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Despite the outstanding progress in performance of halide perovskite solar cell absorbers fabricated via
vapor-based approaches, increasing deposition rates as well as enabling continuous deposition has been
woefully neglected. In fact, recent reports show deposition times for the fabrication of high performing
absorbers typically in the range of hours, being orders of magnitude away from industrially reasonable
process times. In this work, continuous flash sublimation (CFS) of halide perovskite absorbers is
introduced as a concept to overcome the fundamental rate and continuity limitations of current

approaches, while at the same time maintaining the performance of previously reported vapor
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than 5 minutes, demonstrating the applicability of vapor deposited halide perovskites for

DOI: 10.1035/d3ta05881f commercialization. Additionally, the approach enables continuous deposition, thus circumventing

rsc.li/materials-a another major bottleneck of established vapor deposition approaches.
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Introduction

Today, research on halide perovskite materials for opto-
electronic applications is dominated by solution-based deposi-
tion techniques given their fast progress in a laboratory envi-
ronment as well as their prospects for future low-cost, high-
throughput fabrication."* However, the transfer of these tech-
niques from laboratory to an industrial environment is chal-
lenging and even experienced leaders in the opto-electronic
industry are struggling to achieve sufficient production yield
and reproducibility when solution-based techniques are
implemented into an industrial production chain.® It is there-
fore not surprising that in industry, and in particular in
photovoltaic manufacturing, vapor-based deposition tech-
niques still dominate. For example, First Solar, Inc., the
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industry leader in both cumulative deployed thin-film photo-
voltaics and thin-film photovoltaics manufacturing capacity,
produces their cadmium telluride solar cells by vapor
processing.*® Furthermore, organic photovoltaics, which can be
fabricated by either solution or vapor methods are commer-
cialized by the Heliatek GmbH using vapor processing.” Similar
to these technologies, vapor-based processing is expected to
play a crucial role in the commercialization of perovskite-based
photovoltaics.® Not only can they enable a high-quality process
with high production yield and reproducibility but also elimi-
nate hazardous solvents and simplify upscaling to larger device
areas.’” In addition, the ability to uniformly coat on rough
surfaces is benefited by vapor processing, which is of particular
importance when it comes to the deployment of perovskite-
based materials in tandem applications.’*** While only
a small fraction of research in the field is focused on vapor
processing of halide perovskite materials, its progress is in no
way inferior to solution-based approaches - particularly when it
comes to the most studied hybrid organic-inorganic halide
perovskite materials.”*** Solar cells employing vapor processed
organic-inorganic halide perovskite absorbers have demon-
strated power conversion efficiencies (PCEs) of 24.4%,' being
on par with solution-based approaches.”

Despite the benefits of vapor-based deposition techniques,
two critical issues of vapor processing of halide perovskites
remain: (1) their low deposition rates and (2) their lack of
continuous deposition. In fact, industrially viable deposition
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strategies for halide perovskite materials that combine high
deposition rates and continuous deposition do not currently
exist. These limitations have their origin in the fundamental
challenge of depositing multiple materials with significantly
different vapor pressures (i.€., Peesium halides << Plead halides <
Dorganic halides), Which has predominantly led to the development
of deposition approaches defined by the vaporization/
sublimation characteristics of the most volatile compounds
(e.g., co-evaporation approaches). Although co-deposition has
led to high performing devices, the approach has only demon-
strated deposition rates between 1 nm min ' and 10 nm min "
resulting in absorber processing times of at least one hour (see
Fig. 1, Tables S1, and S2 in the ESIt). Slight progress has been
realized by alternative approaches including sequential and
chemical vapor deposition (CVD) approaches, however, these
demonstrations have come at the expense of performance.**>*
Currently, the fastest processes are based on single-source flash
sublimation in which the deposition process is designed to
sublime all compounds simultaneously at a temperature above
the sublimation temperature of the least volatile compound.?
In most of these flash sublimation approaches, a metal foil is
coated with a thin film of the target material using solution-
based processes and the resulting foil used as the source
material for the vapor deposition.>**” This two-step process of
solution casting followed by vapor deposition is obviously not
practical for high-throughput commercial processing, has not
demonstrated high performing devices, does not leverage the
environmental advantages of vapor processing by removing
solvents from the process, and increases the overall processing
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complexity; as such, these techniques have not been included in
Fig. 1 but are tabulated and marked in Tables S1 and S2 in the
ESI.f To overcome these limitations, single-source evaporation
of pre-synthesized powder has been introduced, however, only
in non-continuous batch approaches and with only limited
performance compared to state-of-the-art solar cells.”®>*
Surprisingly, the overall trend in low deposition rates even
holds for fully inorganic perovskite materials, which one might
assume are capable of higher deposition rates. Similar to hybrid
perovskite materials, continuous approaches that are able to
yield high-quality absorber materials at significantly higher
deposition rates do not exist and the highest PCEs for vapor
processed inorganic perovskite solar cell absorbers are achieved
via low-throughput approaches (i.e., layer-by-layer deposition).*
High-throughput processes (e.g., single source evaporation) of
inorganic halide perovskites have been reported to be particu-
larly challenging given the various crystallographic phases in
these materials, limiting their PCEs to only 9.0% when inte-
grated into solar cells.’*3¢

In response to these challenges, continuous flash sublima-
tion (CFS), is employed in this work as a continuous, high-
throughput vapor deposition technique capable of over-
coming the challenges of material systems composed of
constituents with largely different vapor pressures. To avoid the
decomposition of organic components, while maintaining
a large volatility difference in the individual components, we
focus here on the all inorganic CsPbX; materials. We demon-
strate the ability of CFS to produce compositions across the
entire iodine-bromine space that maintain the composition of
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Fig.1 Summary of power conversion efficiencies of vapor processed hybrid (brown) and inorganic (green) halide perovskite solar cells together
with their respective deposition rates. High-efficiency vapor processed solar cells are dominated by co-evaporation approaches of hybrid
perovskite materials with deposition rates typically below 10 nm min~. Detailed information about the individual data points can be found in the
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the source materials, have a structural evolution equivalent to
their co- or solution-deposited analogs, and demonstrate
superior compositional and optical homogeneity. Finally, the
inclusion of CFS derived films in working solar cells results in
device performance that is on par with solution deposited films
and superior to any previously reported vapor deposited all-
inorganic perovskite devices.

