskite/c-Si tandems and
the highest power conversion was 21.5%, which was still way below the record efficiency
of single-junction c-Si cells. Four years later, the PCE of such devices has risen to over

29%, and the first commercial module may not be too far ahead.

Objectives

The goal of this thesis was to develop monolithic perovskite/c-Si tandems exhibiting a
high efficiency by designing a thin film process flow adapted to the constraints imposed
by the c-Si cell.

More specifically, this work aimed to design:

1) a wide band gap perovskite absorber with improved stability by composi-
tional engineering.

2) a recombination layer connecting both sub-cells that reduces optical losses
and shows superior electrical properties by mitigating the impact of shunts
that may be present in the top cell.

3) a perovskite top cell process flow yielding conformal and functional layers
on the micron-sized pyramidal features present at the front side of the c¢-Si
wafers. This texture reduces reflection losses and promotes light-trapping.

4) a monolithic perovskite/c-Si tandem that combines 1-3) to achieve a high

efficiency over an active area of ~ 1 cm?

5) a novel perovskite processing route based on vapour transport deposition
for compatibility with textured 6 inch c-Si bottom cells.



Structure of the thesis

This thesis is divided into two distinct parts. In the first part, a hybrid sequential physical
vapour deposition/solution-processing (PVD/SP) process for perovskites deposition is
presented. The aim of this method is to coat conformally the front side texture of the c-Si
bottom cell. A recombination junction, based on hydrogenated nanocrystalline silicon
(nc-Si:H), connecting the perovskite and the ¢-Si sub-cells, is developed. Thanks to these
advances, perovskite/c-Si tandems on textured silicon bottom cells are fabricated. In the
second part of the thesis, we develop a sequential physical vapour deposition/chemical
vapour deposition (PVD/CVD) process for perovskites fabrication. To do so, a custom-
made vapour transport deposition setup for organohalides deposition is presented.

Chapter 1 - In this chapter, we review some of the fundamentals of photo-
voltaics and introduce the notion of multijunction devices. We then discuss
why ¢-Si and perovskite absorbers hold a great potential for tandem devices.
Finally, we review recent advances in the field of perovskite/c-Si tandems and
discuss requirements for them to be economically viable.

Chapter 2 - This chapter deals with the development of the hybrid PVD/SP
method and focuses on single-junction perovskite solar cells. The different
perovskite solar cell structures used during the thesis are introduced.

Chapter 8 - This chapter details the development of a nanocrystalline recombi-
nation junction for perovskite/c-Si tandems. The optical benefit of using this
junction is evidenced along with its shunts quenching properties. Monolithic
perovskite/c-Si tandems featuring this recombination junction and a wafer
polished on its front side are demonstrated. The shunt quenching properties
of the recombination junction enable to upscale the active area from 0.25 cm?
to 13 cm?.

Chapter 4 - In this chapter, we deposit the perovskite layer on top of the
silicon texture to benefit from the reduced reflection. First, we analyse the
perovskite formation on top of different silicon textures (from flat to 5-6
pm pyramids). Combined with evaporated charge carrier selective contacts
and the use of the nanocrystalline silicon recombination junction, a certified
> 25% monolithic perovskite/silicon tandem is produced. This is the first
demonstration of a perovskite/c-Si tandem featuring a textured silicon bottom
cell and, at the time of publication, this device was the most efficient one
reported.

Chapter 5 - This chapter is a general conclusion on the first part of this



thesis dealing with the hybrid PVD/SP process and textured perovskite/c-Si
tandems. We discuss the shortcomings of our design, potential pathways to
improve it, and future directions or applications of the work. One key aspect
is the need to upgrade the perovskite deposition process to upscale the active
area of the tandem cell.

Chapter 6 - This chapter is the first of the second part of this thesis dealing
with the process flow upgrade towards a fully vapour-based route. We first
review the advances in the development of perovskite solar cells by vapour
deposition methods. We focus on sequential methods, where the organohalides
are deposited by vapour transport deposition. In a second step, we describe
the vapour transport home-made setup designed here and introduce the
characterisation methods for organohalides analysis.

Chapter 7 - Here, the deposition of methylammonium iodide by vapour
transport deposition is investigated. The resulting perovskite morphology and
growth are characterised. Perovskite solar cells are fabricated with a high yield.
More importantly, homogeneous perovskite depositions are demonstrated on
large areas, including on 6 inch textured c-Si wafers.

Chapter 8 - In this chapter, we discuss the deposition of formamidinium halides
by vapour transport deposition. We find out that only limited quantities of
formamidinium reach the deposition chamber and suspect the formation of a
larger molecule (sym-triazine) during the evaporation process or transport to
the chamber. Possibilities to prevent the formation of this side-product and
to use it as a perovskite precursor are investigated.

Chapter 9 - This chapter is a general conclusion on the second part of this
thesis. Results obtained with our custom-made vapour transport deposition
setup are discussed and further optimisations needed are elaborated.

Concluding Remarks - This chapter is a general conclusion and outlook of the

thesis.



Contributions to the research field

This research brought several key contributions to the field of perovskite/c-Si tandems.
We developed a novel hybrid PVD/SP method to deposit mixed-cations, mixed-halides
perovskite compositions by co-evaporating caesium-halides with Pbly. This co-evaporation,
combined with the use of formamidinium halides during a subsequent spin-coating step,
brings several advantages. It enables to tune the perovskite band gap in view of a
monolithic 2-terminal tandem integration, it improves the thermal and operational
stability of the top cell, thanks to the replacement of methylammonium (MA) cations
with formamidinium (FA) cations. More importantly, this sequential perovskite deposition
process is compatible with various substrate topographies. This last feature was key to the
development of perovskite/c-Si tandems that feature a c-Si bottom cell textured on both
sides for optimal light management. By combining high-efficiency bottom cells, either
silicon heterojunction solar cells or high-temperature passivating contacts cells developed
in-house, a nanocrystalline silicon-based recombination junction and top cell charge carrier
selective contacts deposited via vapour-based routes, perovskite/c-Si tandems with a
double-side textured wafer achieved an efficiency > 25%, a world record at the time of
publication. The certified value of 25.2% made it to the NREL chart compiling record
solar cells of each technology. These devices were the first ones reported to feature a
¢-Si bottom cell textured on its front side, one (of the many) important milestone likely
needed in view of an industrial deployment of the technology. Indeed, this front-side c-Si
texture makes the device optics close-to-optimal (without needing any additional light
management scheme) and is already employed in the c-Si industry. Designing a perovskite
top cell process compatible with such texture simplifies greatly any refurbishment of
¢-Si process lines with no extra process steps needed to include a perovskite top cell. In
other words, commercial ¢-Si cells do not require any modifications to be upgraded into a
tandem thanks to these top cell developments. Still, the path to a commercial product
is long. One aspect is that the cell active area (about 1 cm? for these high-efficiency

devices) needs to be up-scaled to industrially relevant ones: 6 inch c¢-Si wafers.

In that regard, we developed a vapour transport deposition setup for organohalide
deposition over large areas. At this stage, methylammonium lead iodide perovskites can
be deposited with this setup on textured 6 inch c-Si wafers. While next research will
involve upgrading the reactor to deposit FA instead of MA and tune the perovskite band
gap thanks to the introduction of another precursor source, the results presented here are
a first step towards 30%-efficient 6 inch perovskite/c-Si tandems.

Overall, this doctoral work resulted in three peer-reviewed articles as main author or

shared first author,” !
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one article in preparation and several peer-reviewed articles as
co-author.






I} Literature review

1.1 The climate crisis: Photovoltaics as an option?

In 2015, parties at the United Nations Framework Convention on Climate Change held in
Paris reached an agreement to combat climate change, stating that the increase in global
average temperatures must be maintained well below 2°C compared to pre-industrial
levels. In order to meet this requirement, greenhouse gas emissions related to human
activities should tend to zero at the end of the century (Figure 1.1). In all the projections,
this implies that emissions should sharply drop by the 2030 horizon (Figure 1.1). This
change can only occur if our energy production shifts away from fossil-based energy
sources. Solar energy, which produces today only a few percents of our energy, is one of
the few renewable technologies that has the potential to replace fossil fuels at a low cost,
especially when combined with wind and hydro electricity and some storage capacity.? 22
PV technologies, which directly convert sunlight photons into electricity, already reach a
levelized cost of electricity (LCOE) < 0.05 $/kWh for big solar farms, a value competing
with fossil fuels electricity price in several countries.?? Crystalline silicon (c-Si) solar
cells represent more than 90% of the PV market today. Thanks to a combination of
technological advances and increased installed capacity (> 500 GW worldwide at the end
of 2018), the price of the ¢-Si PV modules has decreased drastically in the past years (by
84% from 2010 to 2016, Figure 1.2a).242% 18-19% efficient c-Si modules sell typically at
0.2 $/W in 2020.26 However, this price goes up by a factor 3 to 4 in Switzerland or niche
markets.

Nowadays, c¢-Si solar modules account for only &~ 30-50% of the overall price of an
installed PV system (Figure 1.2a-b). The rest of the costs are attributed to the balance-
of-system (BOS) costs, which consist in grid connections (inverters, electrical wiring,
interconnection), support structure, manpower (design, installation), administrative parts,
etc. The price of the BOS has not decreased as drastically over the years in comparison
to the one of c-Si modules (Figure 1.2b). In addition, most of the BOS costs (except
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Figure 1.1 — Temperature increase projections due to greenhouse gas emissions. Global-mean
temperature (20th—80th percentile) increase in 2100 relative to pre-industrial levels (1850-1900). Graph from
ref.23 Published in 2016.

inverters) are area-related. This implies that to further reduce the LCOE of ¢-Si PV,
increasing the module efficiency is the most straightforward approach. For example, for
residential PV in 2020, according to Figure 1.2 (module = 42$ m~2, BOS = 277$ m~2),
a 20% decrease in the module price leads to a ~ 3% LCOE decrease whereas an increase
of 20% in efficiency leads to a LCOE decrease of ~ 20%.
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Figure 1.2 — Photovoltaic system learning curves (c-Si module and BOS). a) c-Si module learning
curve, b) BOS learning curve. Open symbols represent predictions for 2020. The shaded areas represent the
95% prediction intervals for future values based on historical data. Graph from ref.?> Published in 2016.

Various approaches can be applied to increase the power conversion efficiency (PCE) of ¢-Si
modules. For instance, the PV market is currently moving towards the next generation of
c-Si solar cells, meaning that historical aluminium back surface field (Al-BSF) designs are
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being replaced by designs based on passivated emitter and rear cells (PERC), “passivating
contacts, interdigitated back contacted (IBC) cells (to reduce shadow losses due to the
front metallisation) or bifacial cells (sunlight reaches the cell from the front and back
sides). However, the efficiency of monofacial c-Si cells is theoretically limited to 29.4%.
With a current world record lying at 26.7%, there is only few tenths of a percent to
gain before the practical efficiency limit is reached.®> This means that a c-Si solar
cell PCE in the range of 25-26% is likely the maximum attainable in a production line,
leading to 22-24% modules depending on the assembly technique. Noticeably, current
best commercial ¢-Si modules reach a PCE of 22.6% featuring individual cells with an
efficiency of 25%.27

Several approaches, i.e. multiple carrier extraction and hot carrier solar cells, concentration
PV and multijunction solar cells, are being investigated to reach efficiencies beyond the
single-junction efficiency limit detailed by Shockley and Queisser.?®2? Among those
approaches, the concept of multijunction is the only one validated experimentally under 1
sun conditions and holds the greatest promise for an industrial implementation.

1.2 Multijunction solar cells

The theoretical maximum efficiency of a solar conversion system can be derived from
the laws of thermodynamics. The Shockley-Queisser detailed balance limit for p-n
junctions is strongly dependent on the band gap of the absorber material. Considering
an ideal band gap of 1.34 €V, a maximum efficiency of 33.7% can be reached (under AM
1.5G illumination, i.e. 1 sun conditions) and 31.9% for c-Si (1.1 eV).® Including Auger
recombination in the calculation lowers this value to 29.4% for c-Si.* This limit arises
from the fact that the absorber is transparent to photons having energies below its band
gap, and that the “excess” energy from photons with larger energies than the material
band gap is lost by thermalisation (cooling of “hot” carriers to the band edge). These two
types of losses can be mitigated by stacking absorbers with various band gaps on top of
each other in a multijunction solar cell (Figure 1.3). An efficiency of 68.2% (under an
AM 1.5G illumination) can be theoretically reached by stacking an infinite number of

30,31 Tn a more realistic approach, stacking two different

cells with different band gaps.
band gap absorbers to form a tandem device can lead to a PCE of 42.3% assuming ideal

band gaps of 1.0 and 1.9 eV.%°

Different strategies exist to construct a tandem solar cell. They can be separated into
two categories: two terminal (2T) and four terminal (4T) tandem devices. 4T tandems
are made of two cells which are processed and contacted separately. 4T cells can be made
by several approaches. The first and most common 4T approach consists in mechanically
stacking both sub-cells, the bottom cell being illuminated through the top one. A
second 4T approach consists in splitting the solar spectrum (e.g. by using dichroic filters
before the light reaches the cells).?*3* Both configurations have the advantage of being
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constraint-free regarding sub-cells fabrication and current matching conditions. The only
requirement for the former design is to develop a semitransparent top cell which lets
low energy photons through to the bottom cell. This implies employing transparent
contacts. However, 4T designs come at additional costs as two junction boxes, inverters,
two additional transparent conductive electrodes and filters in the case of spectral splitting
are needed compared to 2T designs.

On the other hand, monolithically integrated 2T tandems, where the top cell is directly
deposited on top of the other sub-cell, are more economically viable as they demand
no extra BOS costs and transparent electrodes. However, the main disadvantage of 2T
tandems lies in the need to reach current matching conditions. The current delivered
by such series-connected tandems is limited by the cell with the smaller current. To
reach high efficiencies, perfect light management is hence required. In addition, for a 2T
integration, the top cell processing should be compatible with the underlying bottom
cell (deposition temperature, presence of solvents, surface topography compatibility). 2T
tandems are hence more challenging to produce than 4T tandems but likely hold greater
industrial potential.

Figure 1.4 presents a sketch along with the spectrally resolved power output and current-
voltage curves for a single-junction, 4T and 2T tandems. Omne can see that for the
single-junction case in Figure 1.4a, thermalisation losses are significant (middle chart)
and the open-circuit voltage ( Vo, no carrier extracted from the cell) is dependent on the
band gap of the material. In opposition, a large current density is reached (a broader
part of the spectrum is collected by the narrow band gap material). One can see that, in
the J-V curve of a wide band gap material solar cell (Eg2, in blue in Figure 1.4b), the
short-circuit density (Js) is reduced whereas the Vi is increased (less carriers collected
but higher voltage due to the wide band gap). In a 4T configuration, as the two sub-cells
are measured independently, the total PCE is purely the sum of the power output of
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each sub-cell. It is worth mentioning that sunlight that penetrates the bottom cell is
first filtered by the top cell, lowering its current density. In the case of 2T tandems, the
series-connection of the sub-cells intrinsically limits the current density of the tandem
device to the one of the limiting sub-cell. Another effect of the series-connection is that
the V,c of both sub-cells sum up, whereas the overall PCE of the 2T device is determined
by the tandem J-V curve (Figure 1.4c)

a) b)

N
°

= =20 T 20
€ - P ) ) .
£ [ Thermalisation loss | E [ Thermalisation loss £ [ Thermalisation loss
o [0 Transmittance loss |« [ Transmittance loss o [E Transmittance loss
=18 [ | Power out (E,) ; 15 [ Power out (Eg;) ; 151 [ Power out (E;)
§ = - Power out (Eg,) < Power out (Eg,)
c e ‘ e
§ 10 _ dana . . & 10 & 10 |
g A han E ‘ g |
= (v | L ~ = | =
5 | g ) = s
£os A w g 05 l % 08
g | L WONE g ' E E & B
o ol ) ) N & 92 91, @ 92 Ev‘\
00 . . L 00 . . L
400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm) Wavelength (nm)
<o - [ - /
< o <o
13 Yv E E 5
2 £ S g2 single S
g Ll oc (Eg1) ] E E
£ E 1o} 4 E 1of 1
2 > Pmax (Eg1) Filtered 2 E
2 2single
E 2 ] 9eng Pinax @rm)
s g 2 = < P max (Eg2) 18 2 = 1
gl H E § [E Y Vo =V
15 = o -
e 1 e g1 single (filtered) =
fw y J ; Bl P(m) P(Eg”+P(EgD ] 5 sl 91 fingle (itered) oc(Egl) + ' oc(Eg2)” ' oc(2TT) |
e 4 P i i
w0 _ max (Eg1) 91 single junction Eg| single (non filtered) 47T Ecﬂ single (not filtered) 2TT
W n | 1 20
0.0 05 10 5 20 0.0 05 10 15 20 0.0 05 10 15 20
Voltage (V) Voltage (V) Voltage (V)

Figure 1.4 — Single-junction, 4T and 2T tandem solar cells. Sketches of the different solar cells
(top), the spectral power output (middle) and typical J-V curves (bottom) are displayed for the 3 different
configurations. a) single-junction solar cell, b) 4T tandem solar cell, ¢) monolithically integrated 2T tandem
solar cell. The top and bottom band gaps are 1.1 eV and 1.55 €V in this particular case. Vo, stands for
open-circuit voltage, Jsc for short-circuit current density and Vimppt and Jmppe for the voltage and current
density at maximum power-point, respectively.

Over the years, various tandem devices have been developed. However, those devices
either fall into low-cost, low-efficiency or high-efficiency, high-cost categories. A polymer
(organic solar cell) multijunction with 14.2% efficiency was recently introduced (single-
junction at 17.4%).3>35% Thin-film silicon tandem composed of an amorphous silicon
(a-Si:H 1.6-1.8 €V) top cell and a microcrystalline silicon (pc-Si:H 1.1 €V) bottom cell
reached an efficiency of 13%.2737 Even though these technologies have potentially low
fabrication costs, their modest power output prevents their deployment in the field.
On the other hand, high-efficiency multijunction devices based on III-V semiconductor
materials have demonstrated the highest PCEs so far: 47.1% under concentrated sunlight
(monolithic six junctions solar cell under 143 suns) and 39.2% under 1 sun conditions.?” In
addition, 2T tandems using a GalnP and GaAs sub-cells have reached a PCE of 32.8% in
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1 sun conditions. Nevertheless, the high cost and low abundance of III-V semiconductors
prevent them from being produced at a reasonable cost and limit their market-share to
niche applications such as space and concentrated PV.

Crystalline silicon solar cells are the best bottom cell candidates due to their high
efficiency and stability, low toxicity and the fact that they already provide electricity
at a competitive price. Several attempts have been made to combine c-Si and III-V
absorbers in tandems, reaching close to 33% efficiency in a 4T design.” A monolithic III-V
integration on c¢-Si would bring the costs down, but processing conditions of the II1I-V
material directly on top of the c-Si cell is challenging.® In that sense, the development of
tandem solar cells featuring an efficient top cell that can be deposited directly on the ¢-Si
bottom cell at low cost is essential. Recently, organic-inorganic metal halide perovskites
have emerged as promising light absorber materials for low-cost, high-efficiency tandem
solar cells with a c-Si bottom cell.3¥ 40

In the next section, we describe briefly these two solar cell technologies that will be
combined in a tandem, c-Si and perovskites, and discuss their efficiency and commercial
potential.

1.3 Crystalline silicon solar cells

Further improvements were achieved by introducing an insulating layer (AlOx/SiN,) with
localised openings on the rear side to reduce the overall metal/c-Si contact area.*! *2
Such cell design, called passivated emitter and rear cell (PERC), is currently taking over
Al-BSF as the industrial workhorse due to their high PCE (< 23% for record 6 inch cells,
and < 22% for some production lines) and relatively similar processing scheme. While
PERC-like technologies rely on partial passivation (through localised contact openings),
full area passivation is the most promising path to further increase the V,. to values
over 700 mV and push the PCE towards 25%. In that regard, passivating contacts using
a thin silicon oxide (SiO;) layer capped by doped poly-silicon deposited on both sides
of the wafer appear as the main upgrade to PERCs. A high level of passivation, while
still enabling carrier transport by tunnelling or through pinholes across the SiO, layer,
ensures high V.’s.4%44

Alternatively, another full area-passivation approach is to use hydrogenated amorphous
silicon (a-Si:H) on both sides of the silicon wafer.*>47 These a-Si:H layers are commonly
deposited by plasma enhanced chemical vapour deposition (PECVD). By introducing p-
type or n-type dopants (boron, phosphorous) into the gas mixture, charge carrier selective
contacts can be deposited on each side. Silicon heterojunction solar cells (SHJ) using
these passivation and contact layers yield a V. higher than 700 mV.® SHJ solar cells
also show an improved response to near-infrared light compared to the standard diffused

p-n junction solar cells, which makes the former an ideal candidate for tandem devices.*’
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1.4. Perovskite solar cells

When employing an interdigitated back-contacted design (charge carrier extraction on
the rear side), SHJ solar cells yield an efficiency of 26.7% (by Kaneka), which is the
best efficiency to date for c-Si solar cells.?” However, due to the presence of a-Si:H
layers, SHJ solar cells cannot be exposed to temperatures much more than 200°C or
hydrogen will effuse from the film.?® For 2T tandems, this limited thermal budget imposes
some constraints on the top cell processing conditions. For 2T tandems, SHJs already
feature a transparent conductive oxide (T'CO) for carrier extraction on their front-side.
Advantageously, this TCO can be used directly as a recombination layer in a 27T tandem.
Due to these aspects (high efficiency, high near-IR response), most 2T tandems reported so
far use a SHJ bottom cell. Figure 1.5 represents sketches of the different c-Si technologies
described in the previous paragraphs.

2 Al-BSF b) PERC ) Passivating contacts d) SHJ
\ A A A ANASAANA A
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Figure 1.5 — Evolution of c-Si solar cell technologies. a) Aluminium back surface field (Al-BSF), b)
Passivated emitter and rear cell (PERC), c¢) Passivating contact cell, d) Silicon heterojunction cell (SHJ).

1.4 Perovskite solar cells

Perovskites refer to a material crystallising with the ABX3 crystal structure (Figure 1.6).
The first inorganic perovskite mineral to be identified was CaTiO3 in 1839. Since then,
various perovskite materials have been discovered or synthesised such as SrTiOs and
BaTiO3. The first hybrid organic-inorganic halide perovskite structure was reported in
1978 by Weber.?! The optoelectronic properties have been investigated by Mitzi et al. in
the late 1990 when their applications as field-effect transistor and light-emitting diode

were demonstrated.”? 5> The first application of an organic-inorganic perovskite as a
9.56

solar absorber was reported in 200

Figure 1.6 - Perovskite crystal struc-
ture. For organic-inorganic perovskites, the A-
site is occupied by methylammonium (MAT),
formamidinium (FA™) and/or cesium (Cs™)
cations, the B-site is occupied by bivalent metal
cations (e.g. Pbat and/or Sna™), and the X-
site is occupied by a halide (e.g. I7, Br—, Cl17).
Image from ref.38

For mixed organic-inorganic perovskites the A site is an organic (mostly methylammonium,
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formamidinium) cation, sometimes combined with an inorganic one (Cs™), B is a bivalent
metal (usually Pby ™, Sna ™), and X contains halide anions (I", Br~, C17).5"%% The size
of each ion determines whether the structure falls into a perovskite or non-perovskite

crystal according to the Goldschmidt tolerance factor:3% %0

‘= rA+TB (1.1)

V2(rg +rx)

where r4, rg and ry are the atomic radii of the A-site cations, B-site bivalent metal
cations and X-site halides, respectively.! A cubic perovskite structure (photo-active
"black" phase) is obtained for t in between 0.9 and 1, whereas ¢ > 1 and t < 0.9
results in a non-perovskite crystal structure (photo-inactive, "yellow" phase, for ¢ < 0.9
orthorhombic phase, t > 1, hexagonal phase). Notably, as transitions between these
phases depend on temperature, the same perovskite alloy might result in different phases
depending on its fabrication or operational temperatures. The use of MA™ leads to the
black perovskite phase. On the other hand, pure FA-based perovskites (FAPbI3) often
crystallise in the hexagonal phase due to the bigger size of the FA™ cation. However,
phase stability can be obtained by alloying FA™ with a smaller cation such as Cs™
and/or MA™.5%:62 Tt has been reported that methylammonium lead triiodide (MAPbI3)
perovskite absorbers are not intrinsically stable at temperatures higher than 85°C,%3
due to the volatile nature of the MA cations. While this might not be an issue for cells
fabricated in the laboratory, some of the module fabrication processes used nowadays,
such as encapsulation and screen-printing of the front metal grid (for tandems), require
annealing steps > 100°C. As a result, methylammonium-free perovskites will be preferred
in this thesis.

Even though the A-site cation is of major importance regarding crystal structure and
its thermal stability, it plays a limited role in the energetic levels of the perovskite.
The [Pblg]s octahedra framework dominates carrier transport.5%:%° The valence band
maximum of MAPDI3 is formed by the anti-bonding coupling of the I(5p) and Pb(6s)
orbitals, while the conduction band minimum is defined by the unoccupied Pb(6p) orbitals.
This is also responsible for the direct band gap and strong absorption coefficient as the
intra-atomic transition from Pb(6s) to Pb(6p) orbitals is favoured.®6:67

The perovskite band gap depends on the size of its unit cell. For example, a smaller unit
cell by replacing iodide by the smaller bromide anion (on the X-site) results in an increase
in band gap from 1.55 eV for MAPbI3 to 2.4 eV for MAPbBr3.%® However, certain alloys
featuring high Br contents (> 33% of the I content) may segregate under light into low

!Notably, the expression of the tolerance factor was recently improved by using the relation:®!

T:T—X—nA(TLA ra/rs )

B B In(ra/rs) (1.2)

Where n4 is the degree of oxidation of the cation. A 7 below 4.18 should yield a perovskite photo-active
structure.
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band gap I-rich domains.%” Similarly, the introduction of bigger A-site cations (such as
FA™) reduce the overall band gap, however, to a limited extent (1.48 eV for pure FAPbI3).
This band gap tunability is of major importance for tandem applications. In addition,
the sharp optical absorption edge,”>" the long carrier diffusion lengths ,”? low exciton
binding energies”® and ambipolar charge carrier transport observed in polycrystalline

74,75

thin films deposited at low temperature make organic-inorganic perovskites unique

optoelectronic materials.

Moving on from the material itself to solar cells, perovskite solar cells emerged from
dye-sensitised devices where they were used as an alternative to the dye.?*°% However,
the stability of those devices was limited due to the fact that the perovskite dissolved
in the liquid electrolyte within a few minutes.”® Further enhancements in efficiency and
stability were made by replacing the electrolyte by a solid-state hole transporting layer
(spiro-OMeTAD) used in dye-sensitised solar cells.”® Removing the mesoporous scaffold
present in dye-sensitised solar cells (TiOy or Al;O3) was made possible due to ambipolar

transport of holes and electrons.”™

Planar heterojunction (absence of a mesoporous
scaffold) structures can be made into either polarity depending on the deposition order of
the selective layers. First, n-i-p configurations (where the electron transport layer (ETL)
is deposited first) were developed by replacing the TiO2 scaffold with other ETL, while
spiro-OMeTAD was often used as hole transport layer (HTL) on top of the perovskite.
However, due to the high manufacturing costs of spiro-OMeTAD and its poor stability
(due to the presence of Li-dopants), considerable efforts have been made to develop HTL
alternatives.”” Inspired by organic PV research, perovskite solar cells in the p-i-n polarity
(also called inverted structure) have also been developed.”™ Metal oxides (NiO,,CuOz),
polymers (PTAA, PEDOT:PSS) and small organic molecules (SpiroTTB, CuPc) have been
used as HTL in such device configuration, whereas fullerenes and derivatives (Cgo, PCBM)
have regularly been adopted as a top ETL. Figure 1.7 presents the different perovskite
architectures (n-i-p, p-i-n) with few of the most commonly used charge transport layers.
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Figure 1.7 — Different perovskite architectures (n-i-p, p-i-n). FTO stands for fluorinated tin ox-
ide, ITO for indium tin oxide, c- is for compact and mp- stands for mesoporous. PCBM is [6,6]-phenyl-
Ce1-butyric acid methyl ester, Cgo fullerene, PEDOT:PSS is poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate, PTAA is poly|bis(4-phenyl)(2,4,6-trimethylphenyl)amine| and spiro-OMeTAD for 2,2’,7,7-Tetrakis-
9,9’-spirobifluorene.
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To produce high-quality perovskite absorber materials, various deposition methods have
been developed. They can be divided into two main categories: one-step and two-step
methods. For one-step methods, all the components are deposited at the same time,”
whereas for two-step methods, a lead halide template is often deposited first, followed by
a subsequent organohalide deposition.® Wet chemical methods, mostly spin-coating,”> 8

81,82 83,84 85,86 41e

but in some cases inkjet printing, blade coating, or slot-die coating,
generally the preferred routes for perovskite deposition as they enable precise control
of composition and short processing times. In parallel, vapour-based techniques have
emerged. These methods give high flexibility regarding material depositions and substrate
choice as these do not involve any aggressive solvents that may dissolve underlying
layers.87-%0

Overall, due to their highly attractive optoelectrical properties, versatility of deposition
route and device configurations, organic-inorganic lead halide perovskite single-junction
solar cells have seen their efficiency increase from 3.8%°° to a certified value of 25.2%.27
in just over a decade. Considering the minimal volume of material required for their
fabrication, the low deposition temperature involved and the various options for band
gap, charge carrier selective contacts and deposition routes, perovskites solar cells are

promising candidates for low-cost yet high-efficiency single-junction and tandem PV.

1.5 Perovskite/c-Si tandems

As explained in the section above, the band gap of the perovskite absorber can be readily
tuned in between 1.6-1.8 €V, which is the optimal band gap for a tandem using a c-Si
bottom cell. In addition, the perovskite features a sharp optical band gap onset with few
sub-band gap absorption states and a high PCE, which makes it highly attractive for
tandem applications. Furthermore, in opposition to I1I-V/c-Si tandems, the perovskite
layer can be deposited directly on the bottom cell, even on a thermally sensitive SHJ.
Simulations have shown that combining ¢-Si bottom cell and a perovskite top cell in
a tandem device can yield an efficiency of 31-32%.°1:9? In the laboratory, 2T and 4T
perovskite/c-Si tandem solar cell efficiencies now reach up to 28.2% for 4T designs and
29.1% for 2T configurations (Figure 1.8). Perovskite/chalcopyrite tandems achieve up to
25.9% for 4T and 24.2% for 2T.9397 Perovskite/perovskite tandems yield up to 23.1% for
4T tandems and 24.8% for 2T tandems.”® 191 Even though impressive efficiency results
have been obtained using chalcopyrite and perovskite bottom cells, we will focus here
exclusively on perovskite/c-Si tandem devices.

Figure 1.8 shows record efficiencies of single-junction silicon, perovskite cells and perovskite /c-
Si tandems (both 4T and 2T). One can see that the 2T tandems now exhibit a higher
PCE than 4T tandem cells. This is mainly attributed to the reduced parasitic absorption
in 2T tandems due to the absence of the two transparent electrodes needed in 4T designs
(at the top of the c-Si cell and at the bottom of the perovskite one).
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It is still debatable whether 4T or 2T tandems have the highest potential towards

commercialisation.!02

Various simulations have been carried out by several research
groups to compare 4T and 2T designs. In standard test conditions (STC, AM1.5G,
1000W /m?2, 25°C), it was found that both 4T and 2T tandems could reach similar

efficiencies around 31-32%.19:91

Nevertheless, due to current-matching requirements in
2T tandems and the spectral variation during the day, energy yield calculations have
shown that 4T cells may slightly outperform the 2T cells in several locations (by less
than 2% relative).'® 193 However, BOS-related expenses increase for the 4T tandem case
due to the requirement to power separately both cells. Added to the fact that capital
expenditure required to build from scratch a perovskite solar cell production line is likely
larger than adding additional deposition tools to an existing c¢-Si production line, 2T

designs may be more economically viable.
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Figure 1.8 — Evolution in PCE of record perovskite and c-Si single-junctions and perovskite/c-Si
tandem solar cells.

1.5.1 History of monolithic 2T perovskite/c-Si tandems

The first monolithic tandem was reported in 2015 and involved a homojunction c-Si
solar cell and a silicon tunnel junction and achieved a performance of 13.8%.19% The
low efficiency was mainly attributed to a large parasitic absorption and lack of surface
passivation in the c-Si bottom cell. The first monolithic tandem featuring a SHJ bottom
cell was presented by Albrecht et al., a device that reached an efficiency of over 18%.10°
The use of a SHJ bottom cell was made possible by the development of a low temperature
(< 200°C) perovskite top cell fabrication process. An atomic layer deposition (ALD)

deposition of SnOs replaced the high-temperature annealed mesoscopic TiO9 electron

17



Chapter 1. Literature review

selective layer. As a consequence of the low-temperature top cell deposition, indium tin
oxide (ITO) could be used as a recombination junction, enabling infrared transparency and
low contact resistivity in between both sub-cells. Shortly after, Werner et al. presented a
monolithic perovskite/SHJ tandem with an efficiency of 21.2% by introducing a sputtered
indium zinc oxide (IZO) recombination layer and a sequential two-step physical vapour
deposition /solution-processing (PVD/SP) fabrication route for the perovskite cell.!%¢

This was the status at the start of this thesis.

Soon after, Werner and co-workers promoted the IR response of the SHJ cell by introducing
a pyramidal texture on the rear-side of the c-Si cell.'> All reported perovskite/SHJ
tandems presented earlier were based on double-side polished (DSP) c¢-Si bottom cells,
which introduced a substantial amount of IR-light losses due to weak light trapping in the
bottom cell. The introduction of single-side rear texture (SST) was realised by depositing
a protecting mask on the front side of the c-Si wafer during texturisation. This led to a
monolithic perovskite/c-Si tandem with an active area > 1 cm? with a PCE of 20.5%.

At that time, all the monolithic perovskite/c-Si tandems were developed in the n-i-
p configuration (perovskite HTL facing sunwards), which led to significant parasitic
absorption in the UV /blue part of the spectrum. The main reason was linked to the fact
that a thick (= 150 nm) doped spiro-OMeTAD layer was used. With p-i-n cells gaining
momentum, several groups flipped the polarity of the perovskite cell. Fu et al. produced
a p-i-n perovskite semitransparent cells with a 16.1% PCE with a transmittance of 80%
to near-infrared wavelengths using spin-coated PTAA as the HTM and a fullerene-based
PCBM as ETL. The semitransparent contact consisted in ZnO nanoparticles as buffer
layer and a sputtered ZnO:Al layer.'%” A breakthrough came from Bush and co-workers
when they presented the first monolithic perovskite/c-Si tandem featuring a perovskite/c-
Si tandem in the p-i-n configuration, achieving a certified PCE of 23.6% on 1 cm?.1%® The
perovskite layer, sandwiched between inorganic layers NiO, as HTL and SnOs deposited
by ALD as buffer layer, showed very promising thermal and environmental stability and
withstood 1000 hours of operation at 35°C (unencapsulated) and 1000 hrs in 85% relative
humidity with standard encapsulation (EVA /glass). These impressive stability results
were achieved thanks to the i) compact ALD-SnOq layer used as a protective layer against
TCO sputtering, ii) the composition of the perovskite layer with the introduction of FA™
and Cs' as a replacement to the commonly used but thermally less stable MA™ cation.
Furthermore, the partial substitution of iodide by bromide halide was used to tailor the
perovskite band gap in order to reach current matching in between both sub-cells and a
higher V..

The first contributions to the field discussed in this thesis involve a recombination junction
based on a layer stack of highly doped nanocrystalline Si, which enabled to gain in optics
and in electrical performance (discussed in chapter 3). Similarly, by introducing a high-
index layer such as a nanocrystalline SiO,:H layer on the front side of the c-Si bottom
cell, Mazzarella and co-workers reduced the IR reflection at the polished front-side of the
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¢-Si bottom cell by 1.4 mA cm™. When combined with a perovskite top cell deposited in
the p-i-n configuration using the layer stack as in ref,'%® a current density of 19 mA cm™

could be reached (cumulative Jy. of 38.7 mA cm), leading to a certified PCE of 25.2%

Further improvements in the optical performance of monolithic perovskite/c-Si tandem
were achieved by replacing the single-side textured (SST) silicon bottom cell (polished at
the front side) by a double-side textured (DST) silicon bottom cell. This was achieved by
mastering the deposition of all the top cell layers directly on the silicon texture by means
of vacuum-based depositions. These developments will be discussed in the chapter 4. An
alternative involves downsizing the pyramids size to 500 nm - 1 gm and planarising the
c-Si texture with the perovskite layer (thickness > 800 nm - 1 pm).!19% 110 The benefits
and downsides of this strategy will be discussed in chapter 5.

Another way of using a textured bottom cell without requiring a conformal perovskite
coating could be achieved by mechanically stacking both sub-cells and connecting them
with a conductive layer.''>11? Lamanna and co-workers recently obtained a 26% 2T
tandem using this approach.!'? This strategy is similar to the 4T design, where both
sub-cells are fabricated separately (constraint-free from a processing point of view) and
so costs are potentially higher and optics less favourable (parasitic absorption in the
additional transparent electrodes, presence of metal fingers on the c-Si cell that may
induce additional shadowing). In addition, the main benefit of 4T designs (no current
matching required in between both sub-cells) does not apply in this case as the cells
are connected in series. As a consequence, it is not likely that a strategy that combines
disadvantages of the 2T (current matching) and 4T tandems (higher production cost,
more parasitic absorption) designs will prevail in the future.

During the summer of 2018, Oxford PV, a British-based company focusing on the
commercialisation of monolithic perovskite/c-Si tandems, announced a record PCE of
27.3% obtained on 1 cm? and independently certified by Fraunhofer Institute. Later that
year, the same company further pushed the efficiency to 28%. The device structure has
not been communicated. Early 2020, HZB and Kaunas University further pushed the
efficiency to a certified value of 29.15% on ~ lcm?. The device structure is yet to be
reported. Figure 1.9 summarises the main milestones leading to improved optics. One can
observe from the external quantum efficiency (EQE) spectra, that the optical performance
of 2T cells is now on par with the most advanced c¢-Si technologies.

Table 1.1 is a list of few 2T perovskite/c-Si tandems reported at the time of the writing
of this thesis (April 2020). Information such as perovskite composition, band gap, top
cell polarity, recombination junction, bottom cell type and active area are displayed.
Power output efficiencies (at the publication date) are displayed in Figure 1.10. One can
see from the plot that the reduction in parasitic absorption in the Spiro-OMeTAD by
depositing the perovskite in the p-i-n configuration (red data points) led to a big leap

108

forward and is now widely adopted.*”® However, there is no fundamental aspect hindering
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n-i-p designs from catching up with the p-i-n configuration. The lack of a highly efficient,
highly transparent HTL that can be deposited on top of the perovskite is now the main
reason behind this difference in performance. Nevertheless, promising alternatives are
being investigated.!!3

One can also see that SHJ bottom cells gave the best PCEs so far, mainly due to their
high V. and high efficiencies. Nevertheless, other silicon solar cell technologies (cells
based on high-temperature passivating contacts, PERC) showed PCE in the 24-25%
range.' 1 For now the optical gain from the DST c¢-Si bottom cell is counterbalanced
by the difficulty of depositing a good quality perovskite on textured silicon. This is
yet not explicit which of DST or SST tandems will be included in the first commercial
modules (if any). But from a performance and economic point of view, DST cells appear
more promising due to their superior optical performance and their direct compatibility
with industrial ¢-Si cell front sides. Indeed, simulations have shown that choosing a DST
design should lead to an energy yield increase of 6-7% annually over SST (4-5% gain
if an anti-reflection foil is used on the SST device, an approach difficult to implement
industrially).''% 16 Moreover, only silicon cells that are textured on their front-side are
used in the industry. In the prospect of upgrading existing silicon cell production lines
for tandem production, c-Si process flows will need to be adapted, which will come at
additional costs. This means that the potential efficiency gain (e.g. from a superior
perovskite quality) or manufacturing cost reduction (e.g. when using solution-based
deposition routes) induced by SST wafers should overcome all benefits brought by DST
bottom cells.
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Figure 1.9 — Light management improvements in monolithic perovskite/c-Si tandems. External
Quantum Efficiency (EQE) of the perovskite/c-Si tandems extracted from refs.!0>13,104,105,108 geanning
electron microscopy (SEM) cross-sections of the front side of different devices.
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Figure 1.10 — Efficiency table for 2T perovskite/c-Si tandems. The values presented in this Figure
are taken from table 1.1

1.5.2 Economical analysis: Do perovskite/c-Si tandems make sense?

It is quite an adventure to estimate the potential economic benefit of perovskite/c-Si
tandems over c-Si single-junctions. Perovskite solar cells being an emerging technology,
we have to deal with a lot of unknown parameters such as production costs, choice of
the deposition methods (solution-processing vs. vacuum-based or hybrid ones), charge
transport layers, c-Si bottom cell technology (SHJ vs. PERC, cells based on passivating
contacts), SST vs. DST bottom cells (index matching interlayer required, additional anti-
reflection coatings in the former case), PCE gain by switching from a single-junction to a
tandem, module lifetime, etc. These uncertainties make any cost estimations far-fetched.
As a result, rather than giving an answer to the question whether perovskite/c-Si tandems
will produce cheaper electricity than c-Si single-junctions, we will try to define, based
on literature data, what are the boundary conditions for their deployment in terms of
efficiency, lifetime and additional process costs.

In order to be cost-effective, the benefits resulting from the efficiency gain of the tandem
solar cell should overcome the additional costs required during its manufacturing. Most
importantly, it should be more economically viable than either the top or bottom single-
junction cell operating separately. In order to fulfill those requirements, it was found
that tandems make economic sense only when four conditions are satisfied, i) the band
gap and performance of the sub-cells should enable to reach high efficiencies, ii) the
manufacturing costs ($/m?) of each sub-cells should be in the same order of magnitude,
iii) both technologies should exhibit long-term stability when deployed in the field, iv)
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the single-junction PCE of both sub-cell should be comparable, as introduced by Peters
et al. as a “marriage of equals”.!3" In other words, if one sub-cell is significantly more
efficient than the other, the PCE benefit of doing a tandem will not be able to compensate
the manufacturing costs of the additional cell. On the other hand, if one sub-cell is
significantly more expensive to produce than the other, manufacturing costs will increase
drastically for a little gain in PCE and the cheaper sub-cell single-junction will prevail.

For perovskite/c-Si tandems the conditions i) and iv) are already satisfied (the band
gap of the perovskite and c¢-Si are ideal for tandems and record PCE of perovskite and
c-Si cells stand at 25.2% and 26.7%, respectively). Regarding manufacturing costs, here
again, due to the emerging nature of perovskite solar cells, it is difficult to estimate the
perovskite manufacturing costs. Perovskite solar cells are often regarded as compatible
with low-cost manufacturing. It was estimated that the $/W of a perovskite production
line could be below 1$/W for a > 3 MW /yr production line factory (and below 0.58/W
for a 1000 MW /year production line). Those values are relatively similar to the ones for
c-Si (0.2-0.25 $/W in 2020).'3% In order to assess whether tandems may compete with
single-junctions, BOS costs must be taken into account. It is generally accepted that the
production costs of the tandem should be less than 50% of the BOS costs in order to be
viable.137

Yu and co-workers calculated, taking into account c-Si solar cell production costs and
BOS projections for 2020, that the production cost for the perovskite top cell should be
below 46 $/m? for solar parks and 145 $/m? for residential PV (BOS costs are higher
for residential PVs, Figure 1.2). This estimation was made with a c-Si bottom cell at 42
$/m? and the following considerations, PCEporrom = 22.1%, PCEop = 21.7%, PCEandem
= 32.1% (1.7 V), no coupling losses with tandem integration. Figure 1.11a-b displays
the maximum cost tolerated for the perovskite top cell manufacturing as a function of
band gap, coupling efficiency for utility and residential systems. One can clearly see that
due to the higher BOS costs for residential installations, a higher cost for perovskite
manufacturing can be accepted.25’139

Several attempts to estimate the perovskite production costs have been reported. Chang
and co-workers estimated a perovskite single-junction module cost in between 37 and 100
$/m? (depending on the materials used),'® Li and co-workers estimated the perovskite
single-junction manufacturing costs at 32.7 $/m? (p-i-n structure with inorganic charge
transport layer) and at 121.18 $/m? for 2T tandems.'*! Similarly, Mathews et al. predicted
perovskite single-junction costs of 31.6 $/m? (making predictions regarding the economy
of scale for a > 100 MW /year production line).!4? Finally, the manufacturing costs of the
perovskite module was estimated to be 31.7 $/m?, with manufacturing costs as low as 6.8
$/m? for the perovskite solar cell alone.'? A different approach was used by Werner and
co-workers. They correlated the efficiency gain by switching from a c-Si single-junction
to a tandem design with the number of additional processing steps required (assuming a
3000 wafers/hour factory, 1.5 $/m? of consumables per processing step). By assuming
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BOS costs of 27 $/m? for utility PV and 63 $/m? for residential systems, the authors
found that an absolute 4% efficiency gain translates into a saving of 2.1-2.7 cts $/W and
6.4-7.6 cts $/W for utility abd residential PV.14* This gain is non-negligible considering
the c-Si learning curve of a 0.25-0.3 $/W within the next five to ten years.!4>

Probably the best figure of merit to determine the viability of an energy production system
is the LCOE, which is the ratio of the cost of the system over its lifetime and the electricity
produced (cts $/kWh). Once again, LCOE predictions are difficult considering the fact
that it requires assumptions on energy yield, manufacturing costs and module degradation
rate over the years. However, estimates retrieved from literature for 2T perovskite/c-Si
tandems are of 5.5 cts $/kWh,'3? 5.22 cts $/kWh,'*! for residential installations. Finally,
performing similar calculations, Qian and co-workers estimated that to be viable in
comparison to single-junction c-Si cell, the PCE of a 2T tandem should be higher than
28.7% (considering a perovskite degradation rate of 2% relative/year, 25 years lifetime
and additional cost of manufacturing the tandem of 50% compared to a 405 W PERC
module at 23.3% at STC, degradation rate of 0.4% relative/year, Figure 1.11c).146

All those results evidence the fact that perovskite/c-Si tandems could play a major role in
the future of PV. In most reports, the tandem efficiency was considered to be in the range
of 28-32%. It is quite clear nowadays that the efficiency of the perovskite/c-Si tandem
will overpass the 30% barrier in the coming years (at least for small devices at STC)
considering the actual record of 29.1% obtained after only 5 years of research. As a matter
of fact, the PCE of tandems should not be a problem regarding commercialisation. The
higher the PCE of the tandems, the more competitive it will be over single-junction devices.
However, the path to a commercial product is still long and uncertain. The questions to
be answered are i) whether the perovskite top cell can be deposited on 6 inch industrial
¢-Si cells and yield similar performance, ii) whether it can be done at a reasonable cost,
using inexpensive charge transport layers and inexpensive deposition methods, iii) if
the perovskite processing is compatible with industry standards and regulations (lead
content, use of heavy solvents such as DMF, DMSO) iv) can perovskite/c-Si tandems
be integrated in a high efficiency module at a high throughput and, most importantly,
v) whether the perovskite cell can withstand > 25 years in real operational conditions,
degrading < 1-2 relative% /year. This last point is likely the most challenging and will
determine the industrial future of perovskite/c-Si tandems.
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Figure 1.11 — Economic analysis of perovskite/c-Si tandems. a) Maximum tandem module cost to
reach system capital cost parity with a c-Si system in 2020 for various US markets, coupling efficiencies,
and top-cell band gaps. All cases assume that both sub-cells operate at 75% of their limiting efficiencies.
Plot from ref.25 b) The table showing the sub-cell and tandem absolute efficiencies associated with these
variations in top-cell band gap and coupling efficiency. Plot from ref.?> c) Simulated LCOE ratios between a
perovskite/c-Si tandem module with variable PCEs and a 405 W PERC module in 2025 from ref.'46 Cpgx
is the ratio of perovskite manufacturing cost/total tandem cost. rpgk is the yearly perovskite degradation

rate.

25






Tandem development with the

sequential PVD /SP method

27






YA Perovskite top cell development for
tandems

Abstract

In this chapter, we first briefly explain the requirements that must be satisfied by the
perovskite top cell in view of a tandem integration (from a processing and operational
point of view). Then, we introduce the perovskite deposition method used during the first
part of this thesis, i.e. the hybrid sequential two-step physical vapour deposition /solution-
processing (PVD/SP) method. This approach is preferred in comparison to standard
wet-chemical routes due to its ability to coat textured c-Si substrates. Thanks to the
introduction of caesium halides during the first evaporation step and bromine in the second
solution step, the perovskite band gap can be tuned from 1.6 to 1.8 eV, optimal values
for a perovskite top cell pairing with c-Si. Finally, we describe the different perovskite
solar cell architectures produced during this thesis (p-i-n and n-i-p configurations), the
different transparent electrodes and contacts employed and discuss their advantages in

tandems.’

!This chapter is based on the work done during several years of perovskite development at PVlab
and, as a result, is the product of a common effort. I especially want to thank Dr. Jérémie Werner,
who did tremendous work to develop the different perovskite configurations (n-i-p and p-i-n) and the
semitransparent electrodes. Dr. Brett Kamino and Dr. Davide Sacchetto for the p-i-n configuration
development and semitransparent p-i-n electrode. Concerning the hybrid two-step sequential method, T
want to acknowledge Dr. Jérémie Werner, Dr. Matthias Brauninger, Dr. Bjorn Niesen, Dr. Quentin
Jeangros, Arnaud Walter, Peter Fiala, Dr. Fan Fu and Dr. Terry Chien-Jen Yang. I acknowledge Dr.
Quentin Jeangros for the STEM and TEM images. My contribution was to develop the wide band gap
Cs/FA-based perovskite with the support of the whole group. Few of the results presented here were
already published by Werner et al. and can be found in ref.}”
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Chapter 2. Perovskite top cell development for tandems

2.1 Introduction

In opposition to 4T tandems, monolithic 2T tandems require that the perovskite top
cell process is made compatible with the ¢-Si bottom cell. As already discussed in the
literature review section, the fact the SHJ solar cells are preferred as bottom cells limits
the perovskite deposition temperature to < 200°C, or passivation will be lost due to
hydrogen effusion from the a-Si:H layers.'4” This low thermal budget prevents the use of
inorganic K'TLs based on nanoparticles such as TiOg or SnOq as these usually require a
sintering step at 450-500°C. In addition, due to the series connection, 2T tandems are
strongly affected by the current matching in between both sub-cells. In order to reach
high efficiencies, perfect light management through the full layer stack is hence required.
Considering a bottom cell band gap of 1.1 eV (c¢-Si), the top cell band gap should be
as high as 1.7 eV in order to reach current matching. This value could be lowered in
practice to 1.6-1.65 eV as parasitic absorption in the top electrode affects the current in
the perovskite top cell. Such band gaps can be achieved by incorporating bromine (and
caesium) into the lattice of MAPbI3 or FAPDI3 (see section 1.4).

Another requirement for tandems lies in the development of a transparent top electrode.
While the perovskite single-junction features a full area electrode on top of the stack,
long-wavelength photons must be transmitted to the bottom cell in a tandem. The
requirements needed and development of such electrodes will be presented in the section
2.2.2.

One last requirement in view of direct compatibility with standard c-Si designs is to be
capable of depositing the perovskite top cell directly on the texture of ¢-Si to reduce
reflection losses. This implies that ideally each layer should be conformally coated on top
of the ¢-Si texture. Our aim is to develop a process flow that is independent on the size of
the pyramids (up to a few microns in height), hence ruling out process flows solely based
on solution-processing. The first part of this thesis focuses on a hybrid route to make the
absorber, which involves a thermally evaporated lead template and a spin-coating step
of an organohalides solution. Burschka and co-workers first introduced the sequential
fabrication method for the perovskite absorber.®Y Their two-step method consisted in
first depositing the Pbly precursor (by spin-coating in this case) and then converting it
to the perovskite by exposure to an organohalide solution by dipping the template in
a MAT solution or directly spin-coating the solution onto the Pbly precursor. Shortly
after, a hybrid PVD/SP sequential method was introduced, where the Pbly template is
formed by thermal evaporation and then converted to the perovskite by spin-coating a
MAI solution in isopropanol.®%“? This innovative method has several advantages over
the wet-chemical route, i) the evaporation of the lead template can tolerate rough and
textured surfaces, i.e. a textured c-Si wafer, ii) no heavy solvent such as DMF and DMSO
that might prevent commercialisation due to safety concerns are used, iii) it enables the
use of organic charge transport layers beneath the perovskite that would otherwise be
washed away by the wet-chemical approach. In addition, spin-coating the organohalide

30



2.2. Results and discussion

is easier to control compared to their thermal evaporation (see the second part of this
thesis). For those reasons, the hybrid PVD/SP was selected to deposit the perovskite
layer during the first part of this thesis. Due to their superior thermal stability over
MAPDI3, CsFAPb(I, Br)s compositions were chosen as a starting point.

2.2 Results and discussion

2.2.1 Perovskite absorbers processed with the PVD/SP method

Figure 2.1 depicts the two-step PVD/SP process used here. First, the substrates are
loaded into a high vacuum chamber (=~ 10~% Torr, Lesker Mini SPECTROS). Then the
inorganic template, either lead iodide (Pbly) or Pbls combined with caesium halides
(CsBr, CsI or CsCl) is thermally evaporated. The Pbl, is evaporated at 1 A /s, while the
rate of the Cs-halide is varied (defined below in % of the evaporation rate of Pbls). The
deposition rates are controlled by quartz crystal monitors. The organohalide solution
(MAI, FAI, FABr in ethanol) is then spin-coated onto the rotating inorganic template
(dynamic solution dispensing). The organohalide solution interdiffuses into the Pbly to
form the perovskite layer upon annealing performed at temperatures between 100°C and
150°C. Additional experimental information concerning the perovskite layer formation is
given in the appendix A.

High vacuum
1-3x10°Torr

AN

\Q\\
+ ; ‘ Figure 2.1 — Sketch of the hybrid se-
@ quential two-step PVD/SP deposi-
tion method. PVD evaporation is car-
ried out in a Lesker Mini SPECTROS
PbL/(CsX) Organohalide Annealing evaporation chamber. The deposition
eva;;oration spin-coating 30 min rate of the Pbls is 1 A/s. The anneal-
(MAI/FAI/FABr) 100-150°C ing is carried inside a Na-filled glovebox

0-50% RH for MALI cell, in air (= 30% RH) for FA-
based cells.

Most research groups directly add the caesium halide to the precursor solution by
dissolving it. In our case, due to its low solubility in ethanol, the solvent used to spin-coat
the organohalide solution, co-evaporation was preferred. Other solvents like DMSO, or
water could not be used as they would compromise the Pbly film, which needs to remain

conformal when using textured c-Si substrates.

Figure 2.2 displays results obtained by atomic force microscopy (AFM), UV /visible/near-
infrared spectroscopy (UV/Vis/NIR) and X-ray diffraction, which characterise the mor-
phology, optical and crystallographic properties of the perovskite films processed with this
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Chapter 2. Perovskite top cell development for tandems

method. Note that different absorber compositions (MAPbI3, Cs,FA;_,Pb(I;_,Bry)3)
can be obtained by adjusting the template and solution chemistry. We observe that the
CsFA-based perovskites are slightly rougher than MAPbDI3 perovskites (Figure 2.2a). This
is especially true for perovskite layers made with only FAI as organohalide. However, by
introducing a faction of FABr, smooth perovskite films can be obtained. The introduction
of bromine into the film increases the band gap of the material (Figure 2.2b-c). Perovskite
films produced with a molar ratio of FAI to FABr between one to two or pure FABr
(denoted as 1:2 and 0:1) result in band gaps of ~ 1.63 ¢V and ~ 1.68 eV (from Tauc
plots), which are well suited for tandems. Accordingly, the X-ray diffractograms of these
layers show that the introduction of the smaller Br atom (in comparison to I) slightly
shifts the perovskite (100) diffraction peak towards higher values, in accordance with the

shrinkage of the unit cell. 148 149
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Figure 2.2 — Film characterization of MALI and CsFA-based perovskites produced by the two-

step PVD/SP method. a) AFM top view maps, b) UV /Vis/NIR absorptance measurements, c) Tauc plot
and band gap values, d) X-ray diffractograms of the different perovskite layers.
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The organohalide spin-coating step plays a major role to achieve a full perovskite conver-
sion. The concentration of the organohalide solution should be carefully chosen to avoid
unconverted Pbly (concentration too low) from appearing or over-saturation of the film
with organohalides (Figure 2.3a-b). It is worthwhile to mention that the concentration
of the organohalide solution should be adapted to the Cs content introduced during the
co-evaporation step (Figure 2.3c).

In addition to the organohalide concentration and Cs content, other process parameters
are found to have an important impact on the interdiffusion process. The perovskite layer
quality depends on process parameters such as spin-coating speed (here 3000 or 4000
rpm), relative humidity during the annealing process and the annealing duration (here 30
min vs 60 min). From the residual Pbly peak in the X-ray diffractograms (Figure 2.4),
one can conclude that the interdiffusion process (organohalides into the lead template) is
promoted by a humid environment (RH > 50%"'°?) and that high substrate rotation speeds
(4000 rpm) leads to unconverted Pbly (as more solution is washed off the substrate). In
addition, a prolonged annealing duration (> 60 min) may lead to the volatilisation of the
organic cation, leaving behind residual Pbl,.1%!

The evaporated caesium halide precursor also plays a critical role in the resulting perovskite
film (Figure 2.5a). As foreseen, increasing the Cs content (8% vs 12% CsCl) tends to
blue-shift the perovskite absorption edge. This is further evidenced by the perovskite
(100) diffraction peak shift towards higher angles (Figure 2.5b). In addition, it was found
that replacing Csl by CsCl leads to a widening of the band gap as well. The main reason
for this increase in band gap comes from the fact that higher Cs content in the layer can be
achieved when using CsCl in comparison to Csl. And this Cs content remains higher even
if the CsI deposition rate is superior to the one of CsCl (CsCl 8% vs CsI 15%). This comes
from the fact that the amount of Cs-halide in the perovskite layer is determined by the
evaporated thickness measured by the crystal quartz monitor (calibrated by profilometry).
This method has the disadvantage to overlook the morphology (especially porosity) of the
evaporated film. CsCl and CsBr are found to form more compact layers in comparison to
Csl once evaporated (data not shown). This also means that the Csl evaporation rate is
overestimated compared to the other Cs-halide precursors. Figure 2.6 displays a scanning
transmission electron microscopy energy dispersive X-ray spectroscopy (STEM EDX)
analysis of the cross-section of different perovskite layers produced with Csl, CsCl and
CsBr precursors. Table 2.1 shows the composition of the films estimated by EDX using
the Cliff Lorimer method.'®? Some I is missing due to the knock-on damage induced by
the electron beam. For example, the perovskite film with 15% CsI has a Cs to Pb ratio
of 0.16, while the perovskite film fabricated with 8% CsCl show a Cs to Pb ratio of 0.21.
As previously reported in the literature, the presence of Cl is not observed within the
perovskite fabricated with CsC1.1®3 This suggests that the Cl probably escapes the film
upon annealing. The broadening of the band gap is credited to the Cs increase rather
than to the addition of ClI into the film.
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Figure 2.3 — Effects of the organohalide concentration and caesium content on the perovskite
formation. a) UV /Vis/NIR absorptance of the perovskites film fabricated with different organohalide con-
centrations, b) corresponding X-ray diffractograms, c) X-ray diffractograms of the perovskite layer with an
evaporation rate of Csl of 10, 15, 20% of that of Pblz and + or - 20% of organohalide in solution (reference
at 0.4 M). The thickness of the Pblz layer is fixed to 160 nm. An organohalide FAL:FABr ratio of 1:2 is used

in all cases.

Figure 2.4 — Impact of process parameters on

the perovskite conversion. X-ray

of perovskite layers produced by the hybrid PVD/SP
method where the spin-speed, relative humidity (RH)
during annealing and annealing duration were varied.
The thickness of the Pbls layer is fixed to 160 nm. An
organohalide FAI:FABr ratio of 1:3 is used in all cases.
A CsCl 8% deposition rate relative to that of Pblz was
used in this case. The diffraction peak at 12.7° corre-

sponds to the Pblz (001) diffraction.
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Figure 2.5 — Characterisation of perovskite layers with different Cs-halide precursors. a)
UV/Vis/NIR absorptance of the perovskite films, b) corresponding X-ray diffractograms.

We can see that by varying the FABr to FAI ratio and the Cs-halide precursors, perovskite
films with band gaps ranging from 1.5 eV to 1.77 €V can be obtained. Now that we have
developed perovskite films with the hybrid sequential deposition method with a highly
tunable band gap, we will now present the different perovskite solar cell architectures
and layer stacks used during this thesis.
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Figure 2.6 — STEM-EDX cross-section maps with different Cs-halide precursor. The different
perovskite layers were fabricated using different organohalide ratios and Cs-halides evaporation rates. The
cell with CsI (15%) was fabricated with a FAI:FABr ratio of 0:1. Similarly, the CsCl cell (8%) was fabricated
with a FAL:FABr ratio of 0:1. An organohalide ratio of 1:2 was chosen for the CsBr cell (10%).
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Table 2.1 — Elemental quantification (in atomic %) of the perovskite layers in Figure 2.6

OH (FAI/FABr) 0/1 0/1 1/2

Process caesium Csl (15%) CsCl (8%) CsBr (10%)
Bromine 22.8 18.3 23.8
Todine 36.3 38.8 36.9
at (%) Lead 35.2 35.5 33.3
caesium 5.7 7.4 6.1
, Cs/Pb 0.16 0.21 0.18
ratio Br/I 0.63 0.47 0.64

2.2.2 Perovskite solar cell architectures
Perovskite solar cells in the n-i-p configuration

Historically, perovskite solar cells have been mostly deposited in the n-i-p configuration,
also called the standard architecture. In that configuration, the electron transport layer
(ETL) is first deposited onto the substrate (FTO, ITO, SHJ bottom cell). The perovskite
is subsequently deposited, followed by the hole transport layer (HTL) and metal contact.
In this case, the cell is illuminated from the ETL side. This architecture is still the
most commonly used and dominates the perovskite single-junction efficiency race. The
n-i-p configuration was initially adopted due to the benefit of using a TiO2 mesoporous
scaffold that allows perovskite infiltration within the scaffold and thus increases carrier
collection due to the large contact area with the ETL. As already discussed in the previous
section, the high temperature (> 450°C) required to sinter the mesoporous scaffold is not
compatible with SHJ bottom cells. As a result, thermally evaporated Cgg, which does
not require any post-annealing treatments, is preferred in our case. Then the perovskite
is deposited by the hybrid PVD/SP method. Spin-coated Spiro-OMeTAD is then used as
HTL. For opaque devices (reference devices), gold is then thermally evaporated on top of
the Spiro-OMeTAD layer.

Figure 2.7 shows a schematic view of the n-i-p perovskite solar cell fabrication process
used during this thesis. For tandem applications, it is clear that the electrode needs to
be as transparent as possible to prevent parasitic absorption. Various strategies have
been employed as semitransparent electrodes for perovskite solar cells, such as silver

156-158 meta11597161 d162

nanowires, '*»19% transparent conductive oxides, or graphene-base
electrodes. Amongst them, transparent conductive oxides (T'COs) are the most promising
as they combine high transparency over the entire spectrum, sufficient conductivity, do not
introduce any shortcomings regarding stability and they are already used in the industry
to make layers over large-areas at high-throughput.*”-163 Nevertheless, a direct TCO
deposition by sputtering will induce some damage in the underlying perovskite/charge
transport layers due to the presence of a plasma and ionic bombardment.!? % As a
result, the presence of a buffer layer in between the charge selective layer and the TCO is

156-158,165-167

usually required. Recently, few attempts to deposit the TCO directly on
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top of the charge transport layer have succeeded provided the latter is thick enough and
the deposition of the TCO is made softer (conditions that may be incompatible with high
throughput industrial requirements).!%% 169

Here, 10 nm of evaporated MoOy is chosen as buffer layer to protect the spiro-OMeTAD
from sputtering damage.'®”1%%:166 Indium zinc oxide (IZO) is preferred over conventional
ITO as TCO. Indeed, IZO achieves good optoelectronic properties already in the as-
deposited state, at least better than our ITO. In turn, it does not require any post-
deposition annealing.!™ Further information about the development of the near-IR
transparent front electrode can be found in ref.'*® STEM-EDX of the cross-section of a
CsFA-based n-i-p perovskite solar cell is shown in Figure 2.8.
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Figure 2.7 — Schematic view of the fabrication methods used to make perovskite solar cells in
the n-i-p configuration (opaque and semitransparent designs) More information about the devices
fabrication and process parameters are given in appendix A.

Figure 2.9a displays the J-V curves of opaque and semitransparent perovskite solar
cells in the n-i-p configuration. The perovskite absorber was deposited according to
the methodology explained in section 2.2.1 with the following parameters: CsI: 15%,
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Figure 2.8 — Cross-section EDX map of a CsFA-based cell. STEM bright-field (BF) and high-angle
angular dark-field (HAADF) images, EDX map of the CsFA-based perovskite solar cell. Corresponding
EDX line profiles of the Si, C, Cs, Pb, I, F, O, Mo, In, Zn, Mg edges, shown individually after background
subtraction and quantification using the Cliff Lorimer method.

FALFABr 1:2, E; ~ 1.63 ¢V for a total perovskite thickness of 300 nm. In Figure 2.9a,
both perovskite solar cells are measured from the glass/ETL side. One can note that
similar efficiencies are reached for both the opaque and semitransparent case (PCE >
15%). The opaque design reaches a higher current density, thanks to the reflection of
light on the gold electrode at the rear side of the device. One the other hand, the V. of
the opaque device is often lower than the semitransparent one, likely due to the beneficial
role of the MoOy layer.!5%166 The FF is slightly lower in the case of the semitransparent
cell, which was expected due to the resistive nature of the MoOy layer. 8-10 nm MoOy is
found to be the best trade-off in between limiting V. losses due to sputtering damage
and increased series resistance.!?% 166

Figure 2.9b shows the external quantum efficiency (EQE) of the opaque and semitrans-
parent perovskite solar cells. One can see that, in comparison to the opaque case, the
semitransparent cell (illuminated from the glass/ETL side) performs poorly (loss of ~ 1
mA cm2) in the 650-800 nm region due to the finite thickness of the perovskite layer. For
opaque devices light reaching the back of the device is reflected back to the perovskite
layer, thus increasing the absorption probability. The EQE curve of the semitransparent
perovskite solar cell illuminated from the TCO/HTL side (equivalent to the top illumina-
tion in a tandem in n-i-p configuration) is also displayed in Figure 2.9b. One can note
that a limited current density of ~ 14.5 mA cm™ is obtained. The main reason is that
significant amount of parasitic absorption (accounting for 2-2.5 mA c¢m™) occurs in the
UV /blue (320-450 nm) region of the spectrum due to the thick spiro-OMeTAD layer.!?®
To increase current density, it is absolutely essential to replace the spiro-OMeTAD layer
with a more transparent HTL. However, few viable options exist at this stage. The
layer must exhibit suitable optoelectronic properties at the required thickness, has to
be deposited at low temperature with deposition techniques compatible with textured
substrates and must be thin enough to prevent parasitic absorption. Recently progress
has been made in that regard when Raiford and co-workers developed a n-i-p semi-
transparent perovskite solar cell by replacing the spiro-OMeTAD by a thin evaporated

38



2.2. Results and discussion

2,2".7,7-tetra(N,N-di-tolyl)amino-9,9-spiro-bifluorene (Spiro-TTB) layer and a vanadium
oxide buffer layer.'’® But the option taken by most research groups, including us, to
lower parasitic absorption was to invert the polarity of the perovskite cell to the p-i-n
configuration. This switch provides more flexibility in terms of HTL choice.
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Figure 2.9 — Electrical characteristics of n-i-p perovskite single-junctions. a) J-V curves of opaque
and semitransparent perovskite solar cells. The cells are illuminated from the glass/ETL side, b) correspond-
ing EQE spectra. The semitransparent cell is illuminated from both the ETL and HTL sides. All perovskites
solar cells presented here were produced with the hybrid sequential deposition method reported in the section
2.2.1 (CsI: 15%, FALLFABr 1:2, Eg = 1.63 ¢V for a perovskite thickness of 300 nm).