Results and discussion

Continuous flash sublimation - process controllability
through simplicity

CFS was first employed as early as 1948 for the deposition of Au/
Cd alloys across the entire compositional range in spite of the
wide volatility difference between Au and Cd. It is adaptable to
continuous operation, and its deposition rates are only limited
by the boat size and powder feed rate.”® In this work a version of
CFS is implemented as the challenges for vapor deposited,
halide perovskites are similar to those systems for which CFS
has been previously employed. Fig. 2 illustrates the three simple
steps of the CFS approach developed for the fabrication of
inorganic halide thin films in this work. Source material is
a mechano-chemically synthesized powder that is prepared by
mixing individual precursor materials (i.e., cesium and lead
salts) to a stoichiometric powder, followed by a ball milling step
for 20 min in inert atmosphere, which ensures a uniform mix-
ing of the individual powder constituents as well as their
chemical reaction to perovskite (see discussion below). Next, the
powder is filled into a powder reservoir that is connected to
a vibratory feeder inside the prototype CFS deposition system.
When the vibratory feeder is connected to an AC signal in the
frequency range of 40 Hz to 60 Hz the powder is quickly
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delivered to a boat held at constant temperature. Adjustment of
the frequency allows for fine tuning of the powder supply rate
(typically in the range of 100 mg min~") and therefore deposi-
tion rate during the process. After transferring the powder along
the vibratory feeder, the powder falls into a preheated tantalum
evaporation boat kept at a temperature significantly above the
highest sublimation temperature of the individual inorganic
salts (typical contact temperatures at the boat surface are in the
range of 700 °C). Inside the evaporation boat, the powder
constituents instantaneously sublime, leave the evaporation
source through perforated holes on the opposite side of the
evaporation boat, and finally condense on a substrate situated
above the evaporation boat that is neither actively cooled nor
actively heated in the employed prototype CFS system.

Flash sublimation ensures that films have the same
composition as the source material by completely and instan-
taneously subliming one grain of source material before the
next grain arrives,” which simplifies process control and
monitoring compared to classical co-evaporation approaches
substantially. This is of particular importance for source
materials whose constituents have highly diverse vapor volatil-
ities like in the case of the cesium and lead halide system
investigated in this work, making this material system a partic-
ularly suitable testbed for the approach. Most importantly, the
process enables processing times of only a few minutes (<5
minutes), surpassing any previously reported fully vapor-based
absorber deposition approach, while maintaining the perfor-
mance compared to significantly slower processes - particularly
for inorganic halide perovskite materials (see Fig. 1). Previous
work demonstrated batch flash sublimation by adding powder
to a boat, pumping down the chamber, and quickly ramping up
the boat temperature.”®>* Here, a critical step toward

vacuum chamber

_pre-synthesized powder
_vibratory feeder

_evaporation boat

Fig. 2 Schematic illustration of the continuous flash sublimation (CFS) approach consisting of a mechano-chemical synthesis of the source
powder (here CsPb(l,Br;_,)3), the high-throughput deposition process in a home-made evaporation system, and a short post-annealing

treatment to improve thin-film quality.

This journal is © The Royal Society of Chemistry 2024
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continuous processing is demonstrated by enabling a contin-
uous powder supply in which the powder is not exposed to any
heat before it reaches the sublimation source. Finally, to
improve thin-film quality and to ensure stabilization of the
correct photoactive perovskite phase, a short post-annealing
step at temperatures between 330 °C and 380 °C for 0.5 min
to 1 min in inert atmosphere is performed. Additional details
about the process can be found in the experimental section. It
needs to be highlighted that the number of process parameters
in the CFS approach is reduced to powder composition, powder
feed rate, boat temperature, and post-annealing conditions; this
reduction of process parameters simplifies process controls and
monitoring significantly compared to established vapor pro-
cessing techniques.

High-quality thin-film formation via continuous flash
sublimation

The versatility of the developed CFS approach with respect to
thin-film composition is shown next based on the fabrication of
a variety of high-quality CsPb(I,Br;_,); thin films over the full
iodine-bromine range. Fabrication of high-quality, high-
uniformity inorganic perovskite thin films is known to be
challenging - particularly for solution-based approaches - given
the strong influence of process parameters on film formation in
the complex inorganic system. This has not only led to a variety
of rather complex deposition techniques (e.g., antisolvent
quenching and gradual annealing procedures) that require
adaptation for every specific absorber composition,***® but also
results in severe issues when it comes to the upscaling of the
deposition process for this material class (see Fig. S1 in the
ESIT). In contrast, the CFS approach enables a unique and, so
far, unmatched universality with respect to the fabrication of
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high-quality inorganic thin films with varying iodine-bromine
composition. Fig. 3a illustrates the successful realization of
high-quality thin films ranging from pure CsPbl; to pure
CsPbBr; prepared by varying the iodine-to-bromine ratio of the
source powder from x = 0.00 to x = 1.00 (additional photo-
graphs from different angles can be found in Fig. S2 in the
ESIt). Other than the composition of the source powder (and
a slightly higher post-annealing temperature for films with x >
0.67), process parameters have not been altered to realize these
different compositions, being a significant improvement
compared to previously reported more complex approaches.***