Perovskite solar cells in the p-i-n configuration

Perovskite solar cells fabricated in the p-i-n configuration have recently gained interest,
especially in the field of perovskite/c-Si tandems due to the possibility of using thin
evaporated ETLs such as Cgp.!0108,116,124,132 Here we use thermally evaporated Spiro-
TTB (17 nm) as HTL below the perovskite. This layer was chosen due to its suitable band
alignment with the perovskite valence band onset and for its ability to be evaporated.
The perovskite is then deposited on top of that layer using the two-step PVD/SP method
(section 2.2.1). 1 nm LiF and 20 nm Cgg are thermally evaporated on top of the perovskite
layer. The thin layer of LiF is found to reduce the surface recombination rate compared
to the perovskite/Cgg interface.'?* 7! For opaque p-i-n cells, 120 nm of silver is then
subsequently evaporated on top of the Cgg layer. For the semitransparent perovskite
solar cells, we use a similar transparent electrode to that developed by Bush et al. which
consists in a Cgp/SnOy/TCO stack. Here, SnOq deposited by ALD acts as a n-type buffer
layer to protect the perovskite cell against sputtering damage. Similarly as in the n-i-p
configuration, sputtered IZO is used as TCO for both semitransparent single-junction cells
and perovskite/c-Si 2T tandems. Figure 2.10 presents a schematic representation of the
fabrication procedure for p-i-n opaque and semitransparent perovskite cells. Additional
information regarding p-i-n devices fabrication is provided in the appendix A.

Figure 2.11a displays the J-V curves of the opaque and semitransparent perovskite solar
cells in the p-i-n configuration. Here again, the perovskite was deposited according to
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the methodology explained in section 2.2.1 (CsI: 15%, FAI:FABr 1:2, E; ~ 1.63 €V for a
total perovskite thickness of 300 nm). As before, the semitransparent cell has a lower
current density due to the un-absorbed red part of the spectrum. These losses could be
regained by increasing the thickness of the perovskite layer. This will be discussed in the
chapter 4. In addition to losses in Jy, few losses are observed in FF' and V. between
semitransparent and opaque designs. This is attributed to the increased resistivity due
to the introduction of the SnOy and IZO layers. In addition, a thin evaporated layer of
TmPyPb was found to be beneficial once introduced in between the Cgp and Ag electrode
for the opaque case.'”™ This layer creates a permanent dipole moment that improves
the interfacial energy level alignment with the perovskite layer and facilitates electron
extraction. The presence of this layer (used only in opaque cells) slightly improved the
FF and V,. of the perovskite solar cells. Figure 2.6 shows cross-section of such devices.

Figure 2.11b represents the EQE of the cells. The semitransparent perovskite cell is
illuminated from either directions (from the glass/HTL or TCO/ETL side). One can see
that, this p-i-n cell design, even if the integrated current density is still lower if measured
from the ETL side, is less prone to parasitic absorption compared to n-i-p cells (Figure
2.9). While ~ 3 mA cm™ is lost by switching from superstrate to substrate illuminations
in the n-i-p cells, p-i-n cells lose ~ 2 mA cm™. Figure 2.12 displays the J-V measurements
of a p-i-n semitransparent perovskite solar cell measured with superstrate and substrate
illuminations. One can see that the electrical characteristics of the cell do not depend on
the illumination direction (except for the Js. due to differences in parasitic absorption).
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Figure 2.11 - Electrical characteristics of the p-i-n perovskite single-junctions. a) J-V curves
of opaque and semitransparent perovskite solar cells. The cells are illuminated from the glass/ETL side, b)
corresponding EQE spectra. The semitransparent cell is illuminated from either the HTL or ETL side. All
perovskites solar cells presented here were produced with the hybrid sequential deposition methods reported
in the section 2.2.1 (Csl: 15%, FAI:FABr 1:2, Eg &~ 1.63 €V for a perovskite thickness of 300 nm).

2.3 Conclusion

In this chapter, the different perovskite top cell requirements for their implementation in a
tandem with a c-Si bottom cell are discussed. In the perspective of growing the perovskite
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on top of a textured c-Si bottom cell, processes based solely on solution-processing should
be avoided. As a result, both the perovskite and charge transport layers were deposited
here (in part) by vapour-based techniques. A hybrid two-step PVD/SP method is used to
deposit the perovskite layer. First, a lead-halide (with or without Cs halide) template is
thermally evaporated in a high vacuum system. Subsequently, a solution of organohalide
dissolved in ethanol is spin-coated on this template, before an annealing step crystallises
the perovskite absorber. By introducing Cs halides by co-evaporation with lead halide
and spin-coating a mixture of FABr and FAI, perovskite layers with band gaps from 1.5 to
1.77 €V are produced, optimal values for a top cell in a tandem with c-Si. Perovskite solar
cells were fabricated first with the n-i-p polarity and then the p-i-n one. For n-i-p cells,
thermally evaporated Cgg is used as the ETL, whereas spin-coated spiro-OMeTAD is
used as HTL. Semitransparent n-i-p perovskite solar cell using MoOy as a buffer layer to
protect the underlying layer from sputtering damages are also described. This architecture
will be used as the top cell of a tandem in the chapter 3. Spiro-OMeTAD layer is the main
bottleneck of this architecture as 2-3 mA cm™ are lost due to the parasitic absorption once
measured in substrate configuration (HTL sunwards). In addition, this layer is deposited
by spin-coating, which prevents the use of a textured c-Si bottom cell in tandems. As
a result, an inverted p-i-n architecture is developed to mitigate these issues. Thermally
evaporated spiro-TTB replaces spiro-OMeTAD, whereas LiF /Cgy/SnO2/1Z0O is used as
the ETL contact and top electrode. This cell design exhibits less optical losses at its front
electrode, paving the way towards the deposition of conformal perovskite top cells on
textured c-Si cells (chapter 4).
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8] Nanocrystalline recombination
junction for tandems

Abstract

The recombination junction that connects the sub-cells of a tandem plays a major role in
its performance. This layer enables the carriers of opposite charge from each sub-cell to
recombine with each other. This layer should have i) a high carrier selectivity for both
types of carriers, ii) a suitable conductivity to prevent increased series resistance while
still mitigating the impact of shunts that may be present in the perovskite top cell, iii) a
high transparency in the near-infrared region to prevent parasitic absorption of photons
that should be absorbed in the c-Si cell. Current monolithic perovskite/c-Si tandem
designs rely mostly on TCOs as recombination layer, which lead to optical losses in the
infrared part of the spectrum and reduced shunt resistance. We develop a recombination
junction based on nanocrystalline silicon layers to mitigate these losses. When employed
in monolithic perovskite/SHJ tandem cells with a planar front side, this junction is found
to increase the bottom cell photocurrent by more than 1 mA cm™. In combination with a
caesium-based perovskite top cell, this leads to tandem cell power-conversion efficiencies of
up to 22.7% obtained from J-V measurements and steady-state efficiencies of up to 22.0%
during maximum power-point tracking. These values were, to the best of our knowledge,
the second-highest PCE reported for such tandems at the time of fabrication (2017) and
the highest using a perovskite in the n-i-p configuration. In addition, thanks to its low
conductivity mitigating the impact of shunts, the nanocrystalline silicon recombination
junction enables up-scaling the tandem active area, resulting in a 12.96 cm? cell with
a steady-state efficiency of 18%. This was the first demonstration of a perovskite/c-Si

tandem cell with an area significantly larger than 1 cm?.!

!This chapter in based on the publication: Sahli, F., et al. "Improved optics in monolithic per-
ovskite/silicon tandem solar cells with a nanocrystalline silicon recombination junction." Advanced Energy
Materials, (2018). The author wants to acknowledge R. Monnard, G. Charitat, Dr. B. Paviet-Salomon,
Dr. A. Tomasi, Dr. J. P. Seif, L. Barraud and Dr. S. De Wolf for the fabrication, development of the
bottom cell and nc-Si:H junctions. Dr. Q. Jeangros for the TEM measurement, V. Paratte for the Raman
measurement, Dr. J. Werner, Dr. B. Kamino, Dr. M. Brauninger and Dr. B. Niesen for the perovskite
top cell development. Dr. B. Kamino fabricated the large-area tandem.
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3.1 Introduction

A crucial element of any 2T tandem cell is the intermediate recombination connecting
both sub-cells in series. This junction should enable carriers collected in one sub-cell
to recombine with carriers of opposite charge collected in the other sub-cell without
introducing electrical or optical losses. So far, mainly TCOs have been used as recom-
bination layer in the fabrication of perovskite-based 2T tandems.?3 105,106,108, 117 \yhj]e
in principle effective, this approach suffers from several drawbacks: parasitic absorption
of wavelengths above 800 nm due to free-carrier absorption in the TCO,' poor refrac-
tive index matching with silicon causing enhanced reflection losses at the TCO /silicon
interface,!'™ and usually high lateral conductivity promoting shunt paths through the top
cel] 174,175

A strategy to effectively mitigate TCO-related optical losses is to integrate a p+/n+
recombination junction, as widely used in III-IV semiconductor and thin-film silicon
tandem solar cells.'"0178 A first demonstration of a silicon-based recombination junction
for perovskite /silicon tandem cells was made by Mailoa et al., who used a diffused-junction
¢-Si solar cell, although with a limited efficiency of 13.7%.1%4 A particularly interesting
low-temperature (< 200°C) approach lies in using hydrogenated nanocrystalline silicon
(nc-Si:H) deposited by plasma-enhanced chemical vapour deposition (PECVD) employing

178

silane gas with high hydrogen dilution. By adding either trimethylboron or phosphine

to the silane/hydrogen mixture in the reactor, highly doped nc-Si:H can be obtained,'™
a requirement for recombination junctions exhibiting low resistance and narrow energy
barrier widths to enable tunnelling of charges. Such nc-Si:H layers have recently been
used as charge carrier selective contact in high-efficiency SHJ solar cells in both sides-
contacted and back-contacted configurations.!®-1¥2 Building on this knowledge, this
chapter presents a nc-Si:H recombination junction for monolithic perovskite/SHJ tandem
cells, which reduces reflection and parasitic absorption losses in comparison to commonly

used TCO recombination layers.

3.2 Results and discussion

3.2.1 Device fabrication

Monolithic perovskite/SHJ tandem cells with nc-Si:H recombination junctions were
fabricated with a layer stack as shown in Figure 3.1a. A rear-side textured SHJ bottom
cell in the front-emitter configuration (i.e., with the hole-collecting side facing sunwards)
was used.'” More information regarding device fabrication is given in the appendix A. On
top of the polished front side of the bottom cell, the p+ /n+ nc-Si:H recombination layer
stack with a crystallinity of 17.7%, as obtained from Raman spectroscopy (Figure 3.2),
was deposited by PECVD. High-resolution transmission electron microscopy (HRTEM)
micrographs of the recombination junction shown in Figure 3.1b confirm the presence of
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crystal grains in the nc-Si:H layers. Furthermore, coloured inverse fast Fourier transforms
(iFFT) generated from several Si (111) and (022) crystalline orientations demonstrate the
presence of epitaxial growth between the p- and n-doped regions of the recombination
junction, evidenced by crystals spanning across the nc-Si:H(p+)/nc-Si:H(n+) interface
(marked by arrowheads in Figure 3.1b). The position of this interface is inferred from the
EDX map (Figure 3.1b), which is presented alongside the corresponding STEM high-angle
annular dark-field (HAADF) micrograph. These STEM and TEM images of Figure 3.1c
indicate a recombination layer thickness of ~ 50 nm (nc-Si:H(p+) ~ 25 nm, nc-Si:H(n+)
~ 25 nm).

The n-i-p perovskite top cell was deposited directly onto the nc-Si:H recombination junction
and featured a Cgg electron transport layer, a perovskite absorber layer fabricated with
the hybrid PVD/SP method introduced in chapter 2, and a Li-doped spiro-OMeTAD
hole transport layer. In this case, the perovskite absorber layer was produced by co-
evaporating Pbly and CsI with deposition rates of 1 A /s and 0.1 A /s, respectively. Then,
the organohalide solution was spin-coated on top of the CsI/Pbly template and contained
either pure MAI or a mixture of FAI and FABr to obtain either Cs,MA;_,Pbls or
CsxFAl,beI(l,yBry) 3 perovskites. The tandem cells were completed by a MoOz /indium
zinc oxide (IZO) transparent front electrode, Au fingers to contact the cells, and a MgFs
anti-reflective layer.

To gain more information on the incorporation of caesium into the perovskite layer,
EDX of a Cs;MA;_,Pbls layer was performed in combination with STEM (Figure 3.1c).
The background-subtracted maps of the Cs K, Pb LL and I K edges suggest a uniform
distribution of these elements within the perovskite layer (Figure 3.1¢) and a Cs:Pb
atomic concentration ratio of 0.18 is obtained (in line with table 2.1). It should be
mentioned that some iodide diffused into the hole transport layer during the processing
as marked by an arrowhead in Figure 3.1b.'83 Iodine diffusion is thought to occur already
during processing, where excess iodine present on the surface may redissolve during
spiro-OMeTAD spin-coating (dissolved in chlorobenzene). The X-ray diffraction (XRD)
pattern confirms the formation of a perovskite phase for both perovskite compositions,
Csy;MA;_,Pbls or Cs,FA;_,Pbl(;_,Bry)s (Figure B.1).

The monolithic tandem solar cells with the nc-Si:H recombination junction and a
Cso.19MAg g1 Pbl3 perovskite top cell reached an efficiency of up to 22.7% on an area of
0.25 cm? and 21.7% on a larger scale of 1.43 cm?, as obtained from J-V measurements.
Steady-state efficiencies of 22.0% and 21.2%, were achieved during maximum power-point
tracking for 1000 s, respectively (Figure 3.3a,b). Moreover, the J-V curves exhibited
negligible hysteresis. These tandem cells showed a high V. of > 1750 mV, which demon-
strates the capability of the nc-Si:H junction to efficiently recombine electrons from the
top cell with holes from the bottom cell. F'F' values are comparable to the ones obtained
with a TCO recombination layer reported earlier.'% This suggests that the presence of
the nc-Si:H stack does not introduce significant electrical losses.'8! A rear-side textured
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Figure 3.1 — Perovskite/c-Si tandem with a nc-Si:H recombination junction a) Schematic view
of the perovskite/SHJ monolithic tandem cell with a nc-Si:H recombination junction, b) EDX map and
corresponding STEM HAADF image of the recombination junction, which show the position of the different
interfaces, HRTEM micrograph of the recombination junction, corresponding FFT and superposition of
coloured inverse FFTs computed from selected Si (111) and (022) reflections (pseudo dark-field image), ¢)
STEM BF image of a cross-section of the perovskite cell and corresponding EDX maps of Si K, C K, Cs K, Pb

L, I K edges, either combined in the same image or, for the inorganic perovskite elements, shown individually
after background subtraction.
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single-junction SHJ solar cell reference for the bottom cell, comprising the nc-Si:H layer
stack at the front, shows an efficiency of 16.45% with a (Vo) of 693 mV for an aperture
area of 0.25 cm? (Figure B.2). The EQEs of these tandem cells demonstrate a current
mismatch of more than 1 mA cm™ between the sub-cells (Figure 3.3c), with the tandem
cell photocurrent being limited by the top cell.

In an ideal monolithic tandem device with a c-Si bottom cell, the top cell band gap should
be ~ 1.75 eV to reach current matching.'®18> Here, the Csg.19MAg1Pbls perovskite
band gap is 1.58 eV, well below that optimal value. As already discussed in chapter 2,
one main limitation of the top cell current is linked to parasitic absorption in the spiro-
OMeTAD layer (Figures B.3b and B.4b). This loss can be avoided by adopting an
inverted p-i-n perovskite configuration or by using a thinner HTL as it will be shown in
the next chapter.!%% 113 Ag demonstrated for the case of interdigitated back-contacted
SHJ cells,'®! the nc-Si:H recombination layer polarity can be inverted to form an a-
Si:H(i) /a-Si:H(n) /nc-Si:H(n+) /nc-Si:H(p+) stack without losing its functionality, hence
making this concept compatible with either polarity (see chapter 4).

To demonstrate the versatility of the nc-Si:H junction, tandem devices with a top cell based
on a Csg.19FA( 81PbI(0.78Brg.22)3 perovskite material were fabricated using the sequential
deposition protocol described in chapter 2. XRD measurements confirm the presence
of the perovskite phase (Figure B.1). This absorber has the advantage of being more
moisture- and temperature-stable compared to MA-based perovskite materials. 86187
This Csg.19FAg.81PbI(.78Brg.22)3 composition (confirmed by Rutherford backscattering
spectrometry (RBS)) has a band gap of 1.63 eV, which can be readily tuned to higher
values by increasing the Br content.'®® With this absorber and the nc-Si:H recombination
layer, a monolithic tandem efficiency of 20.5% is obtained with an aperture area of
0.25 cm? (Figure 3.4). Semitransparent perovskite single-junction J-V curves and EQE
measurement from the glass and spiro-OMeTAD side are displayed in Figure B.4.
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3.2.2 Optical benefits of using the nc-Si:H recombination junction

Next, we compare the optical performance of the nc-Si:H junction to an I'TO recombination
layer. The band gap of nc-Si:H is considerably smaller than that of ITO, leading to
absorption in the blue part of the spectrum (Figure 3.5a). This absorption has, however,
only a very limited effect on the tandem cell performance as the top perovskite cell
absorbs all the light up to wavelengths of ~ 550 nm. In the near-infrared region (> 800
nm), the silicon recombination junction absorbs less light than its ITO counterpart, which
is prone to free carrier absorption, making more photons available to the bottom cell.

To assess the effect of the presence of a TCO between both sub-cells, tandem cells with the
Csp.19FA (.81 Pbl (.78 Bro.22)3 perovskite top cell and the nc-Si:H recombination junction
were fabricated, either with or without an additional 40 nm-thick ITO layer sputtered onto
the nc-Si:H junction. The reflectance spectra of these tandem cells, presented in Figure
3.5b, show that the reflectance peak at wavelengths of 700-900 nm is almost completely
suppressed when the TCO is absent (leading to a reflectance < 2.5% without ITO). In
addition, without the intermediate TCO layer, the reflectance is also strongly reduced at
wavelengths > 1000 nm. These results can be explained by the fact that nc-Si:H and c-Si
have nearly identical refractive indices (n..g; = 3.6-3.7 at 800 nm), as compared to the
considerably lower value of ITO (nito = 1.6-2 at 800 nm, depending on its doping).4% 189
As a result of the better index matching, the nc-Si:H recombination junction mitigates
reflection at the sub-cell interface and thus increases light transmittance to the SHJ
bottom cell.
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Figure 3.5 — Optical properties of the nc-Si:H and ITO recombination junctions. a) Absorptance
of a 40 nm-thick ITO layer and the nc-Si:H recombination junction deposited on glass, b) Reflectance of
monolithic Csg.19FA0.81Pbl(0.78Bro.22)3/SHJ tandem cells with the nc-Si:H junction, either with or without
an additional 40 nm-thick ITO layer deposited on the nc-Si:H stack.

EQE spectra shown in Figure 3.6a confirm these observations and demonstrate the impact
of the TCO interlayer on the current distribution between the sub-cells. The EQE of the
SHJ bottom cell is considerably higher at wavelengths of 750-950 nm without the I'TO
layer, resulting in an increase in current density by more than 1 mA cm™. In contrast,
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Chapter 3. Nanocrystalline recombination junction for tandems

the current generated in the perovskite top cell is virtually unaffected by the presence
of the ITO layer. It is noteworthy to mention that the shape of the bottom cell EQE
spectrum strongly depends on the exact thickness of all layers present in the tandem
device, hence the exact current gain in the bottom cell varies.'%¢ Nevertheless, the current
gain of > 1 mA cm™ was reproducible, also with other TCOs (Figure 3.6b). These results
confirm that using a nc-Si:H recombination junction can significantly improve the optical
performance of monolithic tandems using front-side-polished c¢-Si bottom cells.
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Figure 3.6 — Comparison between perovskite/SHJ tandems with and without ITO on the nc-
Si:H junction. a) EQE spectra of Csg.19FA(.81Pbl(0.78Bro.22)3/SHJ solar cells with a nc-Si:H recombina-
tion junction, either with or without an additional 40 nm-thick ITO layer deposited on it, b) EQE spectra
of SHJ bottom cells made with double-side-polished wafers and with a layer stack of either nc-Si:H, nc-Si:H
+ 40 nm ITO, or 40 nm of zin tin oxide (ZTO) deposited at their front.

3.2.3 Electrical benefits of using the nc-Si:H recombination junction

In addition to optical advantages, the nc-Si:H recombination junction features a lower
conductivity compared to TCOs.'®! In monolithic tandem cells, this lower conductivity is
beneficial as it reduces possible shunt paths through pinholes or defects present in the per-
ovskite top cell.'* 1™ J.V measurements at several light intensities of the perovskite/SHJ
tandems with and without a TCO intermediate layer support this hypothesis (Figure
3.7). At one sun, both cells show a high V... However, under reduced light intensity, the
presence of the ITO layer with a high lateral conductivity leads to strong losses in Vi,
indicating an increased contribution of shunts. The tandem cell without ITO retains a
high V,. even at low illumination.

The high shunt resistance induced by the nc-Si:H recombination junction is an essential
ingredient to enable efficient large-area perovskite/SHJ monolithic tandems. To demon-
strate the up-scalability of the tandem cells presented here, a Csg 19FA(.81Pbl(78Brg22)s3
perovskite top cell was deposited on a 5 x 5 cm? SHJ bottom cell with the nc-Si:H
junction. With an aperture area of 12.96 cm?, an efficiency of 18% during maximum
power-point tracking is obtained (Figure 3.8). Figure 3.9 shows a picture of the large-area
monolithic perovskite/SHJ tandem. The discrepancy in efficiency between the large-area
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Figure 3.7 — Low illumination behaviour of perovskite/SHJ tandems with and without ITO on
the nc-Si:H recombination junction. a) Vo of the Csg.19FA¢.81Pbl(¢.78Bro.22)3/SHJ monolithic tandem
cells with nc-Si:H and ne-Si:H/ITO recombination junctions, measured at several illumination intensities (1,
0.5, 0.104 and 0.016 sun), b) corresponding normalized J-V curves.

devices (12.96 cm?) and the smaller ones is significant. However, closer inspection shows
that most of the loss in efficiency stems from the lower fill factor. A large part of this loss
is caused by the increased series resistance from the top electrode metallisation, which
consists of 130 nm-thick evaporated Ag fingers. The development of screen-printed Ag
metallisation, as used for commercial silicon solar cells, is expected to reduce significantly

this efficiency gap between small and large cells.!3"
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Figure 3.8 — 12.96 cm? large Csg.19FA¢.51PbI(0.7sBrg.22)3/SHJ monolithic tandem a) J-V curves
and b) corresponding EQE spectra.

3.3 Conclusion

In this chapter, we developed monolithic perovskite/SHJ tandem cells with a nc-Si:H
recombination junction deposited by PECVD at low temperatures (< 200°C), reaching
steady-state efficiencies of up to 22.0% and 21.2% for aperture areas of 0.25 cm? and
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Figure 3.9 - Picture
of the 12.96 cm? per-
ovskite/SHJ. The SHJ
bottom cell is 5 x 5 cm?.
120 nm of evaporated

Ag is used as front-side ‘ C
metallisation. N R ‘ -

1.43 cm?, respectively. Those results were amongst the highest PCEs for perovskite/c-Si
tandems at the date of report (2017). The nc-Si:H junction is fully compatible with SHJ
bottom cell fabrication processes since it can be deposited in the same PECVD reactor

as the passivating amorphous layers. Parasitic absorption and reflection losses at the
interface between the sub-cells are reduced thanks to the use of this ne-Si:H junction and
the bottom cell current density is increased by more than 1 mA cm™ in comparison to a
tandem cell containing a TCO recombination layer. In addition, this nc-Si:H junctions does
not compromise the electrical properties of the device. Furthermore, the low conductivity
of the nc-Si:H recombination junction mitigates shunt paths through the perovskite top
cell, enabling the demonstration of a 12.96 cm? monolithic perovskite/SHJ tandem cell
with 18% steady-state efficiency, which was the largest perovskite/c-Si tandem solar cell
reported at the date of fabrication (2017).

From the work presented here, it is quite clear that further improvement in PCE will
come from an increase in the current densities. In this study, current densities of 16 mA

2 are obtained. Simulations have shown that current densities over 20 mA cm™2 can

cm
be reached for such devices. The main reason for the low current densities are explained
by i) the strong parasitic absorption in the Spiro-OMeTAD layer (> 2 mA cm™ when
facing sunwards), ii) high reflection losses at the front of the silicon due to mirror-like
effect of the polished silicon wafer (reflection losses > 1-1.5 mA c¢cm™). These limitations

will be tackled in the next chapter.
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21 Perovskite/c-Si tandems with c-Si
wafers textured on both sides

Abstract

State-of-the-art monolithic 2T perovskite/c-Si tandem devices often feature c-Si bot-
tom cells that are polished on their front side to be compatible with the perovskite
fabrication process. This concession leads to higher potential production costs, higher
reflection losses and non-ideal light trapping. To tackle this issue, we developed a top
cell deposition process that achieves the conformal growth of multiple compounds with
controlled optoelectronic properties directly on the micrometre-sized pyramids of textured
monocrystalline Si. Tandem devices featuring a SHJ cell and a nanocrystalline silicon
recombination junction demonstrate a certified steady-state efficiency of 25.2%, which
was at the time of publication, the highest reported perovskite/c-Si tandem solar cell
efficiency. The optical design yields a current-density of 19.5 mA cm thanks to the c-Si
pyramidal texture and a cumulative current density (perovskite and SHJ) over 40 mA
em2, approaching that of record SHJ single-junctions. Similar efficiencies were achieved
with a bottom cell based on a p-type wafer contacted at high temperature with full-area
passivating contacts. To the best of our knowledge, these devices were the first functional
cells reported that featured a bottom cell textured on its front and also the first reported
to surpass the 25% mark. !

!This chapter in based on both unpublished results and on the publication: Sahli, F., Werner J. et al.
"Fully textured monolithic perovskite/c-Si tandem solar cells with 25.2% power conversion efficiency."
Nature Materials, (2018) were Dr. J. Werner and myself contributed equally. I want to acknowledge Dr.
J. Werner, Dr. B. Kamino, Dr. B. Niesen and Dr. M. Brauninger for their help in the development of
the perovskite top cell. Dr. J. Werner, Dr. B. Kamino and Dr. D. Sacchetto developed the perovskite
contacts in p-i-n configuration. Thanks to Dr. G. Cattaneno and Dr. B. Niesen who carried out the
encapsulation for stability tests and Dr. Q. Jeangros from performing the FIB and TEM characterisation.
Dr. J. Werner carried out the different c-Si texture optical simulations using the SETFOS software
developed by Fluxim. I especially want to acknowledge, Patrick Wyss and Philippe Wyss for their
help during the c-Si texturing process. I also want to acknowledge R. Monnard, V. Paratte, and Dr.
M. Boccard for providing SHJ bottom cells. The section 4.2.4 is based on the publication: Nogay et
al. "25.1%-Efficient Monolithic perovskite/c-Si Tandem Solar Cell Based on a p-type Monocrystalline
textured silicon Wafer and High-Temperature Passivating Contacts." ACS energy letters, (2019) were
Dr. G. Nogay and myself contributed equally. I want to acknowledge Dr. G. Nogay, P. Wyss and Dr. A.
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Chapter 4. Perovskite/c-Si tandems with c-Si wafers textured on both sides

4.1 Introduction

As already discussed in previous chapters, light management in perovskite/c-Si tandem is

19,92,190, 191 We have seen how the introduction

highly important to reach a PCE over 30%.
of ¢-Si texture at the back of the c-Si cell can improve the near-infrared response of
the device by light trapping.'> However, up to now, most state-of-the-art monolithic
2T perovskite/c-Si tandems featured bottom cells that are textured at the rear but
polished on their front side. Such mirror-like flat surfaces significantly simplify the
perovskite fabrication process but introduce high reflection losses. By introducing a
texture at the front of the device, primary reflections can be strongly reduced due to
the double bounce effect (transforming e.g. a 10% reflection on a flat surface to 1% on
a textured surface as incident light reflected by a pyramid will likely reach an adjacent
pyramid and be absorbed). To illustrate the potential optical gain, Figure 4.1 displays the
simulated reflectance of a simple perovskite/c-Si tandem architecture (TCO /perovskite/c-
Si wafer/TCO/Metal) using a single-side textured wafer (SST, texture at the back) and
a double-side textured wafer (DST, texture on both sides). One can observe that both
the external (primary reflection at the surface) and escape (light escaping from the wafer)
reflectance contributions are mitigated for the DST case. Overall, a gain of > 2 mA cm™
is observed, mainly attributed to the primary reflection reduction. This gain in current
density could translate in a > 1.5% absolute efficiency gain (considering a well-optimized
tandem cell (FF of 83%, Ve of 1.9 V, Js increasing from 19 mA em™ to 20 mA cm?, 1
mA cm in both sub-cells).1%0:192

—O—SST - Reyema Jse = 2.53 mA/cm?
0.4 | SST-R Jg. = 1.31 mA/cm?

escape Jsc
SSTrom (Rex + Rego) Jog = 3.84 mACm?
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Figure 4.1 — PV lighthouse simula- “r

tion of single- and double-side tex-

tured tandems. Simulation of a single-

side textured (textured at the rear, SST) 0.0 L
perovskite/c-Si tandem solar cell (top), a
double-side textured (textured on both

sides, DST) perovskite/c-Si tandem so- 04 7O OST - Retoma Joo = 021 mAIcm22
lar cell (bottom). The simulation stack bsT DS(L- Rf:pe )JJSC __11.2489mm/://ccmm2
is from top to bottom, 100 nm MgF2, Total Text 7 Tesel Sse T

80 nm ITO, 500 nm Perovskite (1.62 eV
from ref!7), 280 ym Si, 150 nm ITO, 200
nm Ag. The size of the pyramids is 3.5
pm in height and 5 pm in width (angle
of 54.7°). The wavelength interval is 20 0.0 PB000C0000000000 O0000OENANOGoE30QC
nm, 50000 rays with 10000 bounces per 400 600 800 1000 1200
ray were simulated. Wavelength (nm)

EQE ()

EQE ()

Several alternatives exist to circumvent or mitigate the reflection losses of the SST design,
such as the introduction of an anti-reflective foil,*> 117193 or textured glass,'® perovskite

nano-texturing!'%* or advanced optics techniques (introduction of an intermediate reflector,

129,174,195,196

e.g. index-tunable material) in between both sub-cells. However such

Ingenito for the development of the high-temperature passivating contact c-Si bottom cell.
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4.1. Introduction

strategies might lead to increased fabrication costs, reliability concern (polymeric anti-
reflection foil degradation, increased soling for nano-textured strategies), and provide less
efficient light management capability as simple KOH ¢-Si texturing. Developing a top cell
process flow compatible with such KOH textures would also allow the use of conventional
¢-Si bottom cells used in the industry without any additional polishing step.

The use of textured c-Si bottom cells prevents conventional solution-processing techniques
to deposit the perovskite top cell unless the size of the pyramids is precisely controlled.
Indeed, solution-processing does not produce conformal layers on fully textured c-Si
bottom cells as shown in Figure 4.2. This might create shunts between the front side
transparent conductive oxide and the SHJ bottom cell if the pyramids are higher than
the perovskite thickness. Planarisation of the ¢-Si textured bottom cell (where the c¢-Si

pyramids have been downsized) by blade coated or spin-coated perovskites have been
reported recently (after the completion of the study presented in this chapter).!0% 110
These approaches may enable large-area perovskite deposition via solution-processing
on textured c-Si wafer.'%? Nevertheless, planarisation methods still require additional
light-trapping scheme (i.e. an anti-reflection foils) in order to optically compete with
a conformal perovskite coating on micron-sized pyramids. In addition, these methods

require precise control of the pyramids size to avoid shunting.

Figure 4.2 — Solution-processed top cells
on textured c-Si wafers. Secondary electron
SEM images of the cross-section of solution-
processed a) perovskite layer, b) planar and c)
mesoporous perovskite cells on textured c-Si.
The perovskite layer was deposited using the
one-step method.'®7 The solution-processed
layers and contacts, for example, TiO2 in panel
¢) accumulate within the valleys (arrowheads).
Shunts are likely to form at the summits of pyra-
mids since the perovskite absorber is absent in
these regions (arrows).

Combining the developments of chapter 2 and chapter 3, we demonstrate here perovskite /c-
Si tandem cells that feature a c-Si wafer textured on both sides that is conformally coated
with a perovskite top cell for optimal light management.
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4.2 Results and discussion

4.2.1 Perovskite growth on different c-Si textures

A first step towards the fabrication of textured perovskite/c-Si tandems involves controlling
the growth of the perovskite layer on textured c-Si wafers. Various texturing methods
have been developed over the years for mono- and multi-crystalline silicon wafers, yielding
various pyramid sizes and shapes.!?®203 Here we focus on alkaline texturing as it is
the industrial method employed to texture monocrystalline c-Si. Monocrystalline (100)
silicon texturing is performed by anisotropic etching with an alkaline solution (NaOH
or KOH), revealing the (111) facets of ¢-Si.2°! Texturing parameters, such as duration,
etchant concentration, additive(s) and temperature all play a crucial role in the resulting
pyramid size.2°%2% In this section, we produced different silicon textures by i) changing
the etching duration and ii) smoothening the pyramids by a nitric acid/acetic acid/HF
solution.?%* More information concerning the texturisation and etching experimental
parameters are given in the appendix (section A.2.1). The aim is to assess the impact of
the texture morphology on the perovskite quality and optical performance.