Most importantly, in detailed inductively coupled plasma
mass spectrometry (ICP-MS) analyses (see Fig. S3 in the ESIT) it is
shown that the composition of the thin films is identical to the
(stoichiometric) composition of the source powder indicating
a direct translation of the composition from powder to thin film.
This highlights the simplicity of fabricating thin films with
arbitrary composition by CFS and is also a proof of its flash
sublimation nature. In addition, because of the highly uniform
deposition process that results in a homogenous nucleation,
thin-film formation, and crystal phase properties, upscaling to
larger areas is easily achieved without any further adaption of the
process (see Fig. S1 in the ESIt). The visual impression ranging
from dark black, fully absorbing thin films for higher iodine
contents (x > 0.50) to reddish and yellowish transparent films for
higher bromine contents (x < 0.50) follows the expected trend
when varying the bandgap of the thin films. Bandgap energies
(E,) extracted from corresponding Tauc plots lie within the range
of E; = 1.76 eV for pure iodine thin films and E, = 2.36 eV for
pure bromine films (see Fig. 3b),>*** while intermediate compo-
sitions follow a linear trend as typically observed for a substitu-
tional solid solution (see Fig. S4 in the ESIT). While most of these
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Fig. 3 High-quality fabrication of CsPb(lBr;_,)3 thin films by CFS with varying iodine-to-bromine ratios. (a) Photograph of thin films with
different bandgap energies. (b) Tauc plots with extrapolated bandgap energies for thin films with different iodine-to-bromine ratios. (c) Crys-
tallographic properties of mechano-chemically synthesized source powders (bottom line), as-prepared thin films (middle line), and post-
annealed thin films (top line). Peaks that are linked to the occurrence of the photoinactive 8-phase are marked with asterisks.
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higher-bandgap materials are rather inappropriate for the use in
single-junction solar cells, they are of particular interest for
multi-junction solar cell concepts as well as for light-emitting
devices. Next to outstanding uniformity and simple tunability
of the bandgap energy, excellent crystallographic properties of
the resulting thin films are a particular characteristic of the
herein developed CFS approach. Fabrication of high-quality
inorganic perovskites is significantly complicated given their
complex crystallographic phase setting. Next to various photo-
active perovskite phases (i.e., cubic (a), tetragonal (B), and
orthorhombic (y) phases), whose formation and presence at
room temperature as well as influence on the opto-electronic
properties of the thin films are still not fully understood, the
photoinactive hexagonal (3) phase is another competing phase
that is stable at room temperature but detrimental to the
performance of opto-electronic devices.*** Various procedures
to stabilize one of the photoactive phases at room temperature
exist particularly for solution-based approaches, however, they
are typically unique to the exact thin-film composition as well as
the deposition approach. Conversely, versatile strategies that can
be adapted for a wide range or even the full range of inorganic
thin-film compositions are rare.*** In the following it is shown
that the CFS approach is intrinsically able to produce photoactive
perovskite thin films over the complete iodine-to-bromine ratio
(see Fig. 3c). All source powders employed in this work are
prepared in a low-temperature mechano-chemical process (i.e.,
ball milling). Stabilization of the photoactive perovskite phases
via temperature effects is therefore unlikely and the powder is
expected to occur in its room temperature stable crystallographic
state. Indeed, X-ray diffraction indicates that powders prepared
with iodine contents above x > 0.67 preferentially crystallize in
the photoinactive hexagonal phase, while powders with iodine
contents x < 0.67 appear mostly in one of the photoactive phases.
This effect also becomes evident from the visual appearance of
the powders and their color change when changing the iodine
content (see Fig. S2 in the ESIt). The addition of bromine into the
perovskite lattice is known to stabilize the photoactive phase at
room temperature particularly for iodine contents x < 0.50.*°
While the crystallographic and phase properties of the
mechano-chemically synthesized powder follow expected
trends, properties of the resulting thin films are determined by
the exact deposition approach as well as the film formation
processes on the substrate and are therefore expected to deviate
from the powder's characteristics. In fact, an outstanding
characteristic of the herein developed CFS approach is the fact
that independent of the actual composition (i.e., the iodine-to-
bromine ratio) all as-prepared thin films after flash sublima-
tion exhibit a rather pure photoactive phase composition
without significant amounts of crystalline photoinactive phases
(see Fig. 3c). This is in stark contrast to previous attempts of
single-source vapor processing of inorganic halide perovskite
materials. For example, Igual-Mufioz et al. attempted to deposit
CsPb(I, 67Bro33); from a pre-synthesized powder in a single-
source approach but failed to fabricate thin films in the
desired photoactive phase.* It is believed that in their work an
actual flash sublimation regime could not be achieved, result-
ing in a selective evaporation of the individual powder

This journal is © The Royal Society of Chemistry 2024
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constituents and thus the formation of a highly disordered off-
stoichiometric thin-film composition. In agreement with theo-
retical diffraction peak positions reported in previous works,****
thin films prepared by CFS appear to crystallize in the photo-
active orthorhombic () phase. Increasing the bromine content
shifts the peak position to higher diffraction angles as expected
for a substitutional solid solution (see Fig. S5 in the ESIf) and
agrees well with the linear shift of the bandgap previously
noted. Peak positions for all iodine-to-bromine ratios are close
to their theoretically expected values, indicating no major phase
changes when varying the composition. However, a pronounced
effect of the composition on the preferred crystallographic
orientation is observed in thin films prepared by CFS.
Increasing the bromine content continuously shifts the thin-
film texture from a preferred (110) orientation to a more
pronounced (020) orientation (see Fig. S5 in the ESIT). While it
is obvious that this observation is directly linked to the iodine-
to-bromine ratio in the thin film, the processes related to its
emergence as well as its consequences on the opto-electronic
properties of the thin films require further detailed investiga-
tions that go beyond the scope of this work.

Despite the already good crystallographic properties of the as-
prepared inorganic halide perovskite thin films prepared by CFS,
a short post-annealing step (at temperatures >300 °C) has been
shown to be necessary for the achievement of high opto-
electronic quality. In fact, solar cells employing absorbers that
did not undergo a post-annealing typically show a significant
deficit in performance (see Fig. S6 in the ESI}). In addition,
charge carrier lifetimes improve by an order of magnitude during
the post-annealing step indicating a significant improvement in
the opto-electronic properties (see Fig. S7 in the ESIT). It should
be noted that annealing for one minute is sufficient to improve
film quality (see Fig. S8 and S9 in the ESI}), which does not
increase the overall processing time significantly. The processes
involved during the post-annealing step are complex since they
cover structural, morphological, and chemical processes at the
same time, thus, will only be broached shortly here. First and
foremost, the annealing step results in an improvement in
crystallographic quality obvious from the increase in intensity of
the dominant diffraction peaks (see Fig. 3c). The improved
crystallographic properties as well as the improved charge carrier
lifetimes can directly be linked to a grain coarsening that is
observed for all thin films independent of their exact iodine-to-
bromine ratio (see Fig. 4). A particularly strong grain coars-
ening is observed for thin films with iodine contents x > 0.45 with
the formation of grains with lateral dimensions of up to 500 nm,
whereas thin films with iodine contents x < 0.45 undergo only
a minor grain coarsening albeit grain morphology is also
changing notably for these compositions. The driving force for
the grain coarsening is believed to be lattice expansions and
relaxations because of the changing crystallographic phase
during annealing. While thin films with iodine contents x < 0.67
are expected to undergo only phase changes between different
photoactive phases (i.e., o, B, and y phases) when heated up from
room temperature to temperatures above 300 °C, thin films with
iodine contents x > 0.67 can also convert into the photoinactive
phase (i.e., d phase) before changing over to photoactive phases

J. Mater. Chem. A, 2024, 12, 8405-8419 | 8409
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annealed

Fig. 4

Influence of the post-annealing step on the morphological properties of thin films with different iodine-to-bromine ratios prepared by

CFS. Depending on the exact composition, a strong grain coarsening effect is observed. Samples were deposited on top of glass/ITO/SnO, and

all images were taken with the same magnification.

at higher temperatures again.* In fact, for pure iodine samples (x
= 1.00) and iodine-rich samples (x = 0.83) a full and partial
conversion into the yellow photoinactive phase, respectively, is
visually observable during annealing before the films convert
back into a black photoactive phase. The transition into the
photoinactive phase is expected to induce significant stress to
the lattice, whose relaxation during reconversion into the pho-
toactive phase is believed to result in a significant reorganization
of the lattice and thus a significantly stronger grain coarsening
effect. For the iodine-rich compositions that show this signifi-
cant lattice reorganization, we also note the inclusion of bright
spots in the SEM images typically associated with charging due to
the insulating nature of the material. Attempts to identify this
material have been unsuccessful although we postulate that they
are either the orthorhombic phase (non-photoactive) or excess
lead or cesium salts that have been expelled from the lattice. In
either case, the total volume of the charging material must be
small as all of the possible materials are crystalline and yet they
produce no discernible peaks in the XRD patterns. Next to the
apparent grain coarsening effect, a slight shift in diffraction peak

8410 | J Mater. Chem. A, 2024, 12, 8405-8419

position toward higher diffraction angles is observed for all thin-
film compositions after annealing (see Fig. S5 in the ESI). Given
the fact that the shift in peak position is also observed for pure
iodine and pure bromine samples the shift is likely not related to
a change in composition or reorganization of iodine and
bromine atoms within the lattice, but to a global effect that shifts
all diffraction peaks by the same extent. Possible explanations
could be the (partial) transition to a crystallographic phase with
a larger volume (i.e., tetragonal and/or cubic phases) and/or the
formation of tensile strain or the relaxation of compressive
strain. Interestingly, strongest peak shifts are observed for thin
films that also exhibit largest grain sizes after annealing, which
indicates a direct connection between the effect of grain coars-
ening and diffraction peak shift.

Efficient inorganic halide perovskite solar cells by continuous
flash sublimation

Having discussed the general processes taking place during the
deposition and thin-film formation of inorganic halide