As the presence of pyramids results in the decrease of incident light reflection in comparison
to the flat scenario, one can expect that changing their size and morphology impacts
the reflectance. Figure 4.3a-b represents the simulated EQE of perovskite/c-Si tandems
featuring different pyramid sizes simulated with the software Setfos from Fluxim. The
results suggest that the tandem EQE is not affected by the size of the pyramids (from
1 pm to 20 pm), which may help in view of growing a higher quality perovskite layer.
On the other hand, smoothening the pyramidal texture leads to increased reflectance.
As a consequence, while the pyramid size can be adapted to processing constraints, a
light smoothening of the pyramidal morphology may still be considered if it improves
the elelectronic properties of the top cell. To test this interplay between texture, optical
performance and perovskite quality, various c-Si textures were prepared.

Figure 4.4 illustrates the c-Si pyramid morphologies (confocal and electron microscopy
images and AFM mapping) as a function of the alkaline (KOH) etching time (20 min, 40
min, 60 min). A large number of small pyramids (1-2 um) are obtained for 20 min of
texturing (Figure 4.4). Pyramids considerably increase in size at longer etching duration,
yielding fewer but bigger (4-6 um) pyramids for 40 min of etching. Etching up to 60 min
does not lead to bigger pyramids. A slight decrease in height is even observed (Figure
4.4a,f). As a result, changing the etching duration yields pyramids from 1-2 to 5-6 pm in
height.

In addition to the texturing duration, post-etching for 5 s to 60 s by immersion in a nitric
acid/acetic acid/HF solution leads to a smoothening of the pyramids (Figure 4.5). With
smoothening time, one can observe that the average size of the pyramids shrinks (Figure
4.5b-d). The maximum height shifts from > 5 pum to 2.5 um. Despite this shrinkage, the
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Figure 4.3 — Simulation of impact of the different c-Si textures on the perovskite/c-Si EQE
performed with Setfos from Fluxim. a) textures with different pyramids sizes used as simulation inputs
based on AFM measurements of a standard c-Si texture (pyramids of 5-6 pum in height), b) Corresponding
EQE simulations for the different textures. The simulated stack is the one of Figure 4.9g, ¢) Simulated
¢-Si pyramids with standard non-smoothened pyramids (top left), r = 5 smoothened (bottom left), r = 10
smoothened (top right), r = 50 smoothened (bottom right). The different smoothening were obtained by
convolving the initial data with a Gaussian Kernel of radius r (in pixel), d) Corresponding EQE simulations
for the different smoothenings.
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Figure 4.4 — Pyramids morphology with different etching time. a) Top view confocal microscopy
images of the different textures, b) SEM cross-sections, c) SEM cross-sections at higher magnifications, d) 3D
AFM maps (50 pm x 50 pm), e) corresponding 2D AFM maps, the color scale has been scaled to a maximum
of 6.2 um, f) AFM profile of the diagonal from of e), taken from bottom left to top right.
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shape of the pyramids is not drastically altered by the rapid smoothening (5-10 s). On
the other hand, prolonged etching (30-60 s) leads to a severe flattening of the pyramids.
This has the consequence of decreasing the sharpness of the pyramids and leads to the
formation of flat regions between the pyramids (Figure 4.5a). The simulation results
of Figure 4.3 are confirmed by reflectance measurements of bare c-Si wafers featuring
the different textures (Figure 4.6). If wafers of different pyramid sizes show no or few
differences in reflectance, a smoothening of the pyramids leads to higher optical losses.

5setch 10 s etch 30 s etch 60 s etch

a)

10 pm
) Maximum: 4.0 gm Maximum: 3.4 m Maximum: 2.67 jim Maximum: 2.69 pm
""" before etching Median: 2.04 um Median: 1.34 um Median: 1.22 pm Median: 1.19 um
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Figure 4.5 - Pyramids morphology after different smoothening duration. a) SEM cross-sections,
b) 3D AFM maps (50 pm x 50 pm), c¢) corresponding 2D AFM maps, the color scale has been scaled to a
maximum of 6.2 um, d) AFM profile of the diagonal of ¢), taken from bottom left to top right. The dashed
black line in the profile represents the initial condition before the smoothening (taken from Figure 4.4).

We will now focus on the growth of the perovskite layer on these different textures. The
perovskite is deposited using the sequential PVD/SP method, described in chapter 2.
The first step is the evaporation of the lead halide template on the c-Si wafer. Here, we
evaporate 400 nm of Pbly with a Cs to Pb ratio of 0.19 (evaporation rate of CsBr been
fixed as 10% of the one of Pbly). One can see from the SEM cross-section images (Figure
4.7) that the lead template is conformally deposited on top of the c-Si texture, filling the
valley as well as the tip of the pyramids with some porosity. It is worthwhile to mention
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Figure 4.6 — Reflectance measurements of the bare c-Si wafer with different textures. a) Re-
flectance measurements of c-Si wafers with different pyramid sizes from Figure 4.4, b) Reflectance measure-
ments the c-Si wafers with different smoothening from Figure 4.5. The wafers featured the same texture on
both sides. No rear reflector was placed on the rear side of the wafer.

that 235 nm of Pbly/CsBr is measured at the edge of pyramids, which corresponds to
a vertically measured thickness of 400 nm (pyramid tilt angle of 54°). Here, no major
difference is observed between the different textures. Spin-coating of a mixture of FAI
and FABr (1:2) and annealing leads to uniform perovskite formation in all cases, resulting
in a 450 nm-thick conformal perovskite coating. X-ray diffractograms reveal full Pbls to
perovskite formation in each case (Figure 4.7b).

The wafers featuring different smoothening were also co-processed and the results are
displayed in Figure 4.8. Here, a SST (single-side textured) wafer has been added to
extend the analysis to the flat scenario (absence of pyramids). For the flat reference,
the lead template morphology appears more compact in comparison to the porous Pbl,
layer obtained in the textured case (Figure 4.7). It is likely that the porosity results
from shadowing effect induced by neighbouring pyramids and oblique surfaces.?%® Similar
trends are observed for the different smoothening; dense Pbls layers are formed at the
valleys of the pyramids for strong smoothening (30-60 s), whereas porous Pbly layers
are observed at the edges of the pyramids. Although this effect is less pronounced for
short smoothening times (5-10 s), the deposited layers still seem more compact within
the valleys compared to unsmoothened cases (Figure 4.7). This difference in porosity
has a direct impact on the perovskite formation. Indeed, unconverted Pbly clusters
appear on the flat substrate and at the valleys of heavily smoothened features (bright
residues marked by arrowheads on the SEM images in Figure 4.8a, right panels). This is
confirmed by X-ray diffractograms (Figure 4.8b). Unconverted Pbly, is observed in all
samples (except for the 5 s smoothening) and the intensity of the Pbly (100) peak scales
with the smoothening duration. This effect is attributed to the liquid-solid interaction
during spin-coating. The organohalide solution may infiltrate the voids of the porous
Pbls layers during spin-coating, ensuring that enough organohalides are available to react
with the Pbls template. The presence of a dense template at the valleys will hinder this
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of the Pbl2/CsBr template (left), zoom on one valley (inset), perovskite layers produced by the sequential

PVD/SP method (right), zoom on one valley (inset), b) Corresponding X-ray diffractograms of the perovskite
layers shown in a).
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infiltration, resulting in Pbly clusters at these locations.?96 210

To illustrate this effect of template infiltration, the perovskite conversion process is
presented step by step in Figure 4.9a-c. The image, directly taken after the organohalide
spin-coating (Figure 4.9b), reveals that the pores of the template are now filled with the
organohalide solution. The porosity seems essential to achieve full perovskite formation
4.9c-f. A STEM EDX map of the perovskite top cell indicates that the inorganic elements
of the perovskite, namely Cs, Pb, Br and I, interdiffuse completely during the annealing
step when this porosity is present. Even though smoothening the pyramids may have been
beneficial for the perovskite quality (by making the texture easier to coat conformally),
valleys are incompletely converted. As a result, sharp textures (i.e. as obtained after
KOH etching) should be favoured with our process flow (Figure 4.9e-h).

After investigating the impact of the texture on the perovskite growth, we now switch
focus to full solar cells. The perovskite solar cell is deposited into the p-i-n configuration
and contacts are made by evaporation, sputtering and ALD (see chapter 2). First, the
spiro-TTB HTL is deposited by thermal evaporation. Once the perovskite formed by
the sequential PVD/SP method, the ETL, here a stack of LiF and Cgp, is subsequently
deposited by thermal evaporation. A buffer layer of SnOq is then deposited by ALD
and indium zinc oxide (IZO) sputtered onto the stack, serving as the transparent front
electrode. The front metal grid is made of evaporated Ag, while MgFy acts as anti-
reflective coating. More detail concerning the device fabrication is given in the appendix
A. The device structure is presented in Figure 4.9¢. STEM-EDX maps of the different
elements (C, Sn, In, Zn, O) shown in Figure 4.9h indicate that layers are conformally
coating the c-Si wafer.

Next, the electrical properties (J-V curves) of the perovskite single-junction cells on the
different c-Si wafers are measured. To be able to judge the effect of the different textures
on the perovskite solar cell properties, the ¢-Si wafer is purely used as rear electrode.
To do so, the charge carrier selective contact polarity at the rear of the SHJ is changed
from p-type to n-type (a-Si:-H (p) to a-Si:H (n)). As a result, due to the absence of a p-n
junction in the ¢-Si cell (n-type contact at the front, n-type wafer, n-type contact at the
rear), the wafer acts as an electrode (Figure 4.9g).

Figure 4.10a shows electrical parameters (Vye, FF, Js. and efficiency) extracted from
J-V curves (4 cells per condition, reverse and forwards scans) for each pyramid sizes
(20, 40, 60 min KOH etching). No significant difference is observed for the 3 different
pyramid sizes, as expected as the perovskite growth seems unaffected by the pyramid
size (Figure 4.7). In addition, the EQE spectra yield similar results, confirming that the
optical performance does not depend on pyramids size, at least in this range (Figure
4.10b).

Similarly, perovskite solar cells were also co-processed on the smoothened pyramids. Here
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Figure 4.8 — Perovskite growth on c-Si textures with different smoothening. a) PVD deposition
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Figure 4.9 — Cell design and microstructure of the perovskite top cell on textured c-Si. a)
SEM images of the conformal Pbls/CsBr template evaporated on the c¢-Si pyramids and b) the organohalide
solution spin-coated on this Pbl>/CsBr template (before annealing). The left and right insets show magnified
views of the bottom of a pyramid valley before and after spin-coating the organohalide solution, respectively,
¢) a cross-section of the full perovskite top cell deposited on the SHJ bottom cell, which was prepared by
focused ion beam (FIB) (sample tilted to 54°, dimensions along the y-axis to be multiplied by a factor 1.2
when compared to h), d) the summit of a pyramid (left) and the bottom of a valley (right), e) Top-view
SEM and f) Side-view SEM images of the perovskite layer, g) Schematic view of a fully textured monolithic
perovskite/c-Si stack (with the c-Si stack acting as rear electrode), h) Cross-section STEM EDX map and
corresponding line profiles of the relevant elements after background subtraction (K ionisation edges for all
elements, with the exception of Pb, for which the L edge is used). The noise in the F signal within the
perovskite layer is an artefact of the background subtraction step.
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the results show that smoothening of the pyramids lowers all electrical parameters ( V.,
FF, Js. and efficiency). If 5 s of etching gives similar results as non-etched devices, no
benefit from the slight smoothening is observed. The presence of unconverted Pbls layer
as observed in Figure 4.8a results in lower FF' and V,. as it may locally prevent charge
extraction. The lower Jg is induced by the stronger reflectance of smoothened wafers
(10-60 s etching), which is confirmed by the integrated current densities obtained from
the EQE spectra (Figure 4.8b).

To conclude this section, we have seen that the c-Si texture modifies the perovskite growth.
The Pbls template morphology plays an essential role, it should be made porous to ensure
organohalides infiltration during spin-coating to achieve full conversion with the process
parameters used here. Any electrical benefit that may be induced by the smoothening of
the c-Si pyramids is counterbalanced by the fact that a dense Pbly layer template forms
within smoothened valleys (due to an absence of shadowing effects). These dense Pbly
regions are difficult to convert, leading to unreacted Pbls clusters in the final perovskite
layer, which are detrimental to the cell properties. We also have seen that changing the
size of the pyramids (from 1-2 pm to 5-6 um) does not modify the perovskite morphology
and solar cell PCE. This attests the fact that the method developed here is compatible
with a large range of c-Si textures, as long as they remain sharp. Now that we have
identified the optimal texture for our perovskite fabrication process, we will focus on 2T
tandems.

4.2.2 Benefits of the nanocrystalline hydrogenated silicon recombina-
tion junction

Perovskite/SHJ tandems were processed according to the device architecture shown in
Figure 4.12a (the SHJ bottom cell features now a p-n junction on its rear side thanks to
the introduction of p-type a-Si:H layer). The current density-voltage (J-V') characteristics
of the best tandem devices that combine the layers detailed above and either an ITO or
a nc-Si:H recombination junction are reported in Figure 4.12b. The J-V curve of the
ITO-based cell is comparable to that of a filtered single-junction SHJ with an open-circuit
voltage (Vo) < 700 mV. This indicates that the top cell is shorted. On the other hand,
the cell that employs a nc-Si:H layer stack as a recombination junction yields a Vo>
1780 mV with a high efficiency (25.2% at MPP, as discussed below).

This significant difference in cell performance arises from a suboptimal ITO /spiro-TTB
interface. While spiro-TTB is conformal after its evaporation on ITO (Figure 4.12¢c), it
detaches from the pyramid summits and ridges during the 150°C annealing step required
to crystallise the perovskite (Figure 4.12d). This locally uncovers the ITO, which appears
as bright regions in the secondary electron SEM images shown in Figure 4.12d (indicated
by arrowheads). The STEM EDX analysis shown in Figure 4.12e confirms the significant
accumulation of spiro-TTB at the bottom of the Si valleys and its absence from some of
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the pyramid edges after annealing. These regions with a direct I'TO /perovskite contact
may act as recombination centers due to poor carrier selectivity. In comparison, when
evaporated on nc-Si:H, spiro-TTB remains conformal, as confirmed by Figure 4.12f-h. Its
thickness slightly increases at the bottom of the pyramid valleys after annealing (arrow
in Figure 4.12h) but it still fully covers their edges. We assume that this effect is caused
by a difference in surface tension between spiro-TTB and ITO when compared to nc-Si:H.
Another reason that contributes to these differences in properties between ITO- and nc-
Si:H-based tandem cells is the low conductivity of nc-Si:H.% 17181 This low conductivity
may mitigate the impact of shunts induced e.g. by a direct perovskite/recombination
junction contact due to a loss of conformality of spiro-TTB.

4.2.3 Improved optical system leading to a high efficiency

After identifying the adequate c-Si texture and combination of recombination junction
and top cell materials, we assess now the optoelectronic properties of the tandem. EQE
measurements highlight the advantage of switching from a SST to a DST architecture
(Figure 4.13). While reflections occurring in the former design induce a current loss of 3.14
mA cm™? in the wavelength the 360-1200 nm range, the introduction of a front texture
reduces the overall reflectance, which drops to an equivalent integrated photocurrent
value of 1.64 mA cm™. This optical gain stems directly from the presence of the c-Si front
pyramidal texture, which i) suppresses the strong reflectance peak at 850 nm (reflection
at the front of the c-Si wafer), ii) lowers primary reflections at the front of the tandem
cell (double bounce effect) and iii) increases light trapping of infrared light in the c-Si
cell. Overall, the reflection losses in fully textured perovskite/c-Si tandems are below 2%
in the 360-1000 nm range, excluding metallisation.

In addition, the angular reflection loss of incident light is expected to be less dramatic in
the case of DST vs SST bottom cells.?!! To attest the hypothesis, angular dependant
EQE measurements were carried on DST and SST tandem (Figures B.5a-b and B.6).
One can see that when the incident light angle is > 50°, the current density drastically
decreases in SST tandems, with losses up to &~ 3 mA cm™ in both sub-cells with an
incidence angle of 75°. As a comparison, at the same angle, less than 1 mA cm™ and
1.5 mA cm™ are respectively lost in the perovskite and SHJ cells for the DST case. It is
noteworthy to mention that these experiments are not representative of the reality in the
field. The EQEs are measured here in air without any encapsulation, which changes the
spectral response of both designs, compared to modules installed in the field. Nevertheless,
simulations of energy yields taking into account diffuse light contribution confirm that
DST tandems are less prone to optical losses at high light incidence angles compared to
SST tandems (with and without encapsulation, Figure B.6).!15,116,212

A thickness/band gap optimisation to achieve current-matching conditions is shown in
Figure 4.14. Overall, an optimum is reached for a 440 nm-thick perovskite absorber with
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Figure 4.12 — Comparison between different recombination junctions. a) Schematic view of the
fully textured monolithic perovskite/SHJ tandem developed here, b) J-V characteristics of fully textured
perovskite/SHJ tandems that feature either an ITO or a nc-Si:H recombination junction according to the
architecture in a). Top-view secondary electron SEM images of spiro-TTB c) as deposited on the ITO
recombination layer, without any perovskite layer on top, and d) after annealing at 150°C to simulate the
effect of the temperature applied during the perovskite crystallisation process. ¢) STEM EDX map of a cross-
section of the ITO/spiro-TTB /perovskite stack at the bottom of a valley. SEM images of spiro-TTB f) as
deposited on the nc-Si:H recombination junction without any perovskite layer on top and g) after annealing at
150°C, h) STEM EDX map of the nc-Si:H/spiro-TTB /perovskite stack at the bottom of a valley. Spiro-TTB
slightly accumulates within the valleys during annealing when deposited on the nc-Si:H junction, while the
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to a local exposure of ITO (arrowheads, bright regions in the SEM images).
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a band gap of 1.6 eV, with 20.1 mA cm generated in the perovskite and 20.3 mA cm™
in the SHJ (Figure 4.15a). The simple optical system presented here, which does not
contain any light trapping feature other than the c-Si pyramids, exhibits a cumulative
current of 40.4 mA cm™ a value that approaches that of record IBC-SHJ devices (42.65
mA cm™)° and surpasses what can realistically be achieved with front side polished
devices without any complex light-trapping scheme.!” 190 This high EQE photocurrent
translates to an improved device performance. Fully textured monolithic perovskite/SH.J
tandems featuring a nc-Si:H recombination layer yield a Voo > 1.78 V (over an aperture
area of 1.42 cm?, Figure 4.15b). This is comparable to the sum of the standalone sub-cells
(Voe SHJ at 0.5 sun = 700 mV; Vi, perovskite = 1050 mV, as shown in Figure B.7).
Thanks to the pyramidal Si texture, a Jy. of 19.5 mA cm™ is obtained, a value this time
including shadow losses induced by the front metal grid (covering 2.3% of the aperture
area). The highest efficiency, certified by Fraunhofer ISE CalLab, is 25.52% obtained
from the reverse scan and 24.09% from the forward scan (unencapsulated cell, Figure
4.15b). Other parameters retrieved from the J-V reverse scan include a Vo of 1788 mV,
a Jse of 19.53 mA cm™ and a fill factor of 73.0%. Maximum power point tracking yields
a certified steady-state value of 25.24% during 700 s (Figure B.8). In-house measurement
gave similar results (Figure B.9). The J-V hysteresis stems likely from the presence of
mobile halide ions, as demonstrated in literature.'®3 213215 For the same J-V scan rate,
this behaviour is reduced when the temperature is increased (Figure 4.16) in accordance
with literature data.?'® Finally, the sequential perovskite deposition method presented
here yields reproducible results (Figure B.10).

The perovskite composition employed in high efficiency tandem devices yields a lower
performance at the single-junction level on flat glass/ITO substrates when compared to
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bottom cell are divided by = 1.7 due to the geometry of the c-Si pyramids. The record device was fabricated
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that inferred from tandem results due to several factors (Figure B.7). Perovskite single-
junctions feature an ITO/spiro-TTB interface, which is not optimal as demonstrated
in Figure 4.12. Even if TEM indicates that spiro-TTB remains conformal on a flat
ITO substrate (Figure B.11), some de-wetting might occur at the position of surface
irregularities. In addition, the lateral conductivity of ITO reduces the shunt resistance
of the device. These effects impact the FF' and V,. of perovskite single-junctions when
compared to their top cell counterparts. Furthermore, with the deposition process used
here, perovskite compositions that achieve current-matched conditions in tandems exhibit
an increased surface roughness on flat surfaces (see chapter 2). Opening the band gap to
1.65 eV yields a smoother film morphology and enables single-junction efficiencies of 15%
at MPP.17 These differences between tandems and single-junctions highlight the necessity
to optimise each configuration individually.
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Figure 4.16 — Thermal behaviour of the electrical properties of a perovskite/SHJ tandem.
a) Temperature-dependent J-V measurements of a monolithic textured perovskite/SHJ tandem solar cell,
scanned in reverse (solid line) and forward (dashed line) conditions, b) Difference in efficiency between
reverse and forward directions, (Effreverse — Effforward) as a function of the cell temperature.

4.2.4 Tandems based on p-type wafer contacted at high temperature
using passivating contacts

The ¢-Si PV industry is dominated by p-type Si wafers, encouraging us to test our
top cell deposition protocol with such c-Si wafer polarity. Prior to the demonstration
shown below, only one perovskite/c-Si tandem device based on such bottom cells, in
that case an Al-BSF cell, had been reported, achieving a low Ve of 1.42 V (on 1 cm?)
due to strong recombination at the metal contacts. These issues limited the tandem
efficiency to 16% during maximum power-point tracking. Switching to a PERC bottom
cell reduces these recombination losses, but only tandems featuring n-type wafers have
been reported so far, achieving Ve of ~ 1.7 V and efficiencies of ~ 22-23%.11% 118 Another
design, known under the acronyms TOPCON, poly-Si or POLO cell, which employs
a more advanced passivating contact scheme, offers the advantage of combining high
efficiency, temperature stability, and compatibility with industrial processes. The high
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efficiencies are the consequence of a low charge carrier recombination at the contacts,
resulting from the combination of a thin oxide (SiO,) layer, a heavily doped Si-based
layer and an annealing step at temperatures above 800°C. We combined here a simple
¢-Si bottom-cell process flow featuring full-area passivation at high temperatures with
our PVD/SP deposition process. Details concerning the fabrication of the bottom cells
are provided in the appendix A.2.3.

The tandem structure depicted in Figure 4.17a-b yields a steady-state efficiency of 25.1%
during maximum power point tracking for 600 s (Figure 4.17¢). Forward and reverse
scans yield efficiencies of 24.9% and 25.4%, respectively. The current density is 19.5 mA
em™? (19.7 mA cm™? excluding shadowing induced by the metallisation as shown by the
external quantum efficiency (EQE) spectra in Figure 4.17d). In comparison to monolithic
perovskite/SHJ tandems presented above, a sightly lower infrared response is obtained
due to the absence of texturing at the rear side of the bottom cell (Figure 4.17d). To the
best of our knowledge, this was the first demonstration of a monolithic perovskite/c-Si
tandem solar cell based on a p-type wafer that achieved an efficiency greater than 20%.
These results demonstrate the wide adaptability of the perovskite top cell process flow
developed here to various bottom cell architectures, including p-type c-Si wafers.

4.2.5 Device stability

The devices developed above exhibit high efficiencies thanks to improved optics, a
prerequisite before any commercialisation of the technology can be envisaged. A second
key requirement for commercialisation concerns device reliability. Planar single-junction
produced with the hybrid method presented here pass 1000 hours damp heat degradation
tests at 85°C and a relative humidity of 85% (Figure B.12) with a glass/glass and an edge
sealant encapsulation. The stability of perovskite-based devices was then investigated
further by exposing fully textured perovskite/c-Si monolithic tandem cells to continuous
light irradiation. Figure 4.18a shows the electrical characterisation of a fully textured
perovskite/SHJ tandem cell at MPP conditions under a continuous AM1.5G illumination
without any UV-blocking filter. This measurement was carried out in ambient air (with a
relative humidity level of 20-30%) without encapsulation for 60 hours. J-V scans were
recorded regularly to monitor the evolution of the electrical parameters. After an initial
light soaking period, the performance increases before remaining stable at 24% at MPP
for 6 hours. The efficiency then starts to decrease linearly to ~ 22% after 61 hours
(linear rate of -0.15%rel/hour). The corresponding J-V data indicates that hysteresis
increases during aging (Figure 4.18a-b). This behaviour suggests that more ions become
available for migration with time. This effect might be triggered by halide migration

183,217 which leaves additional vacancies in

into the carrier-selective layers under bias,
the perovskite layer, or increased ionic conductivity from the diffusion of water into the

hybrid perovskite material.2!®
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Figure 4.17 - DST tandem using a p-type c-Si wafer a) Schematic device structure of the perovskite,/p-
type ¢-Si tandem solar cell, b) Cross-sectional SEM image of the front side of the perovskite/c-Si tandem
solar cell, ¢) J-V properties and maximum power-point tracking of the tandem cell, d) corresponding EQE
spectra of the monolithic perovskite/SHJ tandem.
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4.2. Results and discussion

Similar degradation tests were carried out using tandem cells that were encapsulated
using cover glass sheets and a butyl-edge sealant (without any laminated encapsulant,
Figure 4.18c). This simple encapsulation scheme reduces the degradation rate such that
the cell retained 90% of its initial power conversion output after 270 hours under constant
illumination at MPP. Similar to previously reported degradation data for single-junction

219 an exponential decay was also observed during the first 20 hours

perovskite cells,
of illumination, followed by a linear regime for the next 250 hours (linear rate of -0.03
%rel /hour). Both Js and Vi decrease accordingly after an initial increase in V,. during

the first few hours of operation (Figure 4.18d).

Overall, the tandems presented here exhibit an encouraging light soaking stability with
tandems retaining most of their electrical properties for tens (unencapsulated) to hundreds
(encapsulated) of hours without any sudden failure. But further stability improvements
are required to yield fully reliable devices. These will likely arise from the optimisation
of the device architecture, e.g. by replacing organic carrier-selective layers by inorganic
materials and by introducing buffer layers to prevent the iodine migration and its reaction
with the Ag electrode.?!?220 Ag oxidation was found to occur at the front and back Ag
metallisation, the latter indicating that some iodide transport may occur in the form of
volatile species??!:222 (Figure B.13). This halide vapour transport could be mitigated
further by introducing a polymer encapsulant, a material that may also act as a UV light
filter.?19
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Figure 4.18 — DST tandem stability during operation. a) MPP tracking of an unencapsulated per-
ovskite/SHJ tandem solar cell measured at 25°C in air (relative humidity of 20-30%), b) J-V scans were
recorded every 10 hours during the experiment shown in a). Power output values extracted from these re-
verse and forward J-V scans are indicated in a) by triangles pointing upwards and downwards, respectively.
¢) MPP tracking of a glass/glass butyl-edge sealed perovskite/SHJ tandem solar cell in air (20-30% relative
humidity). This device had an initial efficiency of 23.8% before encapsulation (measured at MPP for 1000
s) and 20.7% after encapsulation. This drop was mainly due to a decrease in Jsc as no index-matching
encapsulant was present between the cell and the glass cover sheet. The spread in data points results from
the recovery to MPP values after each J-V scan (recorded every 5 min). The left inset illustrates this re-
covery behaviour. The right inset is a picture of the encapsulated device; d) Voc and Jsc values obtained
from reverse J-V scans. The inset shows the V. during the first 10 hours of operation. Normalised power
output efficiencies and currents are shown in c¢) and d) as the spectrum was not calibrated to 1 sun and no
illumination mask was used on the encapsulated tandem cell.

4.3 Conclusion

In this chapter, we demonstrate perovskite/c-Si tandems that feature DST wafers for
optimal light management. We investigate the growth of the perovskite absorber on
different c-Si textures produced by KOH etching, in some cases followed by an isotropic
smoothening (pyramid size from 1-2 pym to 5-6 pym with different smoothening). We
notice that the morphology of the evaporated Pbl, template strongly depends on whether
On flat ¢-Si or within
flattened valleys of a smoothened texture, Pbls forms a compact layer that inhibits the

the deposition is made on a flat or textured c-Si substrate.

organohalide solution infiltration in the layer, resulting in unconverted Pbls. On the
other hand, a porous lead template forms on KOH-etched wafers (not smoothened) and a
full perovskite conversion is obtained, making such textures preferable for tandems. In a
second step, we demonstrate monolithic perovskite/SHJ tandem solar cells based on DST

wafers that achieve a certified MPP efficiency of 25.2%. Similar results were achieved
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with tandems featuring a p-type wafer (25.1% at MPP). The key aspect enabling these
advances is the top cell fabrication process that does not require any modification of
the textured c-Si bottom cell, therefore allowing the use of existing industrial textured
c-Si wafers. The process yields conformal perovskite, charge carrier selective and contact
layers directly on the micron-sized c-Si pyramids, irrespectively of their size. Electrical
and microstructural characterisation highlights the advantages of a nc-Si:H recombination
junction over a conventional TCO, especially when featuring a thermally evaporated
organic hole selective layer. This design exploits the high photocurrent potential of
monolithic tandems to achieve values of 19.5 mA cm™2. The pyramidal texture of the c-Si
bottom cell directly reduces primary reflection losses and enhances light trapping in the
infrared. In addition, the stability of tandem devices to light soaking and electrical bias
was monitored up to 270 hours. Overall, the developed tandem fabrication procedure
simplifies the overall process flow (as this design does not require any complex light-
trapping scheme), yields high efficiencies thanks to improved optics and paves the way
towards monolithic perovskite/c-Si tandem cells with efficiencies > 30%.
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3 Textured perovskite/c-Si tandems:
general conclusions and perspectives

5.1 Conclusions

In the first part of this thesis, we focused on the development of monolithic perovskite/c-Si
tandems by depositing the perovskite solar cell directly on top of textured c-Si wafers.
To do so, we first developed a wide band gap perovskite layer using a sequential PVD /SP
process flow (chapter 2). The Pbly/CsBr PVD step conformally coats the textured
c-Si wafer (chapter 4). The porosity of the Pbly/CsBr template is crucial to ensure its
infiltration by the organohalide solution and a full conversion to the perovskite phase.
A nanocrystalline silicon recombination junction, which consists of a highly-doped p-n
junction, was identified as a versatile recombination junction that can accommodate the
perovskite top cell either in the p-i-n or n-i-p cell configurations. The low conductivity
of that layer compared to standard TCO-based recombination junction mitigates the
impact of shunts that might be present within the perovskite top cell (chapter 3). Charge
selective layers and transparent top electrodes (chapter 2) deposition by vacuum methods
(PVD, ALD) enable monolithic tandems with efficiencies over 25% using textured c-Si
bottom cells.

If the achievements presented here are encouraging in view of perovskite/c-Si tandems
development and industrialisation, numerous research efforts are still needed. In the
next section, we discuss the next steps and challenges required in view of commercial
applications of perovskite/c-Si tandems.

5.2 Perspectives

5.2.1 Bringing fully textured tandems above 30%

It has already been discussed why the efficiency of perovskite/c-Si tandem is crucial
in view of commercialisation. Taking into account the additional costs related to the
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perovskite fabrication, a targeted PCE of 28-30% should be reached. Earlier this year,
researchers from the Helmholtz-Zentrum Berlin reported an impressive certified efficiency
of 29.15% for a perovskite/c-Si tandem of 1 cm? using a SST bottom cell. This is now
clear that the 30% threshold is reachable, at least for small-scale devices. We briefly
discuss here how the efficiency of our DST tandems can be further enhanced.

The devices presented here (chapter 4) show a high optical performance, with little
margin to further improve Js.. However, by reducing parasitic absorption in the front
ETL/electrode stack and by reducing metallisation shadowing losses by introducing
screen-printed Ag lines that have a more favourable aspect ratio when compared to
thermally evaporated Ag (Figure 5.1), a current density over 20 mA cm™ can be achieved
at the device level. For example, considering the cell size of ~ 1 cm? presented here, the
200 pum-wide evaporated Ag fingers lead to shadow losses of 2.3%, a value that could be
decreased to 0.6% by replacing them with 50 um wide screen-printed fingers. For similar
design, switching from an evaporated to a screen-printed metallisation (width of 85 pm)
increases the current density by 0.4 mA cm™. In addition, thinning down the Cgg and
SnOy to reasonable values may lead to a gain of 0.6 mA cm™ (Figure 5.2). Furthermore,
the introduction of a TCO with a higher band gap such as IO:H can further push the
current density gain to 1.4 mA cm2.??2 When distributed in both sub-cells, this may lead
to a Js of 20.7 mA ecm™ (meaning an efficiency gain of ~ 1% using the J-V characteristic
of our best DST tandem presented in chapter 4).

With further realistic improvements in V,. by increasing the perovskite band gap from
1.6 eV to = 1.7 ¢V and improving the absorber quality, the tandem V. can be as high as
1900 mV.2?* In order to keep current-matching condition in between both sub-cells, the
thickness of the perovskite top cell will have to be increased. Another way to increase
both the V,. and FF might involve doping the charge carrier transport layers. Doping
those layers was found to increase the built-in voltage within the perovskite and reduce
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recombination at the interfaces.??> Finally, FF values of 80% have been already reported
for the state-of-the-art perovskite/SHJ tandem with SST wafers.!%® Here the challenge is
to thin down the charge carrier transport layers and increase their carrier mobility, which
might also be achieved by doping.

5.2.2 Triple junctions perovskite/perovskite/c-Si tandems'

Another way to further increase the device efficiency is to form a triple junction.
An efficiency of 35.9% has been reached using a 4T III-V/III-V /c-Si triple junctions,

7.8 Simulations have shown that

about 3% higher than the corresponding tandems.
perovskite /perovskite /c-Si triple-junction can also reach similar efficiencies.??® The fab-
rication method reported in chapter 4 is compatible with the processing of perovskite/
perovskite/c-Si triple junctions, as it involves a gentle solvent that does not dissolve
the perovskite and temperatures within the thermal budget of an underlying perovskite
absorber. The main challenge is to deposit the middle cell and top cells with suitable band
gaps and thicknesses to reach current-matching in between all sub-cells. Proof-of-concept
devices were made by adjusting the CsBr evaporation rate and the FAI to FABr ratio to
achieve a perovskite band gap of = 1.77 eV for the top cell and of ~ 1.55 eV for the middle
cell, values that diverge from the optimal ones of 1.4 ¢V and 1.8 eV. More information
concerning the experimental details can be found in ref.'® By using the cell structure
depicted in Figure 5.3a, a perovskite/perovskite/c-Si triple-junction with a PCE efficiency
of 13% was fabricated (Figure 5.3c). The current density of the device is still sub-optimal,
as shown in Figure 5.3d. Simulations have shown that a current density of > 13 mA cm™

!This work has been published in ref,*® the device fabrication and characterisation were carried out
by Dr. Jérémie Werner.
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could be obtained by adjusting perovskite band gaps towards more optimal values.'® This
would require the introduction of Sn into the perovskite lattice in order to reach band
gap values < 1.5 eV. While several reports published have reported efficient Sn-Pb based
perovskites. 100, 101,227,228 Q) _hased mixed-cation, mixed-halide perovskites deposited by
PVD to coat conformally a textured bottom cell is still a nascent field.??* The hybrid
PVD/SP method presented here can be made compatible with these compositions by
incorporating Sn in the template.
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Figure 5.3 — Perovskite/perovskite/c-Si triple-junction. a) Schematic view of the triple junction solar
cell, b) SEM cross-section image, c) J-V parameters, d) corresponding EQE.
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5.2.3 Monolithic perovskite/c-Si tandem for
efficient water-splitting >

Due to the intermittent nature of the solar irradiation, developing storage for the produced
solar electricity is of major importance. Hydrogen production through water splitting
driven by solar energy is an attractive solution for such purpose.?3%23! From the different
approaches available to generate hydrogen fuel from solar energy, water electrolysis

catalysed by a solar cell has led to the highest efficiency so far.232723

Cheng and co-
workers used a I1I/V tandem solar cell and reached over 19% solar-to-hydrogen efficiency at
1 sun with a Rh-based catalyst for water splitting.??> But here again, the use of expensive
IIT/V solar cells drastically increase the overall cost of the full system. Similarly, Luo and
co-workers connected 2 perovskites single-junction solar cells in series and reached over >
12% efficiency as a lower-cost alternative. Perovskite/c-Si tandem cells developed in the
chapter 4 achieve a V¢ of 1.7-1.8 V, a value above the 1.23 V required for water-splitting.
By combining a carbon cloth (CC)/TiC/Pt and NiFe-layered double hydroxide (LDH)
catalyst and a DST perovskite/c-Si tandem solar cell, a solar to hydrogen (STH) efficiency
of 18.7% was achieved. This value comes close to the best results achieved with I1I/V
solar cells. More details about the catalyst synthesis and water-splitting experiment are

given in ref.?"

2This work has been published in ref?° and results from a collaboration with the LPI lab of EPFL,
where the water-splitting catalysts were developed. I thus want to acknowledge our colleagues Dr. Jing
Gao, Prof. Jingshan Luo, Dr. Chenjuan Liu, Dr. Dan Ren, Dr. Xueyi Guo, Dr. Shaik Mohammed
Zakeeruddin, Prof. Michael Grétzel at LPI for providing the catalysts and performing the water splitting
experiments.
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Figure 5.4 - Water-splitting driven by a DST perovskite/SHJ tandem. a) Schematic diagram of the
solar-driven water-splitting system. b) Simplified schematic energy diagram of the perovskite/SHJ tandem
solar cell and water-splitting setup, c) J-V curve of the perovskite/SHJ tandem solar cell from reverse scan
under simulated AM 1.5G 100 mW c¢m ™2 illumination and linear sweep voltammetry curve of CC/TiC/Pt
and NiFe-LDH electrodes based two-electrodes configuration. The illuminated surface area of the tandem
cell and the electrode was 1.42 cm?, d) Current density-time curve of the solar-driven water splitting device
without external bias under chopped simulated AM 1.5G 100 mW cm ™2 illumination and the calculated STH
conversion efficiency. From ref.20

5.2.4 Towards industrial 6 inch textured tandems

For now, most of the high-efficiency results for perovskite single-junctions and perovskite /c-
Si tandems have been achieved using small devices (= 1 cm?).10,95,108,124,132,171,236-238
For the case of perovskite/c-Si tandems, the perovskite top cell should be deposited at
high throughput over the full area of 6 inch wafers (a~ 225 cm?), which is the industrial
standard for c-Si. Spin-coating, the main method used in the perovskite research com-
munity, is unlikely to achieve this throughput and to yield the desired uniformity over
these dimensions (even if, spin-coating has been demonstrated up to a size of a 4 inch

wafer? 121,130

. Solution processing via slot-die coating, blade coating and inkjet printing
are viable solution-based options for large-scale perovskite deposition.?3%241 Nevertheless,
while those methods could be suited for perovskite deposition onto SST c-Si cells, their
adaptation to DST bottom cells is challenging. Recently, Chen and co-workers produced
perovskite/c-Si tandems on textured wafers using blade coating with an efficiency of
26%.199 This method planarises the c-Si wafer texture and requires a precise control over
the pyramid size, which may be difficult to achieve over a large area and in an industrial

environment. This planarisation also has the disadvantage of mitigating the optical
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benefit of the silicon texture by introducing a flat surface on the front side of the device.
This optical concession may be mitigated by introducing additional light management
items, as done with SST devices.”® On the other hand, vapour-based deposition methods
such as physical vapour deposition (PVD) and chemical vapour deposition (CVD) should
be able to coat conformally the silicon texture over a large area, enabling to fully benefit
from the c-Si front side texture.?*224% We aim to tackle this issue in the second part
of the thesis, where we replace the remaining spin-coating step of our hybrid PVD/SP
method with a vapour transport deposition step.
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The vapour transport deposition
setup

Abstract

Vapour deposition has been identified as one of the most suited fabrication process
for perovskite solar cells commercialisation due to its ability to deposit uniform layers
over a large area with high reproducibility. In addition, the method is compatible
with flat and complex substrates such as textured crystalline silicon wafers for tandem
applications. In this chapter, a novel vapour transport chamber (VTD) is presented.
This system dissociates the organic vapour evaporation zone from the reaction chamber.
Once evaporated, the organic vapour is transported to the chamber by a carrier gas.
This enables to deposit perovskite layers at different temperatures (ranging from 80°C to
140°C). This chapter serves as an introduction to this part of the thesis and describes the
home-made VTD system and defines characterisation methodologies for organohalides
identification which will be used in the next chapters.'

!The author wants to acknowledge Dr. Bjoérn Niesen, Cédric Biicher, Nathanaél Miaz and Aymeric
Schaffliitzel for designing, building, upgrading the system and for the many fruitful discussions. I
especially want to acknowledge Dr. Aurélien Bornet for his help regarding NMR characterisation.
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Chapter 6. The vapour transport deposition setup

6.1 Introduction

Most of the high-efficiency perovskite solar cells reported so far still feature a small
active area (1 cm? or less) as they are usually processed using spin-coating, a method
difficult to upscale and industrialise at low costs.?®> In addition, perovskite wet chemistry
processes usually involve toxic heavy solvents such as dimethylformamide (DMF) and
dimethylsulfoxide (DMSO), an issue for large-scale manufacturing. Furthermore, in view
of designing high-efficiency perovskite/c-Si tandem solar cells, solution-processing makes
it difficult to deposit a conformal perovskite top cell on top of a textured bottom c-Si
cell (chapter 4). In view of these limitations, vapour-based deposition techniques offer
several advantages. They have the potential to yield cells with the same efficiency as
solution-processing and should enable to coat conformally rough substrates on larger
areas than spin-coating.?46-24% In addition, these methods are already adopted by the PV
industry to produce cadmium telluride (CdTe), copper indium gallium selenide (CIGS)
absorbers or the front side emitter of c-Si cells for example.?**250  Overall, various
vapour-based deposition techniques have been used to fabricate perovskite cells with
different compositions.?*1252 Figure 6.1 presents different vapour deposition methods for
perovskite fabrication. The methods can be divided into two main categories, one-step
methods and sequential two-step methods, where the inorganic template is first deposited
(by PVD or VTD) and in a second step, the template is converted to the perovskite
phase by an organic PVD or VTD step. In addition, single-source evaporation has been

developed by evaporating pre-synthesized perovskite crystals.??3254

sequential methods single-step methods

b) evaporation of the organo-halide d) co-evaporation of all precursors

a) thermal evaporation of the )
PbX, precursor i high vacuum

high vacuum

c) VTD of the organo-halide
crystal quartz
monitor
evaporation
source

=

—

inert gas 2
-

tube furnace

Figure 6.1 — Various perovskite vapour-based deposition processes reported in the literature.
a) and b) PVD by sequential evaporation of the inorganic and organic precursors, a) and c) hybrid sequential
thermal evaporation and VTD, d) co-evaporation and e) single-step VTD.

One-step and two-step PVD, where both the inorganic and organic precursors are sublimed
in high vacuum (usually 10~¢ mbar), have been used to make perovskite single-junction
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devices achieving efficiencies up to 20%.2°> However, the usual way of controlling the evap-
oration rate by a quartz crystal microbalance has been challenging for organohalides.2%6:257
The high vapour pressure of these materials leads to their deposition outside of the usual
ballistic deposition cone, hence introducing cross-talking between the different crystal
microbalances when co-depositing from several sources at the same time. In addition,
the presence of impurities in the organohalide material often prevents the stabilisation of
the sublimation rate, making the whole process complicated to control.??® Alternatively,
controlling the organohalide deposition rate through the chamber pressure has been shown
to yield valuable results.24® 27 Nevertheless, the chamber pressure also depends on several
parameters, such as the presence of water molecules or the outgassing of organohalides

from the chamber wall due to their low sticking coefficient.?%% 2%

Alternatively, organohalides have also been deposited by VTD, and more specifically
by chemical vapour deposition (CVD), as the vapours reacted directly with the lead
halide template.?06:260-263 The first cells produced by CVD achieved an efficiency of
12.1%. These were produced by converting a solution-processed Pbly template to the
perovskite phase by exposing it at high temperature to a MAI vapour in a petri dish.?60 A
PVD-CVD sequential approach was later introduced. The inorganic lead iodide precursor
was thermally evaporated in high vacuum, before crystallising the perovskite by a CVD
of the organohalide in a multi-zone tube furnace (in a low vacuum).?’! The organic
material was sublimed in the higher temperature zone of the tube furnace and its vapours
were carried by Ny to the Pbly template. Adding a hot air flow and tuning the relative
humidity level in the tube furnace was shown to be beneficial to the cell properties, overall
improving the efficiency to 18.9%.2°¢ Using a similar approach, and switching to a FAI
precursor, efficiencies of 14.2% and 7.7% were achieved on active areas of 0.13 cm? and 1
cm?, respectively.?% Values reaching 9% and 5.8% were then achieved with mini-modules
of 12 cm? and 15.4 cm?.25? By introducing caesium into the perovskite layer, 5 x 5 cm?
mini-modules with an active area of 12 cm? delivered an efficiency of 14.6%, while 12.2%
was achieved for 8 x 8 cm? mini-modules (with an active area of 41.25 cm?).26%:266 Finally,
a 10%-efficient CsFAPbI3 perovskite cell deposited on an active area of 91.8 cm? was
recently reported.?6” More recently, attempt to develop perovskite layer from a single- or
two-step CVD deposition has gained interest. However, the efficiency of the perovskite
cells using those methods are still limited.?6* 270 Table 6.1 summarises the main reports
of perovskite deposited by CVD.

While two-step hybrid PVD/CVD methods produce large-scale perovskite cells with
ever-improving efficiencies, the use of a tube furnace comes with several drawbacks.
The main issue is that the temperatures at the source(s) and substrate(s) are not fully
independent due to their proximity, even when using a multi-zone furnace. This issue
becomes especially severe when co-depositing from several sources at the same time (e.g.
in the case of mixed FA/MA perovskite absorbers). This temperature interdependence
prevents a precise control of each evaporation rate and hence of the film stoichiometry.
In addition, the furnace at the substrate position must be maintained at a sufficiently
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high temperature (typically 150-160°C) to avoid any condensation of organohalides
on the furnace walls, which would otherwise lower the precursor usage. Overall, this
interdependence between the conditions at the chamber walls, source(s) and substrate(s)
hence narrows down the processing window that can be achieved. Finally, another issue
that may occur in tube furnaces is a gradient of organic vapour concentration along the
tube length, leading to poor reproducibility and spatial inhomogeneities in the deposition
rate.?64

In view of these difficulties to deposit organohalides reliably via standard PVD or CVD
routes, we report here a vapour transport deposition system, where the organohalide
evaporation is carried out in a separate chamber and subsequently transported, through
a showerhead, into the reaction chamber. This design enables independent control of the
temperature of the sources, gas lines, reactor walls, and substrates.
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Chapter 6. The vapour transport deposition setup

6.2 Results and discussion

6.2.1 Vapour transport system development

Figure 6.2a describes the vapour transport deposition (VID) setup schematically. In
brief, it consists in a reaction chamber and a remote evaporation unit connected by
a gas transport line. The heated carrier gas (N3) is fed into the evaporator to drive
the evaporated organohalides into the reaction chamber. To prevent organohalides
condensation in the evaporator and gas transport lines, the Ny carrier gas flow is heated
prior to the evaporator by heating blankets, as are the gas lines and reaction chamber.
A showerhead is placed at the inlet of the chamber to ensure a uniform deposition over
the deposition table (which can accommodate up to one 6 inch wafer at this stage).
The temperature of the substrates can be varied from 25°C to 180°C (depending on the
temperature of the chamber walls). A primary pump is attached to the bottom of the
chamber and the overall pressure is controlled by a butterfly valve.

a) b)
1 ~rﬁated gas transport system <N l
3
heated deposition
l chamber s
- Transport gas line
l Fume hood -~
* h“d Evaporator - Pressure sensor
cooled or heated i
substra(e holder
Chamber door - Chamber
1 -]
Butterfly valve =~ Evaporator
Cold trap and exhaust -~ . Mixing line
Butterfly valve
I,
Cold trap
Pump
o)
d) Evaporator inlet

Evaporator outlet

.. Gaslineinlet MFC

Showerhead
—9y
Carrier gas
Depostition table Evaporator

»»»» Heater

Chamber exhaust

- Butterfly valve

Gas heater Crucible
Thermocouple

Figure 6.2 — Schematic views of the custom-made VTD setup. a) simplified description of working
principle of the VTD setup b) view of the overall setup, c¢) cross-section of the deposition chamber, d) cross-
section of the evaporation unit, including the carrier gas arrival, preheating gas unit and the evaporator.

The different components of the system are briefly described below.

Carrier gas inlet Ny is used as a carrier gas to drive the evaporated organic vapours
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from the evaporator into the deposition chamber. A mass flow controller (MFC, range
200-1500 sccm) regulates the carrier gas flow. A carrier gas preheating unit consisting in
a commercial tubular heating coil (gas heater, Figure 6.2d) and thermal heating blankets
(heating of the gas line up to 150°C is possible) enables to modify the temperature of the
carrier gas upstream of the evaporator (Figure 6.3). In the absence of heating blankets,
the carrier gas entering the evaporator was found to be < 30°C whether the commercial
gas heater was on (at 250°C) or off (Figure 6.3a). The main reason being that the carrier
gas cools down passing through the unheated tubes on its way to the evaporator. In
addition, the measured gas heater outlet temperature was found to be drastically beneath
the targeted temperature (250°C) due to the relatively low pressure reached within the
tube. For those reasons, external heating blankets (25-150°C) were added in between the
gas heater and evaporator (Figure 6.3b and B.14a). At equivalent temperature setpoint,
the carrier gas temperature measured at the heater outlet, evaporator and chamber inlets
scales linearly with flow rate, which is mainly due to the improved thermal conductance
at higher pressures. For example, at a flow rate of 800 sccm and a preheating gas line
temperature setpoint of 150°C, the carrier gas reaches a temperature of 60°C at the

evaporator inlet, whereas the temperature of the gas at the inlet of the chamber reaches
100°C (Figure 6.3).
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Figure 6.3 — Temperature of the carrier gas at different locations. a) Initial temperature measured
at the outlet of the heater (orange), at the evaporator inlet (blue) and at the inlet of the chamber (red)
as a function of different carrier gas mass flow, without any additional heating unit. The temperature of
the transport line to the chamber is set to 200°C, pictures of the different parts of the setup (inset), b)
Temperature measurements at the evaporator inlet as a function of the flow rate and temperature of the
heating blanket in between the MFC and the evaporator, pictures of the different parts of the setup and the
additional heating blankets (inset). The commercial gas heater setpoint was kept at 250°C for the whole
experiment.

Evaporator The upper part of the evaporator is enveloped in heating blanket to prevent
organohalide condensation (Figures 6.2d and B.14b). The evaporation of MAI (~ 1
g) is performed in a graphite crucible, whose temperature is directly monitored by a
thermocouple in direct contact with the bottom of the crucible. Figure 6.4 displays a
temperature profile of the crucible during evaporation. First, the crucible temperature
is increased to the targeted temperature at a rate of 10°C/min, before reaching a
steady-state regime with a temperature accuracy +/- 2%. Finally, once the deposition is
performed, the temperature of the crucible decreases at a rate of 2°C/min.
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Gas transport line The pipes connecting the evaporator to the chamber can be heated
up to 200°C thanks to a heating blanket (Figures 6.2b and B.14d)

Chamber Organohalide vapours carried by Ny are forced through a showerhead to
improve the homogeneity of the deposition (Figures 6.2c and B.l4e, inset i). The
temperature of the deposition table can be modulated via an oil circuit (from 25°C to
180°C, controlled by a thermocouple). The deposition chamber walls can be heated thanks
to the heating blankets (from 25°C to 200°C). For blankets set to 200°C, the temperature
measured on the inner side of the chamber reaches =~ 150°C. The temperature of the
heating blankets is set to 200°C throughout this chapter unless stated otherwise.

Exhaust The exhaust of the chamber is directly located beneath the deposition table
(Figure B.14e, inset ii) and a trap cooled by a water circuit is placed after the chamber to
condense the residual organohalides (Figures 6.2b and B.14f). Finally, a butterfly valve
is placed after the cold trap to regulate the pressure of the system (at 800 sccm of Na,
a working pressure of 12 mbar is obtained when the value is closed (0% of opening), at
100% of opening, a working pressure of 3.7 mbar is obtained). Finally, a dry pump with
a pumping capability of 25’000 L/min is attached to the system.

6.2.2 Characterisation methodology

Sublimation of organic molecules is a complex mechanism. The high temperature (>
200°C) needed to evaporate the organohalides leads to molecule degradation into fragments,
creating new chemical species through bonds rearrangement or di-trimerisation.!®!>283,284
We use here liquid nuclear magnetic resonance (NMR) spectroscopy and Fourier transform
infrared (FTIR) spectroscopy to characterise the molecular species resulting from the
thermal evaporation of organohalides.
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In this work, we are mainly interested in the evaporation of MAI and FAI molecules. As
a first step, we characterise both MATI and FAI fresh powders (as purchased). In addition,
we will see that the presence of ammonium iodide (NHy4I) is related to the degradation of
both MAI and FAI, which will be discussed in detail in the next chapters. As a result,
the characterisation of fresh NH4I powder is also presented in this section.

Characterisation by nuclear magnetic resonance

Liquid 'H, 3C, 2D 'H-'H correlation spectroscopy (COSY) NMR are used to charac-
terise the fresh organohalide (MAI, FAI, NHyI) samples. Even though liquid 'H NMR
spectroscopy is on its own sufficient to identify which chemical species are present, we
performed here additional C, '"H-'H COSY NMR to confirm the 'H NMR spectroscopy
results. We use deuterated dimethyl sulfoxide (DMSO-d6) as a solvent for all the NMR
analysis, as it is widely used as solvent for perovskite preparation and thus not harm-
ful to the organic molecule (Figure B.15). For the NMR characterisation, either the
organohalide powder, condensate (by organic vapour deposition, OVPD) or perovskite
layers are dissolved in DMSO-d6 and introduced in a NMR, tube. 1 ul of hydrogen iodide
(HI) is added inside the NMR tube to acidify the solution to prevent proton exchange
in between the organohalide and the water traces in DMSO.2® Proton exchange during
analysis leads to unresolved and broader amine peaks, making the interpretation more
difficult. Adding 1 ul helps resolving the peaks (Figure B.16).

Figure 6.5 shows the NMR characterisation of the fresh MAI molecule. Resonances from
the amine NHs (7.5ppm) and methyl groups (2.3-2.4 ppm) are easily identified from the
'H NMR spectra (Figure 6.5a, top). Integrating the peaks yields a ratio of =~ 1:1 between
the functional groups, as expected for MAI.?8%286 From '3C NMR (Figure 6.5a, bottom),
only one peak at 25 ppm is observed which is consistent with the carbon from a methyl
group (CH3). In 2D 'H-'H COSY, cross-peaks (peaks that appear off the diagonal)
represent couplings between pairs of nuclei by magnetisation transfer. This means that
the peaks appearing off the diagonal represent atoms with two different chemical shifts
connected (coupled) by few chemical bonds. For example, the cross-peak appearing at
(2.34 ppm, 7.49 ppm) in the 2D 'H-'H NMR tells us that the methyl group (2.34 ppm) is
directly connected (as a result of the magnetic coupling) to the amine group within the
same molecule, which confirms that the 2 functional groups are part of the same molecule
(Figure 6.5Db).

Concerning FAI 'H NMR spectra, Figure 6.6a highlights the protons from the amine
group (8.65 and 9 ppm). However, these appear at a slightly higher chemical shift due
to the presence of the double bond (the double bond is partially delocalised due to
resonance). The difference in the chemical shift in between both amines is attributed
to the diamagnetic anisotropy of the double bond.?®> The peaks observed at 7.85 ppm
correspond to the proton on the carbon atom. The multiplicity arises from the coupling
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Figure 6.5 - NMR characterisation of MAI. a) 'H-proton NMR of MAI in DMSO-d6, b) 3C-carbon
NMR, c¢) MAT molecule, d) 2D 'H-'H correlation spectroscopy (COSY).
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with the 2 amine groups. Integration of the different peaks reveals the ratio of ~ 2:2:1
(amine:amine:carbon in alpha position) as expected for FAIL 13C NMR spectrum indicates
the presence of the deshielded carbon peak typical from an alkene (157 ppm). Cross-peak
in the 2D 'H-'H COSY NMR again indicates the coupling of the amine groups with the
proton on the carbon atom (Figure 6.6b).
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Figure 6.6 - NMR characterisation of FAI. a) !H-proton NMR, of FAI in DMSO-d6, b) 13C-carbon
NMR, c) FAI molecule, d) 2D 'H-'H correlation spectroscopy (COSY).

As mentioned earlier, the presence of the ammonium cation NH, " highlights the thermal
degradation of both MAI and FAI upon sublimation. The presence of the cation arises
from the release of ammonia (NH3) (common product of the degradation of MAI and
FAI) which is in acid/base equilibrium with NH;". The presence of NH; " cations and
halides lead to the formation of the stable ammonium halide NH4X compound. The
latter could be observed by condensing organohalides on the deposition table of the VITD
setup (boiling point, bp = 235°C). In opposition, ammonia (bp = -35°C) is volatile in
ambient condition and is thus not detectable. Figure 6.7 shows the NMR characterisation
of NH4I. The presence in the 'H NMR spectra (Figure 6.7a, top) of the three equidistant
peaks starting at ~ 7 ppm corresponding to 'H-"4N J-coupling is a signature of the NH, "
cation.?®> 13C NMR spectra (Figure 6.7a, bottom) shows no peak associated with carbon
atoms due to their absence in the molecule. The 2D 'H-'H COSY (Figure 6.7b) shows
only the presence of diagonal peaks that indicates the absence of neighbouring nuclei

coupling.
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Figure 6.7 - NMR characterisation of ammonium iodide. a) 'H-proton NMR of ammonium iodide
in DMSO-d6, b) 13C-carbon NMR, c¢) ammonium iodide, d) 2D 'H-'H correlation spectroscopy (COSY).

100



6.2. Results and discussion

Characterisation by Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is also used to identify the different
organic molecules present in a sample. FTIR spectroscopy relies on the identification
of the different bonds within a molecule based on the infrared absorptance resulting in
their vibrational mode (stretching, bending, rocking). As a result, organic molecules
exhibit a distinct FTIR signature depending on their chemical bonds. Here, we analysis
the IR-transmittance of samples deposited on a silicon wafer (the c-Si is transparent to
energies where the vibrations of the organic bond occur). The deposition is either done by
condensation in the VTD setup or by spin-coating the organics in isopropanol. Figure 6.8a
presents the FTIR spectra of the three different organohalides mentioned above (MAI,
FAI, NH4I). The black curve represents the background of the measurement, i.e. the
H0O and COy traces within the measurement chamber. Water molecule presents various
vibrational modes in the 1200-1800 (H2O bending) and 3400-4000 cm~! (H5O stretching)
range, whereas COo mainly posses two vibrational modes at 620 cm ™! (O=C=0 bending)
and 2350 cm~! (O=C=O stretching).?®” The FTIR setup is purged with Ny to prevent
the presence of those parasitic peaks, however the absorption from those molecules can
still be observed in the spectra.

We can clearly see from Figure 6.8a that each molecule has its own signature. MAI is
mainly identified due to the sharp C—Hjs rocking peak at 915 cm™' and the broad N-H
stretching peak from the NHjz group at 3090 cm~!. Due to the two amine (—NHy) groups,
FAI exhibits N-H symmetric and asymmetric stretching vibrational modes at 3150 and
3350 cm~!. In addition, FAI can be recognised by the sharp C=N stretching vibration at
1705 cm™!. Similarly as MAI, NHyI presents a broad N-H stretching peak from the NHy
group at 3090 cm~!. Furthermore, NH; " deformation is identified at 1388 cm™!. Table
6.2 summarises the different bond vibrational modes found in literature for MAI, FAI,
NHy4I and compares them to the ones found in our experiments.

Few changes can occur whether the organic material is analysed alone or in the perovskite
lattice as evidenced in Figure 6.8b (N-H stretching shifts to 3188 cm™! and CH3 rocking
contribution vanishes in MALI layer). In addition to the identification of the different
organic bonds present, FTIR enables a quantitative analysis of mixed-cation perovskite
compositions using these changes in vibrational modes (Figure 6.8¢c). The intensity of the
peak from a given bond scales directly with the number of bonds (or molecules) present
in the sample. This analysis is used later on to quantify organohalide depositions made
in our VTD system.
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Figure 6.8 — FTIR of spin-coated organohalides. a) FTIR of organohalides spin-coated onto a silicon
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ratios) measured by FTIR.
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Table 6.2 - FTIR vibrational modes in organohalides from literature.287-290 C-H and N-H bending
contributions appearing in the 1400-1500 cm ™! cannot be identified due to the presence of the HoO vibration

peaks.
Bond Vibrational | From literature This work
mode
Wavenumber (cm™*!) Wavenumber (cm™")
N-H,4 deformation 1400 1390
N-H3 stretching 3080(as)-2993(sym) 3091
bending 1486 (sym)-1563(as) H20 peaks
N-H Strechting 3354(sym)-3399(as) 3200-3300
bending 1616 H>O peaks
C=N stretching 1711 1706
C-H3/N-Hg rocking 1252 1244
C-H stretching 2963(as)-2912(sym) 2963(as)
bending 1427(sym)-1463 (as) H20 peaks
=C-H bending 1049 1040
C-Hs/N-Hg rocking 912 915
C-N stretching 990 990
-C-H rock rocking 587 580

6.3 Conclusion

In this chapter, we first reviewed the different vacuum-based techniques for perovskite

deposition, mainly emphasising sequential two-step methods including a VTD step for

the organohalides deposition. Secondly, the home-built VIT'D system used during this

thesis is described. The organohalide evaporation is carried out in an evaporator unit and

the vapours are then flushed through the chamber for the reaction with the lead template.

This enables to control both the evaporation of the organics and reaction kinetics for

the perovskite formation. Finally, the different methods for organohalide identification

are presented. 'H NMR and FTIR spectroscopy techniques are used to characterise the
as-purchased precursors that will be used later in the VTD system (MAI, FAI, NH4I).

103






MAI deposition by vapour trans-

port deposition

Abstract

To test our VTD reactor, we first focus on MAI evaporation. This chapter investigates
organohalides transport to the chamber, substrate temperature effects on deposition
kinetics and perovskite formation using the two-step sequential PVD/CVD method. We
will see that MAI can be deposited in a wide temperature range (80-150°C) which strongly
impacts the perovskite morphology. Proof-of-concept perovskite solar cells that achieve a
PCE of 12% on an active area of 0.25 cm? are presented. Thanks to the presence of the
showerhead and the large size of the chamber, a homogeneous organohalide deposition
on textured 6 inch c-Si wafers is demonstrated, a first step towards industrial-scale

perovskite/c-Si tandems.!

!This chapter is based on a manuscript under preparation. The author wants to acknowledge Niccolo
Salsi for his help for depositions and characterisation, Cédric Biicher, Nathanél Miaz and Aymeric
Schaffliitzel for their technical advice, system upgrade and maintenance. Thanks to Léo Duchéne for the
TGA-MS measurements.

105



Chapter 7. MAI deposition by vapour transport deposition

7.1 Introduction

When it comes to evaporated perovskite solar cells, most of the results are based on MALI
cells with only few reports dealing with FA-based perovskites. The reason being that MAI
evaporation is less challenging than FAI. First, MAI has a higher vapour pressure, which
eases its evaporation and reaction with Pbls. In addition, as already discussed, the atomic
size of the MA cation leads to a suitable tolerance factor as opposed to the bigger FA
cation that might yield non-photoactive phases (see chapter 1). As a consequence, MAI
is used during this chapter to gain further insights regarding organohalide evaporation
and transport in our VI'D chamber.

7.2 Results and discussion

7.2.1 MAI evaporation investigated by thermogravimetry-mass spec-
trometry

The first step toward understanding the evaporation of MAI is to identify how the molecule
evaporates and what temperature is the most suitable to carry out the evaporation. In that
regard, we performed thermogravimetry-differential scanning calorimetry (TGA-DSC)
coupled with a mass spectrometer (MS).

Here, we perform TGA-MS analysis on a MAI powder in the temperature range 40-400°C
with a temperature increase of 5°C/min (Figure 7.1a). Table 7.1 presents the list of m/z
ratios (fragments and molecules) that were included during the TGA-MS experiment.
Those m/z ratios are a collection what was reported in the literature. One can see that
for temperatures below 170°C, no product is detected (note that the y-axis is displayed
in log scale and ion currents below 170°C are principally noise from the background).
CHsl and HI are the first molecules to be observed, followed by NH3s and CH3NHy. MA
molecules appear at 225-250°C. These results are in good agreement with what was
observed previously by other groups, i.e. the parent MAI molecule is not observed directly
and CHsl, HI, NH; and CH3NH, molecules are observed instead.?°%283:28¢ However, it
is, based on that experiment, not possible to determine precisely at which temperature
each product starts to evaporate.
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Table 7.1 — Thermal degradation fragments of methylammonium iodide from literature.??! m/z values for
species marked with an (*) are not included in our TGA-MS experiments.

m/z ‘ Ion Molecule/Fragment
15 | CHs" CHsl fragment, CH3NH fragment
16 | NHy ", CH4 ", O™ | NH3 fragment,o2 fragment, CHsNH2 fragment
17 | NH3™, OH™ NHj3 parent peak, H2O fragment
18 | NH, " NH3 + H' (proton transfer HoO parent peak)
18 | HyO" H>O parent peak
28 | Nt N2 parent peak
29 | CH3N* CH3NH; fragment
30 | CH3NH' CH3NH; fragment
30 | CH4N" (CH3)3N and CH3NH; fragment
31 CH3NH2A (CH3)3N and CH3NH2 fragment
32 02*7 CH;NH,IH O2 parent peak, CH3NH; fragment
42 | CoH4NT (CHs3)3N fragment
44 | CoHgN™T (CHs)3N Hydrogen dissociation
45 | CoH7NT (CH3)3N Hydrogen dissociation*

58 | C3HgN™ (CHs)3N parent peak
59 (CHg,)gNJr (CHs3)3N parent peak
63 | ITT HI fragment*
64 | HITT HI parent*
127 | 1T HI fragment
128 | HIT HI parent
141 | CHLI™ CHsI Hydrogen dissociation™
142 | CHaI" CHsl parent peak
159 | CH3NHsI" CH3NH3I Methylammonium parent
254 | Iot I> parent*
317 (CH3NH31)27 MAI dimer*

To identify the evaporation temperature of each product, we carried out TGA-MS at
constant temperatures. Temperatures selected were relevant ones used in our home-built
setup (160-240°C). First, the temperature was increased to 160°C at ~ 5°C/min and
stabilised for 30 min to reach steady-state evaporation conditions. The temperature was
then further increased by 20°C and stabilised for 30 min at each 20°C interval until 240°C.
Figure 7.1b shows the ionic currents of each molecule detected during the analysis. Results
are similar to what was observed during the non-isothermal TGA-MS, i.e. CH3l and HI
are the dominant species at each temperature. Note that CHs and I observed during
the experiment are probably fragments of CH3I and HI appearing due to their ionisation
during the MS measurement rather than real products of the evaporation. Interestingly,
the MA molecule is only observed at high temperature in both cases (> 220°C), whereas
it is generally observed at lower temperatures in literature. This discrepancy is likely
linked to the loss of the MA and MAI during transport from the TGA to the MS unit.
In most MS experiments carried out in the literature, either the connection from the
TGA to the MS is continuously heated to prevent condensation of the organohalides
or the evaporation and MS analysis are directly performed in a high vacuum chamber,
thus preventing material loss during transport. In our particular case, the connection in
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between the TGA and the MS is not heated, potentially leading to organohalide (MAI,
MA) condensation, hence affecting the analysis.