This journal is © The Royal Society of Chemistry 2024
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perovskite materials prepared by CFS, their high quality - even
at significantly higher deposition rates compared to previous
approaches - is illustrated next by integrating these thin films
into solar cells. As a testbed for the absorber fabrication,
material compositions between  CsPb(Iyg3Bros7); and
CsPb(Iy.6,Bro.33)3 (commonly known as CsPbI,Br) are chosen
given their decent crystallographic phase stability together with
the high number of previous studies both for solution-based
and vapor-based deposition approaches allowing for direct
comparison of the absorber quality. In this work, absorbers
prepared by CFS are integrated into the layer stack sequence
glass/ITO/SnO,/absorber/spiro-MeOTAD/Au (see Fig. 5a), which
is by far the most employed layer stack sequence in literature for
similar absorber compositions, therefore allowing a direct
comparison of the device performance despite the alternative
absorber deposition method. However, it should be noted that
spiro-MeOTAD is not considered an optimal choice given the
mismatch of its highest occupied molecular orbital (HOMO)
and the valence band of the absorber. In accordance with the
previous discussion (see Fig. 4), the absorber consists of grains
with lateral grain sizes of around 200 nm forming a fairly
compact absorber layer principally comprised of individual
columnar grains that span the complete absorber layer.
However, a number of horizontal grain boundaries are observed
that might have a limiting effect on device performance.
Champion solar cells employing CsPb(I,g;Bro17); absorbers
(bandgap energy E, = 1.84 eV) prepared by CFS achieve power
conversion efficiencies (PCE) as high as 14.9%, open-circuit
voltages (Vo) of 1.17 V, fill factors (FF) of 76.0%, and short-
circuit current densities (J;.) of 16.8 mA cm™? in reverse scan
direction with a notable hysteresis in the fill factor resulting in
forward scan direction values of PCE = 10.3%, V,. = 1.12 V,
FF = 55.1%, and J;. = 16.7 mA cm > (see Fig. 5b). The PCE
extracted from the reverse scan direction is synonymous to
57.8% of the theoretical detailed-balance limit and mostly
limited by the open-circuit voltage (see Fig. S10 in the ESIT),
which is a common issue for these material systems and in
agreement with their limited charge carrier lifetimes (see Fig. S7
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in the ESIt).***® These achievements are not only a significant
boost for inorganic solar cell absorbers prepared by single-
source sublimation with a previous champion PCE of 9.0%,*
but most importantly also result in the currently most efficient
inorganic solar cell employing a vapor processed absorber (see
Fig. 1 and Table S2 in the ESIY), surpassing the previous
champion PCE of 13.0% significantly.®* In addition, a good
reproducibility is achieved with all solar cells fabricated in four
individual evaporation processes outperforming the previous
champion solar cells (see Fig. S11 in the ESI{). It is worth noting
that similar performance is also achieved for absorbers with
even higher bandgap energies up to 1.94 eV (see Fig. S12 in the
ESIt). While the focus of this work is primarily on the fabrica-
tion of the absorber, a fully vapor processed device architecture
is desirable to reduce complexity of the fabrication from an
industrial point of view. As a proof of principle for a more
practical layer stack, the second most efficient solar cell
employing a vapor processed inorganic perovskite absorber in
inverted architecture is realized when integrating these
absorbers in a layer stack employing only vapor processed
charge transport layers (see Fig. S13 in the ESIt). The observed
hysteresis in devices in standard architecture is often attributed
to issues at the interface between the absorber and spiro-
MeOTAD (e.g., a mismatch in band alignment) and the
doping of the spiro-MeOTAD itself.**** In fact, hysteresis
disappears nearly completely if spiro-MeOTAD is replaced by an
alternative hole transport material (e.g., PDCBT) while its extent
is further increased if the oxygen doping is replaced by a cobalt
doping (see Fig. S14 in the ESI}). Furthermore, the addition of
a thin Cg, fullerene interface layer on top of the SnO, electron
transport layer, which has been reported to lower hysteresis in
the co-evaporation of hybrid perovskite materials,”"*® is not
able to reduce hysteresis in this case, confirming that the issue
is at the hole extraction side (see Fig. S15 in the ESI}).*” The
development of more suitable hole transport materials next to
spiro-MeOTAD, as well as alternative device architectures, are
believed to be crucial for the further development of inorganic
perovskite solar cells as they may not only remove hysteresis

b) *° ! | | | | | 1
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£ i
: 10 = reversescan: forward scan: T
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Fig. 5 Fabrication of state-of-the-art inorganic halide perovskite solar cells by CFS. (a) Layer stack sequence of the solar cells fabricated in this
work (glass/ITO/SnO,/absorber/spiro-MeOTAD/Au). (b) J-V scan in forward and reverse scan direction of the champion solar cell employing

a CsPb(lg g3Brg 17)3 absorber realized in this work.
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effects but also lift open-circuit voltages closer to their theo-
retical values. Despite the observed hysteresis a stable power
output can be achieved when operating the devices at constant
voltage for several minutes (see inset in Fig. S16 in the ESI{).

In addition to the stable power output, a good long-term
shelf stability is observed for these devices (see Fig. 6). Over
the course of two months an overall loss in performance of
around 10%rel is observed, being in line with typical stability
properties achieved in literature.**>%*7° Most importantly, the
loss in performance is primarily attributed to a loss in fill factor,
whereas both short-circuit current density and open-circuit
voltage are less affected, indicating a good overall phase
stability in these devices. In fact, good phase stability in thin
films prepared by CFS, compared to a solution processed thin
film, is proven visually based on the significantly improved
resistivity against phase change when exposed to ambient
conditions for several hours (see Fig. S17 in the ESIf). It is
believed that the small-crystalline grain structure of the flash
sublimed thin films (see Fig. 4 and 5a), and their homogeneous
and phase pure composition (see Fig. S11 and 3c), are the main
reasons for the improved phase stability observed when
exposed to ambient conditions. Similar morphology and phase
related aspects have been reported before to have a crucial
influence on the phase stability of inorganic perovskite
materials.”7® Furthermore, the observed loss in fill factor when
stored in inert environment for prolonged time is in large part
reversible by improving the contact resistance (by improving the
electrical contact at the metal electrodes with silver paste) as
well as by enhancing doping of spiro-MeOTAD (by reoxidatizing
of the spiro-MeOTAD for 24 h) after the long-term measure-
ment, again highlighting the need for the development of
alternative hole transport materials.

The high quality of inorganic halide perovskite absorbers
fabricated by CFS is particularly outstanding when considering

the significantly higher deposition rates, thus reduced
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Fig. 6 Shelf-time stability of a solar cell employing a CsPb(lg ¢7Bro 33)3
absorber prepared by CFS with an oxygen-doped spiro-MeOTAD hole
transport layer. Trends in solar cell parameters during storage in
nitrogen over the course of two months. The solar cell underwent an
oxidation step in ambient air (relative humidity < 20%) for 70 h before
the start of the measurement (highlighted in yellow).
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processing times, compared to previously reported approaches
(see Fig. 7a and Table S3 in the ESIf). The herein developed
process is capable of typical deposition rates in the range of 67
nm min " to 134 nm min ' being the first efficient vapor
deposition approach for inorganic halide perovskite materials
surpassing deposition rates of 100 nm min ', while at the same
time being nearly four times faster than the fastest vapor
deposition process for inorganic halide perovskites reported
before.”* Most importantly, absorbers prepared by CFS are
fabricated up to 45 times faster than by both the currently most
efficient single-source evaporation process as well as the
process resulting in the most efficient vapor processed inor-
ganic halide perovskite solar cells, however, at the same time
also outperforming these previous results clearly.**?* It is worth
noting that absorbers prepared by CFS in the herein investi-
gated deposition rate regime show a rather low dependency on
the actual deposition rate and PCEs above 14% are achieved
both for deposition rates as low as 66 nm min~" and as high as
127 nm min~ ' (see Table S3 in the ESI{). As a practical
comparison, First Solar, Inc. deposits their Cd(Se,Te) absorbers
at rates near 10 000 nm min ' using vapor transport deposi-
tion.*”” Next to limited processing times of established vapor-
based processes, a successful implementation in an industrial
environment of a majority of these approaches are also limited
due their lack of continuous deposition. Particularly, vapor
processes employing organic compounds that are in prolonged
contact with a hot evaporation source have been reported to be
problematic given the notable degradation of the organic
molecules.”®” Other approaches specifically designed to be
faster than established processes like single-source approaches
with pre-coated evaporation boats are batch processes per se.
Given the fact that the pre-synthesized powder in the CFS
approach is never in contact with heat before it reaches the
actual evaporation boat, it is an excellent candidate for
a continuous deposition. As a matter of fact, good reproduc-
ibility is achieved when CFS is operated continuously, which is
demonstrated here based on solar cells that are fabricated in
five consecutive evaporation runs in which only the substrates
are replaced in between runs while the same source powder is
used for all five runs (see Fig. 7b). Variations in PCE between
individual runs stay within a reasonable level with the mean
values of PCE varying only by about £5%,.;, which is compa-
rable with the overall reproducibility of the process (see Fig. S11
in the ESIt). The main cause for these variations is related to
variations in fill factor, which is again linked here to challenges
at the interface between absorber and spiro-MeOTAD. Overall,
the key features of the herein developed approach, namely its
continuous deposition and the compared with established
vapor-based deposition process orders of magnitude faster
deposition rates, together with the significant improvement in
performance of inorganic halide perovskite solar -cells
compared to previous reports make the CFS approach an
outstandingly promising candidate for further research and
development - not only in a laboratory environment but also for
a potential transfer toward an industrial application. Never-
theless, it needs to be noted that the herein employed setup
does not allow a completely continuous operation as regular

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Deposition rate and continuous deposition of the CFS approach.
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(a) Influence of the deposition rate on the performance of solar cells

employing a CsPbl(lg g3Bro.17)3 absorber prepared by CFS. Open symbols indicate solar cells employing absorber compositions with higher
bromine ratios. Recent record values for vapor processed perovskite solar cells from literature were highlighted. (b) Performance of solar cells
with a CsPb(lg 67Bro 33)3 absorber prepared with continuous deposition in five consecutive evaporation runs. Filled symbols indicate maximum
and minimum values, open symbols mean values of the J-V parameters extracted from the reverse scans of 12 solar cells for each run. All solar
cells were prepared without replacing the source powder in between runs.

refilling of the powder is required given the limited powder
reservoir volume. Suitable in-line feeding systems or sufficiently
large powder reservoirs have to be implemented to make this
approach truly applicable in an industrial setting.

Outlook: loss mitigation strategies for flash sublimed
inorganic halide perovskites

While the previous discussions have demonstrated the high
quality of the herein developed flash sublimation technique
compared to previously reported vapor-based approaches,
significant improvements in the open-circuit voltage are
required to be able to compete with state-of-the-art perovskite
solar cell materials. In the following, photoluminescence
quantum yield (PLQY) measurements are performed to gain
further insights into the dominant loss paths in the layer stack
sequence employed in this work as well as to propose directions
for future research.®** To determine the most limiting layers in
the device stack, inorganic perovskite absorbers with different
bandgap energies between 1.8 eV and 2.2 eV in two different
layer stack sequences are investigated here: (1) a device stack
with just the absorber and electron extraction layer (glass/SnO,/
absorber) that enables insights into absorber related limitations
as well as potential non-radiative recombination at the electron
extracting layer and (2) the full device stack (glass/ITO/SnO,/
absorber/spiro-MeOTAD/Au) to gain further insights into the
effect of the hole extracting layer. An investigation of the
uncontacted absorber could not be performed in this work as
significantly different growth behavior of the absorbers were
observed on glass and glass/ITO/SnO,. However, previous
investigations on solution processed inorganic halide perov-
skites have indicated a rather high defect tolerance of the

This journal is © The Royal Society of Chemistry 2024

interface between absorber and electron extracting layer and in
turn related losses in the quasi-Fermi level splitting (being
a direct measure for the open-circuit voltage of a device) of only
around 50 meV.** Similar to previous reports, the absolute PLQY
of these materials is rather low, ranging between 7 x 10 *and 7
x 1072 at one sun intensity. In spite of these low yields, the
measurements can still be used to extract the quasi-Fermi level
splitting (QFLS) for each measurement. Comparing the quasi-
Fermi level splitting of these two layer stack sequences with
different absorber bandgap energies emphasizes non-radiative
recombination inside the absorber to be the main limitation
of the observed deficit in open-circuit voltage (see Fig. 8). Losses
in the quasi-Fermi level splitting AQFLS between 250 meV and
350 meV at one sun intensity are observed for the absorber
(green-colored lines and data points) when compared to the
detailed-balance limit (orange-colored lines) of the respective
bandgap energies, which are comparable to similar absorber
compositions prepared via solution-based approaches.®* Non-
radiative, trap-assisted Shockley-Read-Hall recombination is
believed to be a primary origin of this loss as deduced from the
slight reduction of the quasi-Fermi level splitting deficit AQFLS
with increasing light intensity, which is in agreement with the
rather low charge carrier lifetimes observed in these films (see
Fig. S7 in the ESIf). In that regard, grain boundaries and
correlated strain related effects are believed to play a particular
role in the limitation of the absorber quality. In fact, it is
observed that the absorber related deficit is significantly worse
for wider bandgap absorber compositions (x < 0.83) that were
identified to undergo only a minor grain coarsening effect
during the post-annealing step (see Fig. 4) and in turn are prone
to a significantly higher density of grain boundaries. Lowering
the density of grain boundaries in the absorber by improving
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Intensity dependent photoluminescence quantum yield (PLQY) investigations on solar cells employing a CsPb(lpg3Bro17)3 (a),