The NHs molecule is hardly observed at temperatures below 240°C. However, it should be
in principle detected whenever CHsl is detected. It is possible that NHj3 reacts with HI
and I to form ammonium iodide (NH4I), which could also condense on the tube in between
the TGA and MS unit, preventing its quantification. A second reason might be that NHjs
is harder to distinguish from the Oy (m/z = 16), HoO (m/z = 18) backgrounds. Figure
7.1c shows an isotherm measurement at 200°C (where the background was recorded only
at 200°C), NHs is then clearly detected in this case.

To summarise, we observe by TGA-MS the presence of CH3l, HI, MA and NHj as the
main products of the evaporation of MAI, as expected from literature. MA is observed at
high temperatures (220-240°C) despite the fact that MA is also probably present at a
lower temperatures. Those results suggest that MAI evaporation can be performed up to
a temperature of 220-240°C.

7.2.2 Methylammonium iodide transport to the chamber

A high concentration of MAI molecules should reach the chamber to drive efficiently
the perovskite formation reaction, which implies that i) a sufficient amount of MAI is
sublimed in the evaporator and few MAI molecules either ii) condense during transport
to the chamber or iii) degrade during evaporation or transport. To assess evaporation
and transport conditions, the substrate holder was maintained at a temperature below
the sticking coefficient of MAI (< 80°C) to condense MAI on ¢-Si or glass/indium tin
oxide (ITO) substrates. Condensation on the chamber walls was avoided by maintaining
their temperature > 150°C. From the SEM images of Figure 7.2a, evaporating MAI at a
crucible temperature (T.cipie) of 200°C for 150 min yields ~ 500 nm-thick layers on c¢-Si
(deposition rate of ~ 0.5A /s in these conditions). Based on these cross-section images,
MAT appears to grow via the Stranski-Krastanov mode on ¢-Si, complicating a precise
thickness assessment.?%?

FTIR transmittance data indicate that the fresh precursor and evaporated MAI are
chemically similar, with both featuring the N-H stretching vibration at 3000-3300 cm™!
and C-Hj rocking at 915 and 1244 cm~! (Figure 7.2b, see Table 6.2 for the different
FTIR vibration modes for MAI?®®). Figure 7.3 shows the full series of FTIR spectra
of MAI deposited on c-Si with Ti,.eipe Set to temperatures ranging from 180 to 220°C.
Higher evaporation temperatures lead to higher deposition rates, as highlighted by the
decrease in FTIR transmittance, higher MAI mass loss from the crucible and increased
deposited layer thickness.

The chemical structure of the deposited layers is investigated by 'H nuclear magnetic
resonance spectroscopy (\H NMR) (Figure 7.2c). Resonance from the amine NH3 (7.5
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Figure 7.1 — Isothermal thermogravimetric-mass spectrometry (TGA-MS) analysis of methy-
lammonium iodide. a) Total TGA-MS analysis of MAI (20-400°C), b) TGA-MS isotherms (30 min) of

MALI (160-240°C), c) isotherm at 200°C.
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Figure 7.2 — Characterisation of MAI deposited in the VID chamber. a) SEM cross-section image
of MAI deposited on top of a c-Si wafer at 70°C for 150 min, b) FTIR spectra of the spin-coated (black) and
evaporated (brown) MAT on top of a silicon wafer, c¢) Liquid 'H NMR of as purchased (black) and evaporated
(brown) MALI (left), scheme of the MAI molecule (right), d) X-ray diffractograms of as purchased (black) and
evaporated (brown) MAI on top of a glass/ITO substrate.
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Figure 7.3 - MAI deposited at different crucible temperatures. a) 3D AFM images of the MAI on
a silicon wafer (deposition table at 70°C) for 2 h with the crucible held at 180°C I), 200°C II) and 220°C
IIT). To determine the thicknesses of the depositions, the right part of the scan was covered by a Kapton tape
and removed before measuring the AFM maps, b) FTIR transmittance spectra of the corresponding MAI
deposition, c¢) mass loss (in mg/h) measured in the crucible during evaporation as a function of the crucible
temperature setpoint.
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ppm) and methyl groups (2.3-2.4 ppm) is similar to that obtained for spin-coated MAI
layers, confirming the presence of pure MAI when T, ycipie is set to 200°C. Integrating
the peaks yields a ratio of ~ 1:1 in between both functional groups, as expected for
MAI.285:286 The 1'H NMR spectra of Figure 7.4 indicate that pure MAI is deposited when
evaporating at a T . cipe of up to 200°C, while some degradation occurs at 220°C. The
presence of the three equidistant peaks starting at ~ 7 ppm indicates that NH, " cations
are also present in the film.?®> The presence of the NH, " cation, even though it is not
directly detected in the TGA-MS measurement (Figure 7.1), comes from the degradation
of MAI into NH3 and CHsl. NH, " is the result of the reversible protonation of ammonia.
The powder inside the crucible remains chemically pristine, even after heating at 220°C
for 2 hours (Figure 7.5).

MAI 220°C ~ .
MAI 200°C
MAI 180°C -L
MAI fresh A )‘MA;
8.0 7.5 7.0 27 26 25 24 23 22
f1 (ppm) f1 (ppm)

Figure 7.4 — Liquid 'H NMR of MAI depositions (carrier gas = 800 sccm, Working pressure
= 4 mbar, duration = 2 h) at different evaporation temperature. Fresh MAI powder (brown),
Terucible = 180°C (green)7 Terucible = 200°C (hght blue)7 Terucible = 220°C (purple)'

A small amount of impurities is identified in the powder left in the crucible after 5
evaporations (> 10 h of evaporation at 200°C), as indicated by the presence of small
peaks (2.8-3.2 ppm and 8.0-8.5 ppm) in the 'H liquid NMR (Figure 7.6). Furthermore,
these impurities are not observed in the MAI deposited on the table for the fifth evap-
oration, leading to the conclusion that the same MAI powder can be used for several
evaporations. MAI is deposited in its tetragonal phase (space group P4/nmm) based on
X-ray diffractograms (Figure 7.2d).2%

The gas line that connects the evaporator to the chamber must remain at high temperature
to prevent any MAI condensation within the tubes. MAI does not reach the chamber
when setting the gas line temperature (Tyqs1ine) to 100°C (Figure 7.7). Increasing this
temperature to 150°C and 200°C ensures MAI transport to the chamber, in larger quantity
for the latter case (Figure 7.7).
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Figure 7.5 — Liquid 'H NMR of the MAI powder left in the crucible after different evaporation
temperatures. Fresh MAI powder (brown), Terycibie = 180°C (green), Terycivie = 200°C (light blue),
Terucivie = 220°C (purple).
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Figure 7.6 — Liquid 'H NMR of the MAI deposited on the table and the MAI powder left in
the crucible after 5 depositions (> 10 h of deposition). Liquid 'H NMR of the fresh MAI powder,
MALI left in the crucible after 5 depositions (carrier gas = 800 sccm, working pressure = 4 mbar, duration >
10 h) and MAI deposited after 5 deposition onto the deposition table without changing the MAI powder in
the crucible (carrier gas = 800 sccm, working pressure = 4 mbar, duration > 10 h).
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Figure 7.7 — Impact of the gas line temperature. a) Pictures of the table after deposition (table at >
50°C, Terycible = 200°C, carrier gas = 800 sccm, working pressure = 4 mbar for 2 h) with the gas line (in
between the evaporation and chamber) at 100°C (top), 150°C (centre) and 200°C (bottom), corresponding
picture of the perovskite layers deposited(inset), b) FTIR spectroscopy of the MAI deposition deposited on a
silicon wafer with the gas line at 100°C (light blue), 150°C (blue), 200°C (dark blue), c) X-ray diffractograms
of the perovskite layer deposited with the gas line at 100°C (light blue), 150°C (blue), 200°C (dark blue).
The showerhead was removed for this experiment.

Preheating of the carrier gas prior to the evaporator is also essential to avoid any MAI
condensation before the chamber. We can see that, in the absence of the carrier gas
preheating (Tpreneating = 25°C), almost no MAI molecules reach the chamber, preventing
the conversion of the Pbly layer to perovskite (Figure 7.8). Similar results are obtained
by preheating the tube at 80°C. A preheating setpoint of 150°C leads to a large MAI
amount within the chamber and a full perovskite conversion.

In the absence of in-situ monitoring of the deposition rate, the evolution of the mass
loss in the crucible can be taken as a figure-of-merit for the evaporation rate as already
demonstrated for the crucible temperature measurements. In Figure 7.9, the mass loss as a
function of different evaporation parameters such as working pressure, flow rate, deposition
time and gas preheating is analysed. As discussed above, the crucible temperature setpoint
has the most significant impact on the evaporation rate, although it was found that the
process working pressure and preheating of the carrier gas also play a role. The effects of
those processing parameters onto the mass losses are discussed briefly here.

Carrier gas (sccm) (Figure 7.9a). The influence of the carrier gas flow rate on the
sublimed MALI loss is complex as the temperature of the incoming Ns flux depends

strongly on the flow rate itself. This effect will also affect the mass loss experiment. In
addition, in order to keep the working pressure in the range of 12-13 mbar for the different
experiments, the butterfly valve was opened at 13% for 1500 sccm experiment, 0% for
800 sccm and 0% for 200 scem with an additional mixing gas flow rate of 600 sccm to
stay in the same pressure range. We can clearly see that more material sublime at 200
sccm. Even though the effect is not fully understood yet, we think this is due to the
fact that the relatively cold temperature of the carrier gas cools the powder and thus
diminishes the evaporation rate. A higher flux means stronger cooling capacity of the
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Figure 7.8 — Impact of the carrier gas preheating temperature. a) Pictures of the table after the
deposition (table at < 50°C, T¢rycibie=200°C, carrier gas = 800 sccm, working pressure = 4 mbar for 2 h)
with different temperature of the preaheating gas lines (before the evaporator), no preheating (top), 80°C
(centre) and 150°C (bottom), corresponding perovskite layers formation (inset), b) FTIR spectroscopy of
the MAI deposition on a silicon wafer with preheating the gas line at room temperature (25°C) (light blue),
80°C (blue), 150°C (dark blue), ¢) X-ray diffractograms of the perovskite layer deposited with the gas line at
100°C (light blue), 150°C (blue), 200°C (dark blue). Note that the temperature of the carrier gas at the inlet
of the evaporator is dependant on the gas flow and is lower than the tube temperature. The corresponding
gas temperature is 29°C without preheating, 40°C for gas line preheating of 80°C and 60°C for a gas line
preheating of 150°C (see Figure 6.3). The showerhead was removed for this experiment.

powder. Nevertheless, a higher flow rate is also correlated with an increase in carrier gas
temperature, which also increases the sublimation rate (Figure 7.9b) and explains why at

1500 sccm the sublimation rate is enhanced in comparison to 800 sccm.

Preheating of the pipes (°C) (Figure 7.9b). A preheating of the pipes increases the

carrier temperature from 25°C to 65°C at 800 sccm. The increased temperature of the
carrier gas at the inlet of the evaporator positively impacts the sublimation rate. This
observation is coherent with the effect of the temperature of the crucible.

Evaporation duration (min) (Figure 7.9¢c). Several depositions from ¢ = 0 min (cru-

cible ramped up to setpoint and cooled down) and t = 320 min were performed. One can
observe that MAI sublimation follows a linear trend, which suggests a good reproducibility.
t = 0 min corresponds to the ramp-up to the temperature setpoint and cooling down to
< 100°C without any dwell time. ~ 40 mg of MAI was evaporated during the process.

Working pressure (mbar) (Figure 7.9d). Increasing the working pressure lowers the

sublimation rate, as expected.

Crucible temperature (°C) (Figure 7.9¢). As the temperature increases, the vapor

pressure of the organic material should increase exponentially according to the Clausius-
Clapeyron relation. We confirm that the mass loss of the MAI molecule follows a similar
trend. This implies that by increasing the temperature by 10°C, the vapour pressure of
the organohalide is measured to increases by a factor of ~ 1.64.
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Initial MAI mass (g) (Figure 7.9f). The effect of the initial mass of MAI in the crucible
is more complex to analyse. While it seems that there is indeed a correlation between the

initial mass and the mass evaporated, the correlation is neither linear nor reproducible
(saturation after 2.5 grams). We suspect that the powder/crucible contact area changes
from one experiment to the other, which may affect the sublimation rate.
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Figure 7.9 — Mass loss analysis as a function of evaporation parameters. Mass loss (in mg/h)
measured in the crucible during evaporation as a function of a) the carrier gas flow rate, b) preheating
gas temperature, c¢) duration of the evaporation (total mass evaporated given in mg on y-axis), d) working
pressure, e) crucible temperature setpoint (y-axis is displayed in log scale), f) initial MAI mass. During all
evaporations, for the sake for reproducibility and if not stated otherwise, deposition parameters are: ~ 1 g of
MAIL Terycivie = 200°C, carrier gas = 800 sccm, working pressure = 12 mbar, duration =~ 2 h, Tpreneating™
150°C.

7.2.3 Vapour phase interaction and perovskite formation

In CVD conditions, the growth conditions of the perovskite layer, and hence its morphology,
strongly depends on the substrate temperature (Tsubstmte).%l’%?’ Furthermore, the

116



7.2. Results and discussion

sorption/desorption of the organic molecule also depends on Tsupstrate->>° Figure 7.10

investigates the effects of a Tsypsirate varying from 80°C to 160°C. In that regard, a

glass/Pbly (150 nm) template, previously deposited by thermal evaporation, is placed on

the deposition table. Three different perovskite formation regimes are observed. First,

when the temperature of the deposition table is kept at relatively low temperature (<

100°C), a significant amount of MAI directly condenses on the surface (Figure 7.10b),

first reacts with Pbly to form MAPDI3, before further accumulating on the surface when

Pbl, has been fully consumed (Figure 7.10c). Oversaturation of MAI on the perovskite
layer leads to the formation of a hydrated (CH3NHy4)2Pblg-2 HoO phase (when the layer
is in a humid environment at room temperature).?®® Annealing this hydrated phase at

100°C for 10 min reverses the crystal structure to a mixture between the photoactive

perovskite a-phase and MAI (Figure 7.11).
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Figure 7.10 — Effect of the table temperature on the deposition of MAI. a) Picture of the de-

position table and perovskite layers (inset) as a function of the table temperature, b) corresponding FTIR
characterisation of the deposited MAI layer, ¢) X-ray diffractograms of the corresponding perovskite layers.

For a Tsypstrate between 120°C and 140°C, few or no organics are observed to condense on

the deposition table and a pure perovskite a-phase is found to form via XRD, indicating

that an equilibrium between MAI adsorption, desorption, and its reaction with Pbls has
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Figure 7.11 — X-ray diffractograms of
overstaturated Pbls layer and dihy-
drate formation. X-ray diffractograms
of overstaturated Pbly layer with MAI
forming the dihydrate (CH3NH3)4Pbls
2H2O phase, and the same film annealed
for 10 min at 100°C showing the per-
ovskite and MAI tetragonal phases.
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been reached.?”” Finally, at a temperature of 160°C, no reaction occurs between Pbl,
and MAI after 2 hours of deposition, likely due to the temperature being too high for
MAI to absorb on Pbls.

To gain further insights on the mechanisms of MAI desorption, MAI films deposited on a

c-Si wafer were annealed at 100°C, 120°C and 140°C in atmospheric and low vacuum
(0.15 mbar) conditions (Figures 7.12 and 7.13). While MAI desorbs for each condition
tested, irrespective of the vacuum level, the process is slow at 100 and 120°C. When
increasing the temperature to 140°C, MAI films are fully desorbed within 2 hours (in
atmospheric conditions) and 15 min (in low vacuum conditions), indicating that the

deposition rate of MAI should be sufficiently high to counterbalance desorption.

b) 9]
100°C (air) ' ' 120°C (air) ' ' 140°C (air) ' '
Q @
g g
L 1 g1 £
& &
s s
= =
Inital Inital [ Inital
| 30min i | 30 mir 3‘0 gwn
60 min 60 min B0min
120 min ) ) 120 min ) ) ) 120 min ) I
800 1200 2800 3200 800 1200 2800 3200 800 1200 2800 3200
Wavenumber (cm™') Wavenumber (cm™) Wavenumber (cm™)
Figure 7.12 — FTIR transmittance spectra of MAI films annealed at different temperature in
air. (Terycibie = 200°C, carrier gas = 800 sccm, working pressure = 12 mbar, duration &~ 4 h). Films are
heated at 100°C a), 120°C b) and 140°C c) in air for 2 h. The FTIR transmittance is measured after 15
min, 30 min 60 min and 120 min. Only few MAI molecules desorb from the film at 100°C, at 120°C only
significant desorption occurs after 120 min. At 140°C, a significant amount of the MAI molecule already
desorbs after 15 min, and total desorption is observed after 120 min.
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Figure 7.13 — FTIR transmittance spectra of MAI films annealed at different temperatures
in vacuum. (Tepycipie = 200°C, carrier gas = 800 sccm, working pressure = 12 mbar, duration = 4 h).
Films are heated at 100°C a), 120°C b), and 140°C c) under vacuum (0.15 mbar) for 60 min. The FTIR
transmittance is measured after 15 min, 30 min 60 min and 120 min. Few M AI molecules desorb from the film
at 100°C but desorption happens already after 15 min, at 120°C most of the MAI molecules have desorbed
after 15 min, however desorption is not complete after 60 min. At 140°C, total MAI desorption is observed
after 15 min already.
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7.2. Results and discussion

Figure 7.14 further investigates the influence of Ty pstrate On the perovskite conversion
process. The perovskite formation reaction occurs faster as Tsypstrate 18 kept low (for the
same evaporation parameters), leading to a full perovskite conversion in less than 1 hour
at 80°C. On the other hand, the full conversion is observed after 2 hours at 120°C, with
the difference resulting from the differences in adsorption and desorption rates.
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Figure 7.14 — Perovskite layer formation at different table temperatures as a function of the
deposition time. X-ray diffractograms of the perovskite layer at different table temperature (80°C, 100°C,
120°C, 140°C) and time (1 h, 2 h), deposition parameter are Teopycipie = 200°C, carrier gas = 800 scem,
working pressure = 12 mbar.

Figure 7.15 displays the morphology evolution from the Pbls template to the perovskite
formation during a CVD deposition with Ty pstrate = 120°C. First, we observe that for
the first 2 hours of deposition the perovskite phase forms and exhibits large grains and
a full lead iodide to perovskite conversion (Figure 7.14). During prolonged deposition
duration (> 3 h), as no more Pbl, is available for reaction, organic material will start
to accumulate at the surface of the film, creating clusters. In addition to the formation
of those clusters, perovskite grains start to dewet from the substrate, creating pinholes
through the layer. EDX top view mapping (Figure 7.15b) acquired at 3 different locations
support that hypothesis. These clusters are mainly composed of carbon and iodine and
are probably MAI. EDX spectra acquired in between dewetted grains reveal a large
amount of indium and oxygen, corresponding to the presence of bare ITO. Note that
according to simulations (Casino simulation software), for a 10 keV acceleration voltage
and assuming a perovskite density of (3.7 g/cm?), the electron interaction volume is
deeper than the perovskite layer thickness (> 600 nm). As a result, the elemental analysis
by EDX provides only a convoluted view of the different morphological features (Figure
B.17).

Similar trends are observed for depositions performed at Tgypsirate = 140°C (even though
organohalides accumulation seems to be less pronounced), suggesting that pinholes forma-
tion and organohalide saturation is hard to avoid at these deposition temperatures. These
observations indicate that the duration of the evaporation is of significant importance.
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Chapter 7. MAI deposition by vapour transport deposition

A too-short deposition time leads to the presence of residual Pbls, whereas prolonged
deposition might lead to MAI accumulation and grains dewetting. In both cases, the
efficiency of the perovskite solar cell will be affected.
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Figure 7.15 — Perovskite layer morphology as a function of the CVD deposition time. a) AFM
maps, 2D 5 x 5 um? scale (left), 2D 50 x 50 um? scale (middle), 3D 50 x 50 um? scale projection, b) Top-view
SEM image of the perovskite layer after 4 h of CVD deposition (top), EDX acquired at 10 keV at several
locations (bottom).

In addition to its influence on the perovskite formation kinetics, Tsypsirate also impacts
the perovskite morphology (Figure 7.17). Higher temperatures lead to a larger perovskite
grain size, with some grains reaching lateral dimensions exceeding 800 nm at 140°C. At a
Tsubstrate Of 120°C, similar grain sizes and morphologies are obtained for layers processed
by the PVD/SP and PVD/CVD methods. Similarly, by maintaining Tsypstrate constant
and by varying Teyeiple from 180°C to 220°C, the perovskite conversion rate can be
controlled (Figure 7.18).
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Figure 7.16 — Atomic Force microscopy (AFM) of the perovskite layer morphology as a function
of the CVD deposition time. a) 2D 50 x 50 pm? view AFM maps of the evolution (0-4 h) of a Pbl;
layer during CVD at 140°C, b) 2D 50 x 50 um? view AFM maps of the evolution (0-4 h) of a MALI layer
fabricated by the hybrid PVD/SP method during a MAI CVD at 140°C.
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Figure 7.17 — Perovskite grain size as a function of the table temperature. 2D AFM images of the
Pbl; and perovskite layers deposited at 80°C, 100°C, 120°C, 140°C. A perovskite fabricated by the PVD/SP
method is shown for comparison (30 min annealing at 120°C after the spin coating step).
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Figure 7.18 — Perovskite layer formation at different crucible temperatures. a) X-ray diffrac-

tograms of the perovskite layer at different crucible temperatures (180°C, 200°C, 220°C) with time (1 h, 2
h), b) Picture of the perovskite layers.

7.2.4 Proof-of-concept devices

Based on the results presented earlier, Ty pstrate and Tepyeivie Were set to 120-140°C and
200-210°C, respectively. In these conditions, a full conversion of the Pbly template
to the perovskite is achieved after 2-3 h of evaporation based XRD and UV /Vis/NIR
absorptance data (Figure 7.19). Figure 7.20 compares the morphology of cells featuring
layers processed by two hybrid processes: PVD (Pbly)/SP (MAI) and PVD (Pbly)/CVD
(MAI). From cross-sectional and top-view SEM images, morphologies resulting from these
two methods appear similar (Figure 7.20).
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Figure 7.19 — X-ray diffraction and spectrometry perovskite formation with time. a) X-ray
diffractograms of the perovskite formation over time, b) UV-Vis-NIR absorbance of the same layers.
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Figure 7.20 — Morphology comparison of perovskite layers deposited by sequential hybrid
PVD/SP and PVD/CVD. a) Picture of the perovskite layer produced by the sequential hybrid solu-
tion (right) and CVD (left) methods, b) cross-section, c) top-view SEM images of the perovskite layers.

Perovskite solar cells are fabricated in the n-i-p configuration using ITO as a substrate.
First, 1 nm of LiF and 6 nm of Cgy is thermally evaporated on top of a glass/ITO
substrate. Then, 150 nm of Pbly is thermally evaporated in a high vacuum chamber at 1
A /s. The Pbl, template is converted to the perovskite phase by CVD of MAT as described
above (Tepycipe = 200°C or 210°C, 800 scem, Tsypstrate = 120°C or 140°C, Tpreheating =
150°C, Tyas tine = 200°C, working pressure = 12 mbar, Duration = 1-3 h). The samples
are transferred to a nitrogen-filled glovebox and washed by IPA to remove any MAI excess.
The samples are then annealed for 5 min at 120°C on a temperature-controlled hotplate
to remove the IPA excess. A solution of spiro-OMeTAD dissolved in chlorobenzene is
then spin-coated at 4000 rpm for 30 s. Finally, 100 nm of gold is evaporated at a rate of
1 A/s as the electrode. PVD/SP cells are fabricated following the same procedure with
the exception that the organohalide (0.5M MAI in ethanol) are spin-coated on top of
the lead template and annealed for 30 min at 120°C. A sketch of the device structure is
presented in Figure 7.21a. More information regarding device fabrication is given in the
appendix (subsection A.1.3).

J-V parameters of perovskite solar cells fabricated with the PVD/CVD method with
Toubstrate = 120°C and 140°C indicate that 2 h of deposition leads to the best results in
both cases (Figure B.18 and B.19). This is in good agreement with the previous results
obtained, where we concluded that short deposition duration leads to unreacted Pbl, and
prolonged deposition duration to organohalide accumulation on the layer (Figure 7.14).
Furthermore, it is found that Ty pstrate = 140°C gives more reproducible results than
Tsubstrate = 120°C, regardless of the deposition duration (Figure B.18 and B.19). This
is mainly attributed to the fact that a lower Ty psirate leads to an oversaturation of the
film in organohalides, thus preventing carrier collection.?”* J-V and EQE measurements
of the best perovskite solar cell are presented in Figure 7.21b-c, showing a reverse scan
efficiency of 12.3%, value which is on par with the cells produced with the hybrid PVD/SP
methods.
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Chapter 7. MAI deposition by vapour transport deposition

External quantum efficiency (EQE) data of the perovskite cells in figure 7.21¢, indicate
that the main difference in efficiency for the different deposition methods comes from
the reduced current density. The discrepancies in current-densities seem to come from a
collection issue rather than an optical loss (broadband EQE reduction). Even though the
precise reason for that collection loss is still not well understood, we suppose that the
principal causes could be related to i) the delamination of the perovskite grains observed
in Figure 7.15 leading to higher grain boundary recombination ii) the presence of organic
materials (MAI, hydrated phases) at grain boundaries and surfaces that prevent charge
collection,?* iii) smaller carrier diffusion length in the PVD/CVD perovskite.
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Figure 7.21 — Perovskite solar cells by sequential hybridPVD/CVD and PVD/SP methods. a)
Device schematic image of the perovskite cell, b) Best forward and reverse J-V curves, ¢) External quantum
efficiency (EQE), d) Statistical efficiency distribution (reverse scan) for perovskite solar cells fabricated by
the PVD/CVD processes.

Another reason explaining the difference in efficiency between the PVD/SP and PVD/CVD
methods comes from the ITO layer underneath the perovskite and of the ETL. Indeed,
ITO degrades in acidic conditions.??>2% As discussed previously, the evaporation of MAI
involves the formation of acidic hydrogen iodide as a by-product. Such strong acid can
deteriorate the ITO properties during the evaporation. Figure 7.22 displays the evolution
of the optical and electrical properties of the underlying I'TO layer during evaporation in
our VTD setup. To characterise the I'TO layer, the perovskite layer was dissolved by a
DMSO solution (note that the same treatment was done on the fresh ITO substrate to
rule out the effect of the solvent on the ITO properties). We can conclude that the optical
and electrical properties of the ITO are not changing drastically during the first 2 hours
of evaporation, even though the I'TO morphology already starts to change. However,
after 2 h of deposition, the I'TO resistivity increases drastically, its roughness increases
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7.2. Results and discussion

and pinholes start to form (Figure 7.22¢). EDX maps taken after 4 hours of evaporation
indicate that indium and tin start to cluster, whereas oxygen accumulates at the grain
boundaries. In consequence, these results indicate that I'TO is not suitable for prolonged
exposure to MAI by-products. Fluorinated tin oxide (FTO) that features better acidic
stability was also tested. This, however, did not lead to an overall efficiency increase
(Figure B.20). Nevertheless, this effect might be directly linked to sub-optimal interfaces
between the Cgp and FTO, judging by the poor performances obtained for the reference
PVD/SP cells (Figure B.21). In addition, other ETLs (spin-coated PCBM, and compact
TiO4 layers) were used. Overall, current-density losses are observed in most cases (Figure
B.21), indicating that this loss comes from the perovskite absorber itself.

Even though the PVD/CVD approach is still coming short efficiency-wise compared to the
best PVD/SP cells, one can notice that the statistical distribution of devices from several
batches suggests higher yield for perovskite solar cells fabricated with the PVD/CVD
approach (Figure 7.21d). These results are encouraging regarding manufacturing over
large areas with a high yield.

7.2.5 Large scale conformal coating of perovskite layers

Vapour phase deposition method should enable to coat homogeneously larger areas
compared to spin-coating,?#3 246 as hinted by several CVD studies.?°%265 Currently,
perovskite layers grown by CVD have been deposited over an area of up to 100 cm? (in
a tube furnace).?*4267 The vapour transport deposition system presented here enables
depositions over larger areas, as highlighted by the SEM cross-sectional images of MAI
deposited at low Tyypstrate (Figure B.22). While some local roughness resulting from the
growth mechanism of MAI is noticed, a similar thickness is measured across the full wafer.

Homogeneous perovskite layers are deposited over 15 x 15 cm? glass substrates by
exposing a 150 nm-thick Pbly template to MAI (Tsupstrate and Teryeinie of 120°C and
200°C, respectively). As shown in Figure 7.23, a thickness difference of 8% relative is
measured across this area, a difference that mainly comes from the inhomogeneity of
the PVD step. X-ray diffraction patterns acquired at the centre, middle and edge of the
substrate confirm the presence of a pure MAPbDI3 layer across the substrate (Figure 7.23).

In addition to large-area deposition, such vapour-based deposition system enables con-

10,243,244 o promising feature in view of

formal coatings on various substrate textures,
designing perovskite/c-Si tandems featuring bottom cells textured on both sides for
optimal light management. Figure 7.24a shows a picture of a perovskite layer grown
on a KOH-textured 6 inch ¢-Si wafer. SEM cross-section images confirm the conformal
deposition of the perovskite layer. Figure 7.24b shows cross-section SEM images of the
perovskite layer on textured c-Si at various locations. The XRD patterns indicate a

full conversion of the Pbly template to MAPDbI3 across the wafer area. These results
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emphasise the suitability of the vapour transport deposition system presented here to
deposit perovskite layers over large areas and various surface textures.

7.3 Conclusion

This chapter detailed a versatile showerhead-based vapour transport deposition system
that enables the deposition of MAI. The system is able, over large areas and various
substrate textures, to convert a Pbly template to a photoactive MAPbI3 perovskite phase
through an exposure to MAI vapours. Advantageously, this system decorrelates the
precursor evaporation conditions from the deposition ones, providing a wider processing
window compared to conventional tube furnaces. A wide range of optical, microstructural,
crystallographic and chemical characterisation techniques were combined to identify the
optimum evaporation, gas transport and deposition conditions. Absorbers processed by
converting a thermally evaporated Pbls template to the perovskite phase by a CVD of
the MAI were included in small area solar cells (0.25 cm?), achieving an efficiency of
12% at the proof-of-concept stage. More importantly, homogeneous perovskite layers are
obtained over large areas: 225 cm? glass/ITO substrates and 239 cm? (6 inch) c-Si wafer
textured by KOH-etching, an important step towards the fabrication of perovskite cells
with industry-relevant active areas.
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Figure 7.22 — Optical, electrical properties and morphology of the ITO during CVD deposition.
a) Absorptance, tansmittance and reflectance, b) Electrical properties, ¢) SEM top-view images of the inital
ITO (left) and after 4 h of CVD of MAI (right), d) AFM maps, e) SEM top-view of an ITO substrate after
4 h of CVD of MAI (left), along the EDX chemical map of the different elements (from left to right: Sn, In,

Na, O).
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Figure 7.23 — Large-scale perovskite layer deposition by CVD. a) Picture of a perovskite layer
deposited on a 15 x 15 cm? glass/ITO substrate, the total area of the deposition is 225 cm?, b) X-ray
diffractograms of the perovskite film measured at the centre I), middle IT) and edge III) of the 15 x 15 cm?
perovskite layer in picture a), ¢) pictures of the Pbls layer deposited by PVD in a high vacuum chamber
(left), perovskite layer converted by the sequential hybrid PVD/CVD method (right), alongside thickness
measurements.
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Figure 7.24 — Large-scale CVD deposition on a 6 inch textured c-Si wafer. a) Picture of a perovskite
layer deposited by the PVD/CVD method on top of a textured 6 inch c-Si wafer, b) cross-section SEM of
the perovskite layer acquired at different locations (low magnification, left, high magnification, right), c)
corresponding X-ray diffractograms of the perovskite layer taken at different locations of that textured c-Si
wafer.
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FAI deposition by vapour transport
deposition

Abstract

In this chapter, we focus on the deposition of FAI using the VTD setup described
previously. First, FAI evaporation performed using the same parameters as for MAI
results in the presence of mostly ammonium iodide within the chamber. Optimising
process and system parameters (carrier gas flow rate, temperature of evaporation, gas
line temperature) did not enable to introduce FAI in the chamber. Thanks to TGA-MS
measurements, sym-triazine is identified as the main evaporation product of FAI. Due
to its low boiling point, sym-triazine does not react with the lead iodide template and
does not stick to the deposition table when depositing with the table at low temperature.
The mechanisms of sym-triazine formation and ways to prevent it are discussed and

investigated.!

'T want to particularly thank Niccolo Salsi for the help with respect to experimental work. Quentin
Guesnay and Dr. Quentin Jeangros for discussions. Finally, I want to acknowledge Léo Duchéne for the
TGA-MS measurements.
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8.1 Introduction

As already discussed in chapter 1, due to the lower thermal, moisture stability and
power conversion efficiency of MALI cells, research efforts are currently shifting towards
mixed-cation mixed-halide compositions. Besides the eventual gain in stability enabled
by switching from MA- to FA-based perovskites, in our particular case, the MA-based
perovskite has been found to degrade to Pbly during the deposition of the SnO9 buffer
layer (100°C for 60 min in vacuum, Figure B.23), making MA incompatible with our

current tandem process.

In this section, FA-based evaporations using the home-built VTD system described in
the previous pages are described. First, sublimation parameters used in the previous
chapter for MAI evaporations are transposed to FAI. The limitations and differences in
the evaporation of FAI are discussed and potential improvements are proposed.

8.2 Results and discussion

Only a few publications relate the fabrication of FA-based cell by CVD or PVD. From
literature, FAI is usually sublimed at a slightly higher temperature than MAI, and a Cs
precursor is incorporated into the Pbls template to prevent the formation of the undesired

264,266,267 Degpite those slight changes, FAI sublimations are

perovskite delta-phase.
carried out similarly as MAI. As a start, we use the same deposition parameters for FAI
as for MAI In comparison to the previous chapter, caesium is introduced the Pb template

by co-evaporating CsBr with Pbly or PbBry (0.1 A/s and 1 A/s, respectively).

Figure 8.1a shows X-ray diffractograms of the CsBr/Pbls or PbBry layers before and after
FAI sublimation in the VTD system. Deposition parameters are the same as the ones
used for optimised MAI depositions (Tiyeivie = 200°C, 800 scem, Tsypstrate = 140°C
Tpreheating = 150°C, Tyqs tine = 200°C, working pressure = 12 mbar, Duration = 2 h). For
those evaporation parameters, no reaction was found to occur in between the CsBr/Pbls
template and FAI, as evidenced by the absence of perovskite diffraction peaks. However,
an exchange of halides is observed for the CsBr/PbBry template, as highlighted by the
shift of the PbBry diffraction peaks to those of Pbly. These observations imply that no
FA cation reacts with the perovskite film. But the halide exchange from PbBrs to Pbls
confirms the presence of iodine (such as HI, I, I5), as observed in the MAT case (Figure
7.1). Similarly, depositions performed with a low substrate temperature (Tsypstrate =
80°C), analysed by liquid 'H NMR indicate mainly the presence of the ammonium cation
(Figure 8.1). The FA cation is also detected but in a small amount. Integration of the
protons from the 2 amines group of the FA molecule (8.5-9 ppm) suggests that for each
molecule of FA evaporated > 230 molecules of ammonium cation are observed (4 protons
from the 2 FA amine groups vs. 4 protons for NHyI). This observation indicates that
the FA cation degrades during sublimation of the molecule or during transport to the
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Figure 8.1 — FAI evaporation. a) X-ray diffractograms of CsBr/Pblz and CsBr/PbBr2 layers before and
after the evaporation, b) Liquid 'H NMR of the condensed organohalide (Tsypstrate = S0°C).

In order to assess which of the previous scenarios is the most likely, with the same
deposition conditions, the CsBr/Pbly substrate was placed directly into the evaporator.
The substrate was tapped onto the metallic plate that forces the carrier gas to pass
through the crucible, facing the evaporator exhaust (Figure 8.2a). The temperature of the
heating blanket surrounding the evaporator was maintained at 160°C (instead of 200°C)
to enable FAI deposition and perovskite formation. In this case, the perovskite was
observed to form in 2 h of deposition, as indicated by X-ray diffraction (Figure 8.2b). In
addition, a liquid "H NMR analysis of the perovskite film dissolved in DMSO-d6 confirms
the presence of the FA cation, without any trace of the ammonium cation (Figure 8.2c).
This result indicates that FAI evaporation is occurring within the evaporator and that
the transport or reaction within the chamber is the cause of the problem.

Few potential causes for the absence of FAI within the chamber can be listed. First, the
transport to the chamber could cause the degradation of the FA cation (temperature
of the gas line may be too high, the path to the chamber too long, kinetic energy from
collisions with the wall may break the molecules). Second, FA cations may condense on
the wall during transport, preventing organics from reaching the chamber. Third, the
residence time and concentration of the FA cations within the chamber may be too low
to initiate the perovskite formation. In the next section, we investigate the effects of FA
transport to the chamber.

8.2.1 FAI evaporation and transport to the chamber

One of the crucial parameters for organohalide transport to the chamber is the carrier gas
flow rate. As already discussed, the carrier gas flow rate has an impact on its temperature
at the entry of the evaporator, the residence time of the organics within the gas line and
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Figure 8.2 — FAI sublimation and deposition in the evaporator unit. a) Scheme of the evaporator
and the position of the Pbls substrate (top), picture of the converted perovskite layer (bottom), b) X-ray

diffractograms of CsBr/Pbls template before and after the evaporation of FAI, c) Liquid 'H NMR of the
perovskite film (dissolved in DMSO-d6).

pressure in the evaporator. The evaporation parameters from the previous experiment
are kept constant. Only the carrier gas flow rate is varied from 0 sccm (no carrier gas) to
1500 sccm. The results show that with no flux, only NH, " is condensing on substrates
placed in the evaporator, whereas once a carried gas is introduced (200-1500 sccm) only
the FA cation can be identified by both the FTIR and NMR (Figure 8.3). Three reasons
may explain this observation. 1) The carrier gas flow, which is colder than Teyyeipie, cOOlS
down the powder and prevents FA degradation. The effective temperature of the powder
is higher in the absence of the carrier gas and only FA degradation product such as NHy
and HI/I—- /Iy are observed. This scenario is not likely as the absence of FAI without
carrier gas is observed at each crucible temperature from 160-220°C (Figure B.24). 2)
In the absence of the carrier gas to transport the molecules, FA accumulates within the
bottom of the crucible and only the lighter NH, " cation might reach the substrate. 3)
Without any carrier gas, a mixture of gases (FA/HI/NH,) in steady-state leads to the
decomposition of the FA molecule. Even though the reasons of the FA absence in the
evaporator if no carrier gas is used could not be established, this effect shouldn’t be a
problem as the system is meant to work with the presence of the carrier gas.

A similar analysis (variation of the carrier gas flux 200-1500 sccm) was carried out within
the chamber by placing the substrate on top of the cold deposition table. Figure 8.4
displays the FTIR and liquid 'H NMR measurements of the deposition. No organohalide
is identified by FTIR due to the relatively low sensitivity of the method. However, NMR
spectra indicate the presence of the ammonium cation for the 800 sccm and 1500 sccm
cases (no deposition occurred in the case of 200 sccm). Here we think that the low flow
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Figure 8.3 — Organohalides deposition in the evaporator depending on the carrier gas flow rate.
a) FTIR of organohalides deposited on a silicon wafer placed in the evaporator. It is noteworthy to mention
that more FA are present with a flow rate of 200 sccm, which could be mainly attributed to the fact that,
at higher carrier gas flows, the FA molecule has more chance to exit the evaporator without sticking to the
silicon wafer, b) Corresponding liquid 'H NMR spectra. The intensities of the peak from the FA molecule
are normalised. The crucible temperature was set to 200°C for 2 h.

rate of the carrier gas (and thus reduced temperature) leads to the condensation of NHyI
within the gas line. The fact that the FA cation is observed in the evaporator for those
conditions but only the ammonium cation is detected in the chamber seems to indicate a
degradation during the transport to the chamber.

Similarly to what was done for MAI, the effect of the gas line temperature (in between the
chamber and the evaporator) is investigated. One might suspect the temperature used
so far (200°C) and optimised from the MAI depositions to be too high and thus to lead
to FA degradation during transport. Depositions with the substrate table maintained
cold were performed with a gas line temperature ranging from 100°C to 200°C. A FTIR
and NMR analysis of the corresponding evaporations is displayed in Figure 8.5. As for
MALI, lowering the temperature of the gas line below 150°C leads to the condensation of
the organohalides within the gas line (as no organohalide is detected). Unfortunately,
as shown in Figure 8.5b, lowering the temperature of the gas line (e.g. to 150°C) does
not prevent the formation of the ammonium cation. In short, reducing the temperature
of the gas line to prevent FA degradation on the way to the chamber did not help. But
similarly to MAI, it should be kept at a temperature higher than 150°C to prevent the
condensation of the organic material in the transport line.

The temperature of sublimation is the main parameter that dictates the evaporation rate
of the organohalides. Figure 8.6 presents a series where the temperature of the crucible
was varied from 130°C to 260°C. For that experiment, =~ 10 g of FAI powder was loaded
in the crucible (usually 1 g). Only the ammonium cation is observed in the chamber,
independently of the evaporation temperature. From literature, FAI is not expected to
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Figure 8.5 — Characterisation of the organohalides deposited in the chamber depending on the
gas line temperature. a) FTIR of organohalides deposited on a silicon wafer placed in the chamber, b)
Corresponding liquid 'H NMR spectra. The flow rate was set to 800 sccm and the crucible temperature to
200°C, deposition duration was 2 h.
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degrade at a temperature lower than 190°C, which is a temperature widely used for the
CVD of FAI?65267 Here again, rather than the degradation during the sublimation of the
organic molecules, the results suggest either degradation or material loss during transport.
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Figure 8.6 — Characterisation of the organohalides deposited in the chamber depending on
the crucible temperature (130-260°C). a) FTIR of organohalides deposited on a silicon wafer placed in
the chamber, b) Corresponding liquid 1H NMR spectra. The flow rate was set to 800 sccm, the deposition
duration was 2 h.

Different formamidinium salts (FABr and FACI) were also tested to rule out any effect that
could be associated only with FAI (less volatile, reaction with HI, different evaporation
products). Figure 8.7a presents the mass loss/h of the different FA salts as a function of
the evaporation temperature. One can see that FABr and FACI are more volatile than
FAIL As a result, the crucible temperature was set to 150°C (already more than 500 mg
evaporated in 1 h) instead of 200°C for FAI. For both FABr and FACI, the condensate was
analysed inside the evaporator and on the deposition table. In both cases, the results were
similar (Figure 8.7). Fresh FABr and FACI powder show a similar pattern as FAI in 'H
NMR spectra (the chemical shift of the amine group increases with the electronegativity
of the halide, Figure B.25).

In the evaporator, mostly the ammonium cation is observed with FABr and FACI with
some residual FA cation. In the FAI case, only FA was observed. However, in the
chamber, irrespective of the type of salt employed, only the corresponding ammonium
salt is observed. In conclusion, the evaporation of different formamidinium salts leads to
the same results within the chamber, excluding the possibility of a different evaporation
behaviour of FAIL. In addition, evaporating FABr and FACI leads to a change in the
composition of the CsBr/Pbls templates due to an exchange of halides (Figure 8.7d).
Diffraction peaks from CsBr/Pbly vanish after evaporating FABr or FACI, PbBrs or
PbCl, appears (the other peaks can be assigned to NH4PbI3).
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Figure 8.7 — Evaporation of FABr and FACI. a) Mass loss as a function of the crucible temperature for
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organics in the evaporator and on the deposition table, f) X-ray diffractograms of the Pbl> after FABr and
FACI exposure. PbBr2, PbClz and NH4Pbl3 diffractograms are displayed as references.

8.2.2 [Evaporation of FAI: is sym-triazine the culprit?

We performed TGA-MS on the FAI powder to determine the possible by-products forming
during its sublimation.? To the best of our knowledge, only one report conducted TGA-
MS on FAI powder and CsFAPbI3 perovskite layers.!! The authors found out that
CsFAPbDI3 perovskite cells, upon thermal stress at low temperature (< 95°C), releases
formamidine (FA+) as a result of the acid/base reaction (FAX —> FA™ + HX ), hydrogen
cyanide (CHN) and ammonia (NHs). Interestingly, sym-triazine (C3H3N3), which is an
heterocycle formed by the condensation of 3 FA molecules when releasing ammonia, was
observed as a degradation product at a higher temperature (> 95°C). The FAI powder
was found to sublime in a similar way. However, sym-triazine and FA seem to appear at
a higher temperature (> 250°C). Here, we performed a TGA-MS analysis at different
temperatures similar to those used in our VTD setup. Figure 8.8a shows the temperature
profile used during the experiment, starting from 50°C and up to 240°C. First, the
temperature was increased until 160°C at ~ 5°C/min and then the temperature was

2The author wants to acknowledge Léo Duchéne who carried out the TGA-MS measurement.
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stabilised for 30 min to reach a steady-state evaporation condition. The temperature
was then increased stepwise by 20°C and stabilised for 30 min at each temperature until
240°C, as it was done with MAI. For that experiment, all the m/z ratios already used
for the MS experiment of the MAI molecule are included (see table 7.1). In addition,
several additional m/z ratios displayed in the table 8.1 were added.'® Only the m/z
ratios for which an intensity was observed are displayed in Figure 8.8b-h. One can clearly
conclude that up to 200°C, apart from the sym-triazine parent peak and fragment, no
other chemical species are detected with sufficient signal. FA (m/z = 44), MA (m/z = 30)
and NH3™ or NH3™ (m/z = 17-18) appear at 220°C in very small concentrations. For the
isotherm at 240°C, all the chemical species mentioned above increase in concentration. In
addition, degradation products such as CHs" (m/z = 15), CH3l" (m/z = 142), I'" (m/z
= 127) and CHN (m/z = 27) appeared. It is noteworthy to mention that the decrease
of all species at the end of the isotherm at 240°C emanates from the fact that most
of the powder loaded in the crucible at the beginning of the experiment had already
sublimed. Sym-triazine is the only molecule that appears for each isotherm (starting even
at 160°C). And even if the quantification is not straightforward due to potential material
losses during transport to the MS unit, sym-triazine is by far the main chemical species
forming during FAI evaporation. In addition, it is interesting to note that the parent FAI
molecule never appears in the MS scans. This absence suggests, as for MAI, that the
evaporation of FAI occurs by the evaporation of FA cations and the halides separately.
The reaction with Pbls to form the perovskite involves a reversible acid/base reaction
in between FA and hydrogen halide, as for MAIL?®3 The non-isothermal TGA-MS data
(25-400°C) indicates that at temperatures > 260°C the molecule seems into dissociate
to CHy ™ and NH3 ™" rather than to evaporate as FAI or FA (Figure B.26). As a result,
evaporation temperatures lower than 240-260°C should be used.

Among all the molecules identified with TGA-MS, except the NH; ™ cation (that forms
from the reaction between NHz and HI) and traces of FAI, none of the other molecules
were detected by FTIR or NMR inside the deposition chamber of the VTD system (Figure
8.6). This discrepancy can be explained by the fact that all the molecules sublimed are
either gases in ambient conditions (NHs, NHy ", I, HI), not stable (CH3 " reacts to form
CHsl or CHy), or too volatile to stick to a surface at 80°C (CHsI bp = 42°C, CHN bp =
26°C, sym-triazine bp = 114°C).

137



FAI deposition by vapour transport deposition

Chapter 8.

‘z/w 18 pue §¢ e (ENEHED) aurzeny-wids pue (NO(H)-NDH) yuewsery suizerry-wids (8 ‘z/w gg
1e (HNEHD) wnmuouwrwre[Ayjowt (Y ‘z/w LgT () swpo] (J ‘z/w Lg 18 (NHD) opluedd us8oipAY (o ‘Y, WO padpul Sl 919y uolnqgrijuod ayj Jey) ssoddns ueos om ‘z/w
65-8G 1e ead juared oY) Jo 9OULSCE 9Y) 0) NP ‘I0AdMO] ‘uolyeiodess YN woy (-, 9[qe) 99s) z/w F§ pue gj je sessew juasard osfe NE(EHD) woly sjuewSes] z/ur

vy Pue gy ve (EHENDH) oulptwewio) pue (ENHD) dprureuedd (p ‘z/w gl pue ¢T je (JEHD) oueyjowopor pue (EH)) dnoid (Ayjour (o ‘z/ur g1-AT ¥e (L VHN) uores

wniuouwrure pue (€N ) eruowwry (q ‘(D 0%g-091) syuowrrodxo urioyjost SIN-

(D,) @unjesadwa |

0S¢ -1

VDL oY3 jo opyord aunjersdwa], (B ‘TV JO sisA[eue SIA-VO,I, [BWLISYIOST — 8'8 2an31

(unw) awr g (uiw) swiy (unw) swi g
00z S/ 0L G2k 00L S. 0§ S 0 00z S/ 0SL SgL  00L §L 05 S 0 00z S/L  0SL SZL  00L SL 05 G2 0
0 ) 0
- - - -
o o s . o @ s .. o
S o054 S o5 g21- g 3 821-§
m o o o o
g 00 g 00 5 3 5
£ o5y £ osl o Lz 8 o e S e e Lva- 8
@ ooz © = @ , =
3 - Feov 3 Z S s 4 ) Z
05z - Ac_Ev, e voi- = 05z ! oz (4 =~ o0zL-
' 'L (unw) swi (uiw) swi)
. o0c_ s osh gk o0v & 08 s 0 00z S/ 05 Sk 00L S. 05 ST 0 00z S/ 0sh Szb o0b S, 05 S 0
4 0 el
m e I3 @ -
3 3 5] g Lezi- g
o w 2 B 2
o 3 < o FozL- g
£ g 3 g 5
3 H 3 g tre- S
—_ (0] \.” @ -
s = = ] Feza->
~ s} ke] (00} = W) +EHD. =

(uw) swny ®
7 002 GLL 051 gcl 00l 7 0S 4 0 002
N 40 o€l L0
) L grpe =
3 097 ge-g S os
° [ g7
@ 00} 9zl ] .m
L Fyz- 3 o
£ o5l 3 =
N S S R S SRt B Fez- = F
— 00Z S 2
5 = —l L 3
o T =
< ez i i {[00vy = W) +eNvHO o 2 46z
(unw) swi g (unw) awiy (o) swiL
00z SLL 0S1 141 00l SL 0s 14 0 coow SLL 054 gcl 00l SL 0s 14 002 SLL 051 szl 00l 7] 0S sz 0
@ ; : : | ! : : _ 7 B T T T T - T ol _
3 3 ER 3 3
e 2 @ 00l 3 2
g 3 g 3 S
€ £ o5l o g @
3 2 3 g g
- S — 002 B - H z
= o N — >
A = o5z 4 i [(00zy = W) +NYHZO o
6

138



8.2. Results and discussion

124 ‘ ‘ ‘ ‘ 250
sym-triazine (M = 81.00) | ! | | |
sym-triazine (M = 54.00) !
CH4N2+ (M= 44.00)
254 o ! - 200
z 5
< F150 &
£ 12,6 - g
:
c -100 2
2 4274 @
- 50
-12.8 1 Figure 8.9 — TGA-MS analysis of FAI at
‘ ‘ ‘ ‘ ‘ ‘ o (200°C). Only FA and sym-triazine (plus frag-
0 25 50 75 100 125 150 ment) are identified for this isotherm. FA signal
Time (min) is constant for the first 75 min before decreasing.
m/z | Ion ‘ Molecule/Fragment
17 | NH3™" NH; parent peak
18 | NH, ™" NH; + H' proton transfer HoO parent peak
27 | CHN* CH3NH; fragment
28 | Not Ny parent peak
44 | HCN2H;3 Formamidine parent peak
54 | HCN—(H)CN | Sym-triazine fragment
80 | C3HsN3 Sym-triazine
81 | C3H3N3 Sym-triazine
172 | CH5N,IT Formamidinium iodide parent peak

Table 8.1 — Thermal degradation fragment of formamidinium iodide in the literature!®?

It is not clear for now whether sym-triazine is a direct product of the evaporation of FAI
or if it forms shortly after evaporation due to the condensation of the FA molecules in
the vapour phase. FA molecules are not detected anymore in the vapour after few tens
of minutes at 200°C (Figure 8.9). On the other hand, sym-triazine is detected over the
entire duration of the experiment. This difference indicates that FA may evaporate first
but then quickly reacts to form sym-triazine.

The FA cation is known to react through a condensation reaction to produce sym-triazine
and ammonia according to the reaction presented in Figure 8.10. The reaction occurs
due to the nucleophilic attack of the carbon by the amine group of two FA molecules
(Figure 8.10b), leading to a linear dimer, which releases ammonia as a by-product. The
presence of a third FA molecule enables the reaction to occur one more time, resulting
in the closure of the heterocycle ring (sym-triazine). Sym-triazine is produced in high
yield by condensation of FACI molecules in a basic solution and in the vapour phase.
Increasing the temperature and reducing pressure pushes the reaction in favour of the
sym-triazine production.??"2% As a result, VID/CVD conditions, where the powder is
brought to a high temperature at a reduced pressure (1-12 mbar), tend to strongly shift
the equilibrium towards the sym-triazine formation, probably in a more drastic way than
during the TGA-MS measurement.
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Figure 8.10 — Reaction of formamidine to form sym-triazine. a) Total reaction of formamidine to
form sym-triazine and ammonia, b) detailed chemical mechanism of the reaction depicted in a).

8.2.3 Sym-triazine as a precursor?

Sym-triazine appears to be the main molecule forming during the evaporation of FAIL.
We will now focus on its implication as a product of the evaporation in the VTD system.
Sym-triazine has a melting point in between 81-86°C depending on the presence of
impurities and evaporates at 114°C. The evaporation process does not lead to any sign of
degradation and the vapours produced are stable up to 600°C before degradation into
hydrogen cyanide occurs.??® As a result, one would suspect that once the sym-triazine
forms within the system, either during evaporation or during transport to the chamber,
the molecule stays pristine during the whole process. Figure 8.11 presents the liquid NMR
(*H, 13C, 2D 'H-'H COSY) and FTIR characterisation of a commercial sym-triazine
powder (97%, Sigma-Aldrich). For the NMR characterisation, the fresh powder was
directly dissolved in DMSO-d6.

'H NMR measurements show mostly a singlet at 9.3-9.4 ppm, which corresponds to the
protons attached to the carbon on the heterocycle ring. Several other peaks appear (7-9
ppm and 1.7 ppm). However, integrating the signals compared to the main sym-triazine
peak reveals ratios from 1 to 0.06 at best. This suggests that those peaks come from the
impurities of the purchased product (purity = 97%) rather than from the sym-triazine
molecule itself (Figure 8.11a). 3C NMR data also show one sharp peak at 166 ppm
which correspond to the three equivalent carbon atoms present in the heterocycle ring.
2D 'H-'H COSY NMR does not show any cross-peak as each proton are separated by 4
bonds (Figure 8.11b). For FTIR, the sym-triazine powder was dissolved in IPA (0.5M)
and spin-coated onto a silicon wafer. The substrate was annealed at 60°C for 10 min to
remove traces of IPA. The typical triazine ring vibration (heterocycle vibration) occurs
at 824 cm~!. In addition, the aromatic C-N and C=N stretching vibrations appearing
in the 1200-1700 cm ™! region confirm the presence of the nitrogen substituted aromatic
ring (Figure 8.11c).
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Figure 8.11 — Characterisations of sym-triazine. a) !H-proton NMR of sym-triazine in DMSO-d6
(middle), 3C-carbon NMR (bottom), b) 2D 'H-1H COSY, c) FTIR data.

To confirm the fact that sym-triazine does not react with Pblsy, a sym-triazine solution
(0.5M in IPA) was spin-coated onto a Pbly template and annealed at 130°C. Figure 8.12
displays X-ray diffractograms of the fresh CsBr/Pbly template and after sym-triazine
spin-coating. One can see that no difference in between the XRD patterns is observed,
indicating that sym-triazine is not reacting with the template. As a next step, an
evaporation of sym-triazine was carried out in the VID system in a similar way as
FAI/MAI evaporation (Tirycivie = 200°C, 800 scem, Toypstrate = 80°C , Tpreheating =
150°C, Tyqstine= 200°C, working pressure = 12 mbar, Duration = 2 h). Here the
temperature of the substrate was kept at low temperature to try to condense the organic
molecule onto the deposition table. Furthermore, a CsBr/Pbls substrate was also placed
onto the deposition table, once again to establish if the substrate would react with the
organic molecule(s). Liquid 'H of the condensate and the dissolved CsBr/Pbly substrate
indicate no presence of sym-triazine in both cases (Figure 8.12b), confirming the fact that
sym-triazine does not to react with the lead template. The same results were obtained
by FTIR spectroscopy (Figure 8.12¢): no sym-triazine was detected in the evaporator.
These results imply that sym-triazine formed during the evaporation of FAI does not
absorb on ¢-Si or CsBr/Pbly templates.

The formation of sym-triazine during the process prevents the fabrication of FA-based
perovskites. It is of significant importance to either prevent the formation of this molecule
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Figure 8.12 — Evaporation of sym-triazine. a) X-ray diffractograms of a Pbly layer spin-coated with
sym-triazine, b) Liquid 1H NMR of the sym-triazine powder, sym-triazine evaporated on the deposition table
and corresponding Pbly layer on the deposition table, ¢c) Corresponding FTIR data.

or to find a way to reverse the reaction to form FA from sym-triazine. We have already
seen that preventing the formation of sym-triazine is challenging as the reaction of FAI at
high temperatures and low pressures leads to the formation of sym-triazine with a high
yield.?7 The latter solution, i.e. the reversible reaction from sym-triazine to FA, is more
promising to enable the formation of FA-based perovskites. The simplest way to do so is
to favour the chemical reaction presented in Figure 8.13a.?% Primary amines, such as
ammonia have been found to cleave the heterocycle ring through a nucleophilic attack of
the carbon within the aromatic ring, as shown in Figure 8.13a. Ammonia could be used
as a carrier gas (NHs) instead of nitrogen. However, as ammonia is corrosive to metals
and o-rings, it currently limits our capability to test this approach.
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Figure 8.13 — Chemical degradation reaction of sym-triazine by primary amines. a) overall
reaction with ammonia as amine source, b) detailed mechanism of the nucleophilic attack of ammonia for the
ring cleavage of sym-triazine, resulting in the formation of formamidine.
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8.2. Results and discussion

As similar approach, without having to deal directly with ammonia is to use an ammonium
halide NH4X instead. The reaction of sym-triazine with ammonium chloride (NH4Cl)
in boiling ethanol leads to the formation of FACL3"? Here we tried to reproduce the
same reaction in the vapour phase. To do so, we loaded in the evaporation crucible 1 g
of sym-triazine with an additional 1 g of NH4Cl. The evaporation was done at 200°C
with the deposition table at low temperature to condense and characterise the deposited
molecule (Tcrucible = 200°C, 800 scem, Tsybstrate = 80°C ) Tpreheating = 150°C, Tgasline:
200°C, P = 12 mbar, duration = 2 h).

Figure 8.14b-c displays the FTIR and 'H NMR data of the condensate. In both cases, we
can clearly identify the presence of NH4Cl as expected from the evaporation of NH,Cl,
which leads to the formation of NH; ", NHz and HCL. More interestingly, we can also
observe in the '"H NMR spectrum the presence of the typical signature of FA, which
according to the position of the amine peaks correspond to the FACI molecule. These
results indicate that the reaction of sym-triazine with NH4Cl in the vapour phase is
similar to the one occurring in solution.?%° It also underlines the fact that the reaction
of sym-triazine to form FA-halide molecule is reversible. These results suggest that
formation of a FA-based perovskite layer through the evaporation and ring cleavage of
the sym-triazine is possible.
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Figure 8.14 — Reaction of sym-triazine with NH4Cl. a) chemical reaction of the formation of FA from
sym-triazine and ammonium chloride, b) FTIR measurement of spin-coated sym-triazine and NH4Cl on a
silicon wafer, c) Liquid 'H NMR spectrum of the condensate. The presence of the FACI molecule suggests
that the reaction in a) takes place during evaporation or the transport to the chamber.
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8.3 Conclusion

In this chapter, we investigated the evaporation of FA-halides using the home-built VTD
setup described in chapter 6. First, evaporations were carried out by using the evaporation
parameters used for MAI in the previous chapter. However, FA-based perovskite layers
could not be formed using those parameters. More importantly, no or few traces of
FAI could be detected in the deposition chamber after its sublimation. On the other
hand, FAI could be detected and FA-based perovskites formed if substrates were placed
directly inside the evaporator. Attempts to introduce FA into the deposition chamber
by modifying the process parameters (such as crucible temperature, carrier gas flow
rate, temperature of the gas line, evaporation of different FA-halides) all failed. Detailed
analysis of the FAI evaporation products by TGA-MS reveals that sym-triazine (formed
by the trimerisation of three FA molecules) is the main product of the evaporation. And
sym-triazine does not react with Pbly and does not condense on substrates, irrespective
of their temperatures. The molecule is suspected to be formed during evaporation or
transport to the chamber. Pathways to prevent the formation of the sym-triazine are
discussed and investigated. Amongst them, the reversible reaction of sym-triazine with
ammonia or ammonium halide leads to the formation of FA-halides within the deposition
chamber. While further work is needed, sym-triazine may be an alternative precursor to
produce FA-based solar cells. Owing to its large manufacturing volume and high vapour
pressure, sym-triazine thus represents a promising precursor alternative for low-cost,
high-throughput vapour-based perovskite solar cells.
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Vapour transport deposition
of perovskites: general conclusions
and perspectives

9.1 Conclusions

In the second part of the thesis, we discussed the possibility of replacing the organohalides
spin-coating described in chapter 2 by a vapour transport deposition step. VITD appears
as a more favourable option in view of industrialising double-side textured perovskite/c-Si
tandem cells compared to spin-coating. To do so, we developed a custom-made vapour
transport deposition chamber that separates the organohalide evaporation and deposition
zones, decoupling evaporation conditions and substrate temperature. Using MAI as
organohalide precursor and a PVD-deposited Pbly layer, we produced 12%-efficient
perovskite solar cells. Thanks to the presence of the showerhead and the large deposition
chamber, our system can accommodate up to one industrial 6 inch silicon wafer. In
that regard, homogeneous MaPbls perovskite layers were formed on 15 x 15 cm? ITO
substrate. Perovskite layers fabricated with this method were also shown to conformally
coat a 6 inch front-side textured c-Si wafer. Switching to a FAI precursor leads to one
main issue preventing the conversion to the perovskite: the formation of sym-triazine
during the evaporation or transport through the chamber. Here, we discuss different

pathways to solve it by upgrading our system."

9.2 Perspectives

Many research laboratories reported the fabrication of FA-based perovskites by vacuum
deposition either using co-evaporation from multiple sources in a high vacuum chamber
(PVD approach)?42:301 or by CVD.252:264267 Thig suggests that the problem encountered
here is mostly related to our setup. Most of the FA-based perovskite fabrication routes
by PVD or CVD have the substrates relatively close to the source. This enables a high

'T want to particularly thank Nathanaél Miaz, Cédric Bucher, Quentin Guesnay, Aymeric Schaffliitzel
and Dr. Quentin Jeangros for all their contributions, through new idea, simulations, designs on solidworks,
discussions and brainstorming
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concentration of organohalides by having either a relatively small reaction chamber such
as a tube furnace (CVD) or by reducing the overall working pressure to increase the
vapour pressure of the organics (PVD). The issues discussed in the previous chapter
(formation of sym-triazine, organohalides loss due to transport, FAI degradation, low
vapour pressure of FAI) are likely to occur in these standard PVD and CVD chambers,
however less dramatically that in our system, as evidence by the fact that perovskite
formation still occurs in the evaporator unit (Figure 8.2). Overall, these issues specific to
our VTD setup call for a modification to the system design, which is discussed in the
next paragraphs.

9.2.1 Design of a new evaporator

A first issue to correct is related to the temperature control of the evaporator. In its
current design, the thermocouple used to control the evaporation temperature is directly in
contact with the crucible. While it is the best way to read its temperature, we found that
the temperature reading might be slightly different from one evaporation to the other due
to the fact that the thermocouple might have a different contact angle with the crucible.
In addition, the thermocouple was found to bend with time. In the new evaporator design
(Figure 9.1) the thermocouple is now directly integrated within the heating unit, which
promises a more reproducible temperature control from one evaporation to another.

We already have discussed the fact that forcing the colder carrier gas directly into the
crucible is problematic. In the new evaporator design, the geometry is tailored so that
the carrier gas picks up the organic vapours without cooling the powder. In turn, this
additionally increases the precision of the temperature control of the powder during the
evaporation. Furthermore, the new evaporator design is smaller. This lighter design also
enables the evaporation unit to cool down more rapidly and thus to reduce the dwell time

in between evaporations.
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Figure 9.1 — Design of a new evaporation
unit. Cross-section of the new evaporator unit.
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9.2.2 Reducing the path length and residence time of the organic to-
wards the chamber

Organohalides transport to the chamber is one of the main issues at this stage as FAI
molecules may degrade, form sym-triazine or condense in the tubes. For now, a distance
of 1.7 meter separates the evaporator outlet from the chamber inlet. Ideally, we would
like to reduce the length of the tube as much as possible. By lifting the evaporator unit
at the height of the chamber, the distance from the evaporator to the chamber could be
reduced to 0.5 meter. Ideally, the diameter of the tubes should be increased to prevent
adsorption and degradation during transport.

9.2.3 Increasing the temperature of the carrier gas before the evapo-
rator

For now, even with the additional heating blanket upstream the evaporator, for a mild
carrier flow rate of 800 sccm, the temperature of the gas entering the evaporator barely
reaches 65°C. This temperature is below the sublimation temperature of organohalides,
hence reducing evaporation yield. Poor thermal heating in our current system comes
from the fact that the residence time of the gas through the preheating unit is short. In
the next design, the tortuosity of the gas path will be increased to maximise residence
time and hence increase the carrier gas temperature.

9.2.4 Adding a halide source

As we have seen in the section 8.2, exposing PbBry to FAI vapours leads to an exchange of
halides, which is of major importance for the fabrication of perovskite/c-Si tandem cells.
As the discussed in the literature review chapter, the band gap of the perovskite top cell
should be on the order of 1.7 eV to reach maximum performance. This mainly implies that
bromine should be introduced into the lattice (assuming a caesium content of 10-20%).
However, bromine introduction in the CsBr/Pbls layer during thermal evaporation is
cancelled by exposure to the iodine vapour during the CVD step, leading to a lower
band gap in the absence of a Br post-treatment. The goal here is to add (an) additional
source(s) to the chamber to be able to introduce different halide vapours independently
from the organic source. The source will consist of a simplified version of the organic
source. Candidate materials include I, HI, Bro, HBr. In addition to band gap tuning,
the introduction of halide vapours is interesting if the organics source is halide-free (e.g.
sym-triazine, formaminidium acetate or simply formamidine). FAI evaporates as FA
and HI, which suggests that both FA and HI should be present at the same time at the
substrate surface to form the perovskite.?>® As observed in the TGA-MS experiments, FA
and I/HI are not present in large quantities which in turn, reduces the probability of the
event. This might explain the absence of FAI in the deposition chamber. FA might be
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too volatile to stick to the deposition table if no halides are present at the same moment
to form FAI. Introducing a halide source in the chamber to increase the vapour pressure
of the halide might also facilitate the perovskite formation.