CsPb(lg.67Bro.33)3 (b), or CsPb(lg 33Bro 67)s () absorber prepared by CFS. Filled symbols are measured values, open symbols could not be extracted

due to too weak signals and have been linearly extrapolated based on
voltage values that were extracted from J-V-measurements.

the quality of film formation is believed to play a crucial role in
lowering this deficit. The discussion before has shown that the
fast deposition of the herein developed process inevitably
results in a rather small crystalline grain structure (see Fig. 4).
Additives in the powder counteracting the high density of nuclei
in the initial stage of film formation, the addition of heat to the
substrate during the deposition to assist grain coarsening
directly in the film growth process, as well as the investigation
of alternative substrate materials that influence grain growth
(e.g., via quasi-epitaxial growth modes) are believed to be
promising approaches to overcome these limitations.

While for hybrid organic-inorganic perovskite materials the
choice of the hole extracting layer does have a significant impact
on the quasi-Fermi level splitting,®*>* the addition of the spiro-
MeOTAD hole extracting layer (and both electrodes) to the flash
sublimed absorber does not result in a significant enhancement
of non-radiative recombination losses (orange-colored lines) -
independently of the respective absorber bandgap energy. This
again highlights the limited absorber bulk quality to be the main
bottleneck of the current device architecture. Nevertheless, the
improper choice of spiro-MeOTAD as the hole extracting layer is
responsible for an additional loss in the maximum extractable
open-circuit voltage. Comparing the optically extracted open-
circuit voltage of the completed devices (blue-colored data
points) and the actually measured open-circuit voltage of the
devices (purple star symbols) reveals an additional loss Vi deficit
between 90 meV and 250 meV at one sun intensity that increases
with increasing bandgap energy of the absorber. This second
most serious loss in the layer stack can directly be related to the
bandgap mismatches between the highest occupied molecular
orbital of the hole extraction layer and the valence band of the
absorber.®* As already discussed before, the investigation of
alternative hole selective materials is believed to play a crucial
role to overcome this limitation and is considered of particular
relevance not only for the herein investigated flash-sublimed
absorbers but for the advancement of inorganic halide perov-
skite materials in general.

Conclusion

In this work, continuous flash sublimation (CFS) is introduced
as a novel and promising approach for the fabrication of high-

8414 | J Mater. Chem. A, 2024, 12, 8405-8419

measured data points. Purple star symbols indicate the open-circuit

quality inorganic halide perovskite materials. With demon-
strated power conversion efficiencies of 15%, the approach does
not only result in the currently most efficient vapor processed
solar cells employing an inorganic halide perovskite absorber,
but at the same time solves two of the most urgent challenges of
vapor processed perovskite solar cells: the significantly too long
processing times and the lack of continuous deposition, both of
which hamper a swift application of vapor-based approaches on
an industrial scale. With deposition rates as high as 134
nm min~', the herein developed process outperforms any
previously reported vapor-based deposition approach in terms
of deposition rates, while at the same maintaining or even
improving device performance - also in continuous deposition.
Beside the progress from a performance and throughput point
of view, continuous flash sublimation is shown to enable simple
access to high-quality photoactive CsPb(L,Br; ,); thin films of
arbitrary composition and good phase stability without major
changes to the process, being a significant advantage compared
to more complex solution-based approaches. Finally, the
simplicity of the developed process with its reduction to three
simple process steps reduces the number of process parameters
and in turn demands for process control and monitoring,
enabling a good overall reproducibility. Based on detailed
photoluminescence quantum yield (PLQY) measurements the
limited charge carrier lifetimes and overall performance of
flash-sublimed perovskite solar cells is linked to deficits of the
absorber layer itself that significantly lower the extractable
open-circuit voltages. The development of more suitable selec-
tive contact materials for the wide-bandgap materials as well as
a fine-tuning of the film growth mechanisms are believed to
play a particular role in lowering hysteresis as well as boosting
both performance and long-term stability of inorganic halide
perovskite absorbers closer to those of their hybrid organic-
inorganic counterparts. Finally, efforts toward better fully vapor
processed layer stack sequences are believed to create addi-
tional advantages from an industrial point of view.

Experimental section
Materials and process environment

All materials used in this work were used as received from the
suppliers. Glass substrates with pre-patterned indium tin oxide

This journal is © The Royal Society of Chemistry 2024
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(ITO, CAS: 50926-11-9) were obtained from Colorado Concept
Coatings LLC. The commercial tin oxide (SnO,) colloidal
dispersion (15 wt% dispersion, CAS: 18282-10-5) was purchased
from Alfa Aesar. Lead iodide (Pbl,, 99.999% purity, ultra-dry,
CAS: 10101-63-0), lead bromide (PbBr,, 99.999% purity, ultra-
dry, CAS: 10031-22-8), cesium iodide (CsI, 99.999% purity,
CAS: 7789-17-5), and cesium bromide (CsBr, 99.999% purity,
CAS: 7787-69-1) were purchased from Alfa Aesar. The hole
transport material 2,2"”,7,7"-tetrakis[N,N-di(4-methoxyphenyl)
amino]-9,9'-spirobifluorene (spiro-MeOTAD, > 99.8% purity,
CAS: 207739-72-8) was obtained from the Luminescence Tech-
nology Corporation, its dopants bis(trifluoromethane)sulfoni-
mide lithium salt (Li-TFSI, 99.95% purity, CAS: 90076-65-6) and
4-tert-butylpyridine (98% purity, CAS: 3978-81-2) as well as the
solvents chlorobenzene (99.8%, anhydrous, CAS: 108-90-7) and
acetonitrile (99.8%, anhydrous, CAS: 75-05-8) from Sigma-
Aldrich. All experiments in this work were performed in
Golden, Colorado, USA at an altitude of 1730 m. The tempera-
ture was between 20 °C and 25 °C while relative humidity was
typically below 40%. Samples and materials were stored in inert
atmosphere if not stated otherwise.