Overall, these reactor modifications (and others) should help achieving the aims of next
research projects: making high efficiency perovskite/c-Si cells on 6 inch double-side

textured c-Si wafers.
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Concluding Remarks

The aim of this thesis was to develop highly efficient monolithic perovskite/c-Si tandems
where the perovskite top is as a mere add-on to the ¢-Si bottom cell. This meant that the
perovskite top cell must i) feature a band gap with a complementary absorption profile
to ¢-Si, ii) be compatible with the fabrication constraints imposed by the bottom cells
(low thermal budget imposed by SHJs, compatibility with the front-side texture of the
¢-Si cell), iii) use fabrication methods compatible with a deposition on 6 inch c-Si wafers
textured on their front side, while iv) still exhibiting high performance and stability.

Due to the requirement of depositing the perovskite top cell on textured c-Si wafers,
traditional wet-chemical perovskite deposition routes were ruled out as the perovskite
absorber thickness is typically one order of magnitude thinner than the c-Si pyramidal
features it needs to cover. To coat conformally textured c-Si wafers, we developed a
sequential hybrid PVD/SP method. The PVD of the inorganic template is primordial to
ensure that textured substrates are homogeneously covered over large areas. We found
that different c-Si textures yield different Pbl, morphologies as local shadowing effects
during deposition play a critical role. Sharp pyramids yield a porous Pbls template
that facilitates the infiltration of organohalides and the formation of the perovskite. On
the other hand, smoother surface textures result in denser templates and in incomplete
perovskite conversion as Pblsy clusters are observed within valleys. To reach suitable
perovskite band gaps for a tandem integration, caesium-halides were co-evaporated with
Pbly and different ratios of formamidinium iodide and bromine were incorporated during
the spin-coating step.

When including such top cells in tandems, the recombination junction was found to
have an important role to reduce the impact of defects that may be present in the
perovskite top cell and to prevent a dewetting of the small molecule HTL during the
perovskite crystallisation process. In that regard, a recombination junction based on
nanocrystalline silicon showed a great potential and enabled the fabrication of monolithic
2T perovskite/SHJ tandems with a PCE over 25% when using double-side textured
c-Si wafers. The perovskite deposition workflow and recombination junction developed
here were transposed to different cell polarities and ¢-Si bottom cell technologies, e.g.
cells based on p-type wafers contacted by high-temperature passivating contacts. This
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emphasises the versatility of the process flow developed here.

Further improvements in efficiency to reach an efficiency over 30% for such designs include:
i) the reduction of parasitic absorption in the front electrode and contact stack (using
screen-printed Ag, a wide band gap TCO and by thinning down the thickness of the
Cgo/Sn0Oy stack), ii) reducing recombination at the perovskite/charge selective layer
interfaces (by doping the charges transport layers and/or introducing passivation layers),
iii) increasing the perovskite band gap to reach a higher V.

In the second part of this thesis, we replaced the organic spin-coating step by a CVD
one. The goal here was to benefit from the large-area deposition capability enabled by
vapour-based techniques compared to spin-coating. We introduced a custom-made vapour
transport deposition setup to expose the Pbly template to organohalide vapours and
convert it to the perovskite phase. This reactor can accommodate up to one 6 inch c-Si
wafer. Depositing methylammonium iodide with this setup resulted in functional cells
and conformal perovskite coatings on 6 inch textured c-Si wafers. On the other hand,
depositions with a formamidinium precursor were found to be more challenging due to
the formation of sym-triazine as by-product. Still, we could show how sym-triazine can
be cleaved to form formamidine again, highlighting that sym-triazine may potentially be
used as a new precursor for perovskite fabrication.

To conclude, this research made several key contributions to the field of perovskite solar
cells, most notably the first perovskite/c-Si tandem breaking the 25 % efficiency mark
thanks to the use of a ¢-Si bottom textured on both sides, an optically optimised system
directly compatible with industrial ¢-Si process flows. Owverall, results obtained here
and by the community in general are encouraging regarding the industrialisation of
perovskite/c-Si tandems. The record efficiency of these devices is now 29.15% (from
13.8% in 2015), value that will certainly overpass the 30% barrier in the coming years,
at least on small active area. Oxford PV recently claimed that they managed to reach
tandem efficiencies over 25% with 6 inch c-Si wafers, another important step towards
the industrialisation of this technology. Still, several questions remain unanswered such
as whether the perovskite top cell can be deposited with a high-yield and throughput
comparable to what is achieved in c¢-Si production lines, maintain manufacturing costs
at a minimum, remain efficient when included in industrial modules, and can match the
operational stability of ¢-Si modules with less than 1-2% of relative degradation per year
for 20-25 years. The journey before perovskite/c-Si tandems become commercial is still
paved with several difficulties, but recent advances, including those emerging from this
research, are promising.
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Y Fxperimental Details

A.1 Perovskite solar cell fabrication

A.1.1 Planar n-i-p solar cells

Glass/FTO (15 Ohm/sq, Solaronix) or Glass/ITO substrates (15 Ohm/sq, Kintec) were
cleaned by an oxygen plasma treatment and followed by a UV-Ozone treatment for 15

min.

ETL

chapter 3

First, ~ 8 nm of Cgg (> 99.95%, NanoC) was thermally evaporated to form the electron
transport layer in a Lesker MiniSPECTROS system, with a substrate temperature of
30°C and a base pressure of < 1.5 x 1076 Torr.

chapter 7

1 nm of LiF (> 99%, Sigma Aldrich) and 6 nm of Cgp (> 99.95%, NanoC) were thermally
evaporated to form the electron transport layer in a home-built evaporation system at a
substrate temperature of 30°C and a base pressure of < 1.5 x 107% Torr. For PCBM cells,
PCBM (> 99.95%, NanoC) in solution (10 mg/ml in Chlorobenzene) was spin-coated on
top of the FTO substrate at 3000 rpm for 30 s in an inert atmosphere.

Perovskite for MAPDbI3 cells

150 nm Pbly (> 99.99%, Alfa Aesar) was evaporated in a Lesker MiniSPECTROS
evaporation system. The Pbly layer was transformed to the final perovskite phase by
spin-coating a solution of methylammonium iodide (0.346 M, Greatcell solar) in ethanol
at 3000 rpm for 30 s using dynamic solution dispensing in an inert atmosphere, followed
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by annealing (120°C, 30 min in a N).

Mixed-cation, mixed-halide perovskite cells

Pbly (> 99.99%, Alfa Aesar) and Csl (> 99%, Abcr) were co-evaporated (165 nm for
Cs;MA;_,Pbls and 180 nm for Cs,FA;_,Pbl(;—,Bry)s.). The Csl evaporation rate
was fixed to 15% of the Pbl, rate, corresponding to an atomic Cs:Pb ratio of 0.19 (by
RBS and EDX). The Pbly/Csl layer was transformed to the final perovskite phase by
spin-coating a solution of methylammonium iodide (0.346M, Dyesol) or a mixture of
formamidinium bromide:iodide (2:1 molar ratio, 0.445M, Dyesol) in ethanol at 3000
rpm for 30 s using dynamic solution dispensing in an inert atmosphere, followed by an
annealing step (Cs;MA;_,Pbls: 120°C, 30 min in glovebox, Cs,FA;_,Pbl(1_yBry)s:
150°C, 30 min in ambient air, =~ 30%RH). The stoichiometry of the film depends on the
template composition, the organohalide concentration in the solution and the spin-coating
parameters (e.g.. spin speed). The optimal concentration of the organohalide solution
required was determined empirically and depends on the Pbly/Csl template thickness.

HTL

Then, a solution of spiro-OMeTAD in chlorobenzene containing 72.3 mg/mL of spiro-
OMeTAD (> 99.5%, Lumtec), 28.8 ul/ml ot 4-tert-butylpyridine (> 96%, TCI), and 17.5
pl/ml of 520 mg/mL lithium bistrifluoromethylsulfonyl imide (> 97.0%, Sigma-Aldrich)
in acetonitrile) was spin-coated at 4000 rpm for 30 s.

Opaque and transparent electrodes

For opaque design, 100 nm of gold was evaporated at a rate of 1 A /s. The active area of
the cell was 0.25 cm? if not stated otherwise.

The transparent electrode consisted of a 20 nm-thick MoOy (> 99.98%, Sigma Aldrich)
buffer layer deposited by thermal evaporation at a rate of 0.5 A/ s and 100 nm of indium
zinc oxide with a resistivity of ~ 55 Ohm/sq deposited by sputtering in a home-built
system (4 inch target: 90% InyO3 + 10% ZnO; base pressure < 2 x 10~% mbar; working
pressure: 2.2 mbar, power: 7T0W).1%8 Au (130 nm or Ag 130 nm, for 5 x 5 cm? tandems)
was thermally evaporated through a shadow mask to form the metallic front grid. For
the large area tandem cells, the metal fingers shaded about 3.8% of the total aperture
area. Finally, an anti-reflective coating (= 100 nm of MgFy, > 99.99%, Umicore) was
deposited on the cells by thermal evaporation.
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A.1.2 Planar p-i-n solar cells
HTL

First, 12 nm of 2,2’,7,7'-tetra(N,N-di-tolyl)amino-9,9-spiro-bifluorene (spiro-TTB, >99%,
Lumtec) was thermally evaporated to form the hole transport layer in a home-made
evaporation system (base pressure of < 2.0 x 107% mbar, working pressure of < 3.0 x 1076
mbar, evaporation rate of 0.2 A/ s measured by a quartz crystal monitor, aluminum oxide
crucible, power applied of about 40 W, reached with a ramp-up of 10 W /min, substrate
holder at room temperature).

Mixed-cation, mixed-halide perovskite cells

The perovskite absorber was then deposited using the sequential two-step PVD/SP
method. First, Pbly (>99.99%, beads from Alfa Aesar) was co-evaporated with CsBr,
CsI and CsCl (>99.99%, Abcr) in a Lesker MiniSPECTROS system (base pressure of
< 2 x 1079 mbar, working pressure of < 5 x 1076 mbar, evaporation rate of 1 A/s for
Pbl, and various ones for Cs-halide, as-measured by quartz crystal monitors, aluminum
oxide crucibles, evaporation temperatures of ~ 325°C for Pbls, reached with a ramp up
of 20°C/min, and of &~ 400-480°C for Cs-halides, reached with a ramp up of 20°C/min,
substrate holder at 30°C). Subsequently, a mixture of formamidinium bromide and iodide
(various FAL:FABr ratios, reference of 1:2, FAL:FABr), in various molarity (reference of
0.513 M) in ethanol, (Greatcell solar) was spin-coated onto this template layer. This step
was performed using dynamic solution dispensing at various spin speed (ref = 4000 rpm)
during 30 s in an inert atmosphere. The layers were then annealed at 150°C for 30 min
in ambient air to crystallise the perovskite absorber.

ETL

An electron-selective stack of LiF (1 nm, 99.98%, Sigma-Aldrich)/Cgp (15 nm, > 99.95%,
NanoC) was then thermally evaporated in a home-made evaporation system without
breaking the vacuum in between these two depositions (base pressure of < 2 x 10~% mbar,
working pressure of > 3 x 107% mbar, evaporation rate of 0.1 A/S for LiF and 0.3 A/s for
Cgo as-measured by quartz crystal monitors, aluminum oxide crucibles, power applied to
the sources of ~ 180 W for LiF, reached with a ramp-up of 40 W/min, and ~ 80W for
Ceo, reached with a ramp of 20 W /min, substrate holder at room temperature).

Opaque and transparent electrodes

For opaque design, 120 nm of Ag was thermally evaporated at a rate of 2 A /s over the
surface. The active area of the cell was 0.25 cm? if not stated otherwise.
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For semitransparent cells, after the Cgg deposition, a buffer layer of 10 nm of SnOy was
deposited by atomic layer deposition using an Oxford instrument system at 100°C using
tetrakis(dimethylamino)tin and H2O as precursors. 110 nm of indium zinc oxide (IZO)
was then sputtered in a home-built system using a 4-inch target (90% InaOs + 10% ZnO)
with an RF power of 70 W (sheet resistance of 27 Ohm/sq). 120 nm of Ag was thermally
evaporated at a rate of 2 A/ s over the surface or through a shadow mask to form the
front metal grid of 2T tandems. An anti-reflective coating of MgFy (100 nm, > 99.99%,
Umicore) was thermally evaporated at a working pressure of < 1 x 10™° mbar (base
pressure of < 1 x 107° mbar) at a rate of 2 A /s as-measured by a quartz crystal monitor.
The final tandem cell active area, defined by the size of the IZO front electrode deposited
through a shadow mask, was 1.81 cm?, while the aperture area defined by the inside part
of the metal frame was 1.42 cm?.

During all layer depositions by thermal evaporation, the deposition rate was first stabilised
to the targeted value before opening the substrate shutter. All thicknesses in this section
are given for KOH-textured crystalline silicon substrates unless stated otherwise. These
are determined by dividing the thicknesses deposited on flat glass witness samples by 1.7.

A.1.3 Vapour transport deposition of the organohalides

For cells produced by the sequential PVD/VTD process, the Pbly layer was taken out of
the glovebox in air and placed onto the VID deposition table (temperature of 80-160°C).
~ 1g of fresh methylammonium iodide (Greatcell solar, stored in Ny atmosphere) was
placed in a graphite crucible. The graphite crucible was then placed in the evaporator and
sealed. The whole system (evaporator and deposition chamber) was then pumped down
to a base pressure of 0.15 mbar (5 min pumping). The carrier gas was then introduced
by a mass flow controller (800 sccm, N if not stated otherwise). The temperature of the
crucible was then increased to the desired temperature (200°C if not stated otherwise) at
a rate of ~ 10°C/min (10-15 min to reach the setpoint). The crucible temperature profile
is provided in Figure 6.4. Evaporations were performed in steady state conditions for =
2-3 hrs. Once the evaporation finished, the temperature control of the evaporator was
switched off, the process valve was closed and the substrates removed from the deposition
chamber. The system was then pumped down again and flushed with 2800 sccm of No
(1500 from evaporator line, 800 from mixing line) to prevent organics condensation in the
evaporation and gas transport line until the crucible reached a temperature below 100°C.
The perovskite films were transferred back in a glovebox filled with No. Any MAI excess
was washed away by spin-coating isopropanol (IPA 99%, Sigma-Aldrich) by dynamic
spin-coating at 3000 rpm for 30 s. The samples were then annealed for 3 min at 120°C
on a temperature-controlled hotplate to remove the IPA excess.
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A.2 Silicon solar cell fabrication

A.2.1 (100) silicon texturing by alkaline solution

SHJ bottom cells were fabricated using n-type silicon float-zone wafers with a resistivity
of 1-5 © and a thickness of 260 pm (before texturing).

For SST, a dielectric etch mask was deposited on one side of the wafer by PEVCD. Single-
side texturisation was realised by wafer immersion in a KOH-based solution, followed by
dielectric mask removal with a diluted HF solution.

For DST, the entire wafer was immersed in a KOH-based solution, for usually 20 min.
To change the pyramid size, prolonged texturing of 40 min and 60 min was performed.
Smoothening of the pyramids was done separately with a solution of nitric acid (HNOs3),
acetic acid (CaH402) and hydrofluoridric acid (HF). The wafers were immersed for 5 s,
10 s, 30 s, 60 s to obtain in different smoothenings. After that, the wafers were washed
with deionised water.

A.2.2 Silicon heterojunction solar cells (SHJ)
SST SHJ in front emitter configuration

SHJ bottom cells were fabricated using n-type SST ¢-Si float-zone wafers with a resistivity
of 1-5 Q and a thickness of 280 pm (before texturing). Intrinsic and doped hydrogenated
amorphous silicon layers were deposited on both sides of the wafer in a PECVD reactor
to passivate the silicon surface and to create charge carrier selective contacts. The SHJ
bottom cell was made in the front-emitter configuration, with the n-type contact at the
back and the p-type at the front. The back contact consisted of a sputtered TCO/Ag
stack. The p+/n+ nc-Si:H recombination junction was deposited in the same PECVD
reactor at low temperatures (< 200°C) onto the p-type amorphous silicon layer at the
front side of the SHJ bottom cell. Trimethylboron and phosphine were added to the
silane/hydrogen gas mixture to form the p- and the n-doped layers. The perovskite top
cell was deposited directly onto the nc-Si:H recombination junction.

DST SHJ in rear emitter configuration

SHJ bottom cells were fabricated using n-type DST c¢-Si float-zone wafers with a resistivity
of 1-5 2 and a thickness of 260 pm (before texturing). Intrinsic and doped hydrogenated
amorphous silicon layers were deposited on both sides of the wafer by PECVD to passivate
the ¢-Si surface and to create the charge carrier-selective contacts. The SHJ bottom
cells were produced by depositing the n-type contact at the front and the p-type contact
at the back (rear emitter configuration). The back electrode consisted of a sputtered
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ITO/Ag stack. The front side n-type amorphous silicon layer was then capped by the
recombination junction, which consisted of either an ITO layer (40-50 nm; 190 Ohm/sq)
or an n-type/p-type nc-Si:H layer stack. The former was sputtered, while the latter was
deposited in the same PECVD reactor as the amorphous silicon layers (< 200 °C). The
processed 4-inch wafers were then laser cut to 2.5 x 2.5 cm substrates.

A.2.3 High temperature passivating contact solar cells (HTPC)

The bottom cell was processed using a fabrication sequence based on full-area deposition
and thermal annealing for the formation of the junction.* In brief, a p-type SST c-Si
wafer, flat on its rear and KOH-etched on its front, was first passivated by growing a
chemical silicon oxide (SiO,) on both sides, before depositing by PECVD n- or p-doped
silicon containing a few atomic percent of C (SiC;) on the front and rear sides of the
wafer, respectively. A single annealing step at 850°C then triggered the crystallisation
of the doped SiC, layer and promoted the diffusion of the dopants into the wafer to
form the charge carrier selective contacts. A hydrogenation step was then applied to
passivate the electronic defects that formed at the SiO;/c-Si interface upon annealing. A
SiN,:H donor layer was deposited of the wafer by PECVD on both sides, which released
atomic hydrogen upon annealing at 450°C. To process the tandem cell, the bottom cell
was capped with a p+ nc Si:H layer deposited by PECVD. The doping level and high
crystalline fraction of the SiC,(n), resulting from the annealing step at 850°C, enable
the formation of an efficient tunnel recombination junction when combined with the
nc-Si(p+):H layer. These features simplify the process in comparison to SHJ, where
a nc-Si(n+):H is deposited before the nc-Si(p+):H to provide a low contact resistivity.
Subsequently, the perovskite top cell is deposited in the p-i-n configuration in the same
manner as presented in the previous section.

A.3 Characterisation techniques

UV-visible spectrophotometry (UV-Vis)

A UV-vis spectrophotometer (PerkinElmer Lambda 900) with an integrating sphere was
used to acquire total reflectance, transmittance, and absorbance spectra.

X-ray diffraction (XRD)

XRD measurements were carried out in an Empyrean diffractometer (Panalytical)
equipped with a PIXcel-1D detector. The diffraction patterns were measured using
a Cu K «a radiation (wavelength of 1.54 A). Samples were measured in air.
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Secondary electron microscopy (SEM)

Secondary electron SEM images were acquired with acceleration voltages of 3 keV using
either an Everhart-Thornley or an in-lens detector (Zeiss Gemini 2 microscope or Jeol
JSM-7500 TFE). Energy Dispersive X-ray (EDX) maps were acquired at 10 keV using a

silicon drift detector from Oxford Instruments.

Transmission electron microscopy (TEM)

The microstructure of the perovskite cells and nc-Si:H junction was investigated using
TEM.

Cross-sections of the fully textured perovskite/SHJ tandem were prepared for TEM
analysis using a focused ion beam workstation (Zeiss NVision 40). Thin TEM lamellae,
prepared with a final gallium beam voltage of 2 or 5 kV, were quickly transferred in air
(< 2 min) to a transmission electron microscope, either a FEI Tecnai Osiris or a double
Cs corrected FEI TITAN Themis. STEM HAADF and BF imaging were combined with
energy-dispersive X-ray spectroscopy at an acceleration voltage of 200 kV and a probe
current of 100 to 200 pA. EDX fitting was performed using the Cliff-Lorimer method.??
More details about the sample preparation, the TEM analysis and potential artefacts

associated with the technique can be found elsewhere.!®3

In chapter 3, FFTs of high-resolution TEM micrographs and iFFTs of selected Si (111)

and (022) reflections were computed with a mask diameter of 0.6 nm™!

using an in-
house-written Mathematica script. For each individual iFFT, the contrast, brightness

and gamma values were adjusted manually to highlight the Si crystallites.

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR measurements were obtained using a Fourier Transform Infrared (FTIR) spectrom-
eter (Bruker Vertex 80 v) equipped with a RT-DTGS detector and a KBr beamsplitter.
The measurements were carried out in ambient atmosphere. The layers were deposited
on 240 pum thick DSP wafers.

Raman spectroscopy

Raman spectroscopy was performed using a Monovista CRS+ setup on a-Si:H(i)/a-
Si:H(p) /nc-Si:H(p+)/nc-Si:H(n+) stacks deposited on glass. To obtain the crystallinity,
the data was fitted and deconvolved using Lorentzians. The crystallinity was defined as
the ratio between the area below the curve of the crystalline peaks (at 510 cm™! and 519
em~!) over the sum of the crystalline and amorphous peaks.
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Atomic force microscopy (AFM)

The Atomic force microscopy (AFM) measurements were taken on a Digital Instruments
Nanoscope 3100 system from Bruker using a AdvanceTEC, 45 N/m, (Nanosensors) in
air. The samples are mounted on a x,y,z stage. A scan speed of 0.4 Hz was used for
the scan range of 5 pm, whereas a scan speed of 0.2 Hz was used for the 50 pym range.
Organohalide and perovskite measurements by AFM were taken directly after fabrication
to prevent moisture ingress and degradation.

Liquid nuclear magnetic resonance spectrometry (NMR)

'H, 13C, and 2D 'H-'H homonuclear COSY liquid nuclear magnetic resonance spectrome-
try (NMR) were carried on an AVANCE III HD 400 MHz Spectrometer (Bruker). The
samples (organohalide powder or organohalide condensate on a c¢-Si wafer) were dissolved
in 600 pml DMSO-d6 (99.8%, MagniSolv) and transferred in an NMR test tube. 1 ul of
hydroiodic acid was added to acidify the solution to prevent proton exchange.

Current density—voltage measurement (J-V)

Current density—voltage (J-V') measurements were performed using a two-lamp (halogen
and xenon) class AAA WACOM sun simulator with an AM1.5G irradiance spectrum
at 1000 W/m?. Shadow masks were used to define the illuminated area (0.25 cm? for
opaque cells and 1.42 cm? for tandems) and the cells were measured with a scan rate
of 100 mV /s. Maximum power-point tracking was realised through an in-house-written
LabVIEW code based on ref.?0?

External quantum efficiency (EQE)

External quantum efficiency (EQE) spectra were obtained using a custom-made spectral
response set-up with a lock-in amplifier, using chopped light at a frequency of 232 Hz. For
tandem cells, blue and red light biases were used to saturate the complementary sub-cell.
Furthermore, a voltage bias of 0.7 V and 1.1 V was applied to measure the sub-cells in
short-circuit conditions (0.7 V for the perovskite and 1.1 V for the silicon cell).

Stability tests in chapter 4

The unencapsulated device was measured at 25°C in ambient air (20-30% RH) using
a two-lamp (halogen and xenon) class AAA WACOM sun simulator with an AM1.5G
irradiance spectrum at 1000 W/m?. Maximum power-point tracking measurements were
performed for 61 hours using an in-house LabVIEW code. J-V measurements were
recorded approximatively every 10 hours following the same procedure explained above.
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The cells were kept under illumination between MPP and J-V measurements. A tandem
cell was encapsulated between two 6 cm x 6 cm x 2 mm glass cover sheets. At the
edges, a black butyl rubber edge sealant was applied. To prevent any inflow of the butyl
edge sealant at elevated temperature, a frame of white silicone cord was placed on the
cell side of the sealant. Ribbons with a conductive adhesive were placed on the front
and rear side of the tandem cell to contact it. The encapsulated cell was light-soaked
in an ambient atmosphere (20-30% RH) using a Solaronix degradation system at 0.7
sun. During this measurement, the tandem cell was placed on a metal carrier plate with
vacuum holes, kept at a controlled temperature of 30°C. The cell was kept at its MPP
using an in-house-written algorithm uploaded to an Arduino microcontroller. J-V reverse
and forward scans were initially recorded every 5 minutes and, after 30 hours of light
soaking, every 30 minutes. The cell was kept under constant illumination.
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Figure B.1 - XRD patterns of the Cs;MA;_,Pbl3 and Cs;FA;_,PbI(;_,Br,)3 perovskites. The
perovskite layers were deposited on SHJ bottom cells coated with the nc-Si:H recombination junction and
Ceo to provide a substrate for perovskite growth identical to that in fully processed tandem cells. In the
Cs0.19FA0.81PblI(0.78Bro.22)3 diffractogram (composition determined by RBS), a low-intensity peak appears
at 12.7° 26, which is due to the presence of unconverted Pbls.
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Figure B.2 — J-V curve of a rear-side-textured SHJ solar cell. The solar cell is capped with a 100
nm-thick transparent IZO front electrode and a thermally evaporated Ag contact.
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Figure B.3 — Semitransparent n-i-p solar cell characterisation of semitransparent single-junction
Cso.19MA.31Pbls perovskite solar cell. a) J-V curve with an aperture area of 0.25 cm? measured from
the ETL side. b) Corresponding external quantum efficiency (EQE) spectra measured from both glass and
spiro-OMeTAD sides.
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Figure B.4 — Semitransparent n-i-p single-junction Csg 19FA(.51PbI(p.7sBrp.22)s perovskite solar
cell. a) J-V curve with an aperture area of 0.25 cm? measured from the ETL side. b) Corresponding external
quantum efficiency (EQE) spectra measured from both glass and spiro-OMeTAD sides.
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Figure B.5 — Angular optical comparison of DST and SST tandems. a) EQE measurements of DST
and SST tandem at different light incident angles, b) Corresponding current density in both sub cells for each
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Figure B.6 — Current density losses in both-sub cells depending on light incidence angle Values
extracted from EQE measurements. A glass cover glued with PDMS was deposited on top of the tandem
and used to simulated the effect of encapsulation.
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Figure B.7 — Perovskite and SHJ single-junctions performance. a) Semitransparent p-i-n single-
junction perovskite solar cells (0.25 cm? aperture area) produced with a similar process sequence as presented
for the tandem solar cells of chapter 4, b) Corresponding EQE measured from the glass side (black) or the IZO
side (red). The low EQE measured from the film side for the single-junction cell is likely to stem from a higher
reflectance at the front surface, resulting from the lack of surface texture, and a higher transparency near the
absorption edge due to the thinner perovskite absorber (330 nm in the flat configuration compared to 440
nm for the textured case), c) J-V curve of a SHJ bottom cell with a 4 cm? aperture area; d) Corresponding
EQE curve of the SHJ bottom cell alongside the record monolithic fully textured perovskite/SHJ tandem
solar cell shown in Figure 4.15; Schematic views of e) the semitransparent single-junction perovskite solar
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Figure B.8 — Certification report for the 25.2% tandem. a) Certified J-V curves of the 25.24%-
efficient monolithic textured perovskite/SHJ tandem solar cell measured with a scan rate of 100 mV/s; b)
Voltage (black), current (red), power (blue) during 700 s MPP tracking; ¢) Corresponding J-V and MPP
parameters recorded by CalLab, Fraunhofer ISE (1.419 cm? aperture area).
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Figure B.9 — In-house J-V characteristics of the record cell. J-V measurements of our best monolithic
textured perovskite/SHJ tandem solar cell measured in-house (blue lines) and by CalLab, Fraunhofer ISE
(red lines), scanned in reverse (solid line) and forward (dashed line) direction. It is noteworthy to mention that
the certification J-V measurements have been carried out &~ 4 weeks after our in-house J-V measurements.
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Figure B.10 — Tandem cell results statistics. Extracted J-V parameters of 13 co-processed monolithic
textured perovskite/SHJ tandem solar cells.
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Figure B.11 — Microstructure of a perovskite single-junction solar cell on a flat substrate.
STEM EDX map of selected elements (colored left panel) and corresponding HAADF image (grayscale right
panel) of a perovskite single-junction cell deposited on ITO. The spiro-TTB layer remains conformal in a flat
configuration. The variations in contrast observed within the perovskite absorber are due to the formation

of Pb-rich domains and small voids during the FIB sample preparation process.
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Figure B.12 — Damp heat test on a semitransparent p-i-n perovskite solar cell. a-d) Evolution of
the photovoltaic characteristics during damp heat stability testing (85°C in a relative humidity level of 85%
for 1000 hours) of an encapsulated planar single-junction perovskite device (glass/glass with edge sealant).
The single-junction presented here pass damp heat testing, with <10% efficiency drop after 1000 hours.
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Figure B.13 — Silver halide formation during light soaking. a) SEM image of a FIB-prepared cross
section prepared at the position of one Ag front finger after the light soaking experiment shown in Figure
4.18a-b. Agl, clusters form on the front MgF> surface (indicated by arrows), leaving voids at the initial
position of the Ag layer (arrowheads). SEM top view images taken at the back of the encapsulated device
degraded in Figure 4.18¢c-d, showing b) regions of the Ag back metallization that was exposed to a source of
iodine and reacted, giving rise to an inhomogeneous topography (region close to one conductive ribbon) and
c) the Ag back metallization that remained intact below the back conductive ribbon.
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Figure B.14 — Pictures of the different part of the CVD setup. Pictures of a) the carrier gas
preheating unit , b) the top of the evaporator I), the crucible II), ¢) an overall view of the evaporation line
with the process and mixing lines, d) side-view with transport gas line, e) showerhead I), chamber view of
the deposition table and exhaust, f) front-view of the CVD system with the cold trap and butterfly valve.
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Cso.1FA0gPb(lBr1.)s remeasured 2 weeks after
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Figure B.15 — Initial liquid 'H NMR of FAPI cell and after 2 weeks aging in the NMR tube.
The fresh powder was dissolved in DMSO-d6. One can see that after 2 weeks in the NMR tube, the FA cation
stays pristine. The additional peaks arise from protons of the Spiro-TTB molecule.
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Figure B.16 — Liquid 'H NMR of FAI with and without HI addition. The fresh powder was
dissolved in DMSO-d6, 1 ul of HI was added to the NMR tube (dark blue).
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Figure B.17 — Simulation of the interaction volume of the electron with the perovskite layer
at 10 keV. Data simulation with the Casino simulation software (https://www.gel.usherbrooke.ca/casino/).
Acceleration voltage of the electron set to 10 keV, perovskite density defined at 3.7g/cm3
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Figure B.18 — Extracted J-V parameters for PVD/CVD cells at 120°C. 9-12 cells per condition,
reverse and froward scans displayed for PVD/CVD cells produced with T¢pycipie = 200°C and Tsypstrate =
120°C for 1 to 3 hrs. a) Open-circuit voltage (Voc) b) Short-circuit density (Jsc), c¢) Fill factor (FF) and d)
efficiency (Eff).
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Figure B.19 — Extracted J-V parameters for PVD/CVD cells at 140°C 9-12 cells per condition,
reverse and froward scans displayed for PVD/CVD cells produced with T¢rycipie = 210°C and Tsypstrate =
140°C for 1 to 3 hrs. a) Open-circuit voltage (Voc) b) Short-circuit density (Jsc), ¢) Fill factor (FF) and d)
efficiency (Eff).
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Figure B.20 — Extracted J-V parameters for PVD/CVD cells with different ETLs. 6-15 cells
per condition, reverse and froward scans displayed for PVD/CVD cells produced with Tepycipie = 210°C and
Tsubstrate = 140°C for 2 hrs. a) Open-circuit voltage ( Voc) b) Short-circuit density (Jsc), ¢) Fill factor (FF)
and d) efficiency (Eff).
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Figure B.21 - Extracted J-V parameters for PVD/SP cells with different ETLs. 5-6 cells per
condition, reverse and froward scans displayed. a) Open-circuit voltage (Voc) b) Short-circuit density (Jsc),
¢) Fill factor (FF) and d) efficiency (Eff).

Figure B.22 — Large-scale deposition of MAI. Picture of the methylammonium iodide deposited with
the table at 70°C on top of a 6 inch silicon wafer (left), cross-section SEM images taken at the centre (bottom),
middle (middle) and edge (top) of the silicon wafer (right).
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Figure B.23 — Picture of a M APbI3 layer after ALD SnOg2 After an ALD SnO2 deposition at 100°C
(1 h of deposition), the organic cation evaporated and only Pbls was left on the substrate.
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Figure B.24 — FTIR analysis of FA evaporation at different temperatures without amy carrier

gas in the evaporator. The temperature of the blankets of the evaporator were set to 160°C to enable the
condensation of the organohalides. The evaporation was performed for 2 hrs without any carrier gas.

177



Appendix B. Appendix: Supporting Information

f1 (ppm) f1 (ppm) 1 (ppm) f1 (ppm)
9.0 85 8.07.8 75 7.0 26 24

AN N | N " | W W A
L A | 4,»10‘_ Lo A

N | | A
J/L/’L m FACI powder
A A FAB: power
__JKJ'L L L FAIl powdef |

9 8 7 3 2 1

f1 (ppm)

Figure B.25 — Fresh FAI, FABr and FACI powders analysed by liquid !H NMR. The fresh powder

was dissolved in DMSO-d6, the chemical shift of the amine group increases with the electronegativity of the
halide.
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Figure B.26 - TGA-MS analysis of formaminidium iodide (25-400°C) TGA-DSC analysis of FAI
(25-400°C) (top), MS analysis of FAI (25-400°C) (bottom). Please note that sym-triazine (m/z = 81) and its
fragments were not included in that measurement, and thus couldn’t be seen. The reason is that sym-triazine
was not yet identified at the time of that measurement.
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