Inorganic halide perovskite powder preparation

Source powders for the flash sublimation of the inorganic
halide perovskite thin films were prepared via a mechano-
chemical synthesis (ball milling). For this, the individual
powder constituents Pbl,, PbBr,, Csl, and CsBr were weighed
out into a Teflon® canister with a stoichiometric ratio
depending on the iodine-to-bromine ratio inside a nitrogen-
filled glovebox. A small Pbl, excess of 5% (mass percentage)
has been shown to be beneficial for the performance of the
absorbers. For all powders with an iodine content between 0.45
= x = 0.83 PbBr, was used as the only bromine source. For
example, 0.800 g Pbl,, 0.637 g PbBr,, and 0.902 g CsI were mixed
for a powder with the composition CsPb(Iye;Bro33)3. The
powder constituents were manually pre-mixed and alumina
(Al,03) balls with a diameter of around 5 mm added to the
powder. Afterward, the canister was sealed, transferred outside
the glovebox, and mixed in a SPEX SamplePrep 8000M mixer for
20 min. Right after the mixing, the canister was transferred back
into inert atmosphere, opened, and the powder sifted in a sieve
with a 250 pm mesh width, ensuring a consistent and repro-
ducible feeding of the powder (see ESI{ section Notes on CFS
and powder preparation). Depending on the iodine-to-bromine
ratio the powders showed a clear color change that indicates
a reaction into perovskite during the mixing process (see Fig. S2
in the ESIt). The powder was stored in inert atmosphere until
usage.

Substrate preparation

Glass substrates coated with (pre-patterned) indium tin oxide
(ITO) were cleaned in acetone and isopropanol in an ultrasonic
bath for 15 min each, followed by an additional cleaning step in
ozone for 15 min immediately before the deposition of the
electron transport layers. As electron transport layer solution
processed tin dioxide (SnO,) in nanoparticular form was
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employed. For this, one volume part of the commercial SnO,
colloidal dispersion was diluted with four parts of deionized
water to a concentration of 3 wt%. The deposition on top of the
ITO front electrode was performed by spin coating at 3000 rpm
for 30 s followed by an annealing step at 150 °C for 30 min in
ambient air. Right before the deposition of the absorber layer,
the substrates were again treated in ozone for 15 min. For
samples used for optical characterization, bare glass substrates
that were cleaned in acetone, isopropanol, and ozone were
used.

Inorganic halide perovskite deposition

The deposition of the inorganic halide thin films by continuous
flash sublimation (CFS) was performed in a strongly modified
Edwards AUTO 306 bell jar evaporator (see Fig. 2 for a scheme of
the system). The system was equipped with a home-made
vibratory feeder driven by an electromagnet via an A/C sine
wave. The sine wave was generated via a BK PRECISION wave-
form generator. Typical voltage amplitudes and frequencies of
the sinusoidal output signal during operation were 1.5 V and
40 Hz to 60 Hz, respectively. The vibratory feeder was equipped
with a powder reservoir providing space for about 3 g of pre-
synthesized powder. After moving along a PTFE trough, the
powder fell into a funnel equipped with an additional stainless-
steel mesh and then into a quartz glass tube connected to
a baffled tantalum evaporation boat. The evaporation boat was
purchased from the RD Mathis company (product number: SB-
6) and equipped with a custom-made lid with additional
openings on the opposite side of the powder entrance. Baffles
inside the boat as well as a sufficient distance between powder
entrance and vapor exit guaranteed a sufficient thermal expo-
sure of the powder and thus a complete sublimation. The boat
lid prevented spitting, while the funnel and tube kept the
powder from spilling. It was recognized that adequate sealing
between the evaporation boat and the quartz glass tube on the
entrance side of the evaporation boat lid was particularly
important to prevent flash sublimation into the wrong direction
and to achieve sufficient sublimation yield. Thus, an additional
ceramic plug was designed that did not only properly seal the
area between quartz glass tube and boat lid but also helped to
prevent clogging of the quartz glass tube during deposition
given its non-negligible thermal conductivity. Surface temper-
ature of the evaporation boat during the deposition was
measured right at the point of powder entry by means of a type
K thermocouple and was in the range of 600 °C to 700 °C
(equivalent to a boat current between 90 A and 120 A), although
the bright orange-glowing boat indicated temperatures between
900 °C and 1100 °C. Base pressures before the evaporation were
in the range of <1.5 x 10~> mbar and stayed rather unchanged
during deposition. Typical deposition times for a 350 nm thick
thin film ranged from 2 min to 5 min equivalent to a powder
supply rate between 40 mg min~ ' and 100 mg min~*, which was
adjusted via the frequency of the vibratory feeder. During the
process, the substrates were rotating but not actively cooled nor
heated. The distance between evaporation boat and substrates
was kept constant at a value of around 15 cm. Right after the
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deposition, the evaporator was vented to air, the thin films were
transferred into a nitrogen-filled glovebox, and annealed at
a temperature of 330 °C (380 °C for thin films with iodine
contents x < 0.67) for 0.5 min to 1 min.

Solar cell fabrication

Solar cells in this work were fabricated with the layer stack
sequence glass/ITO/SnO,/absorber/spiro-MeOTAD/Au.
Absorber thicknesses typically of 350 nm were used in this
work. The hole transport layer spiro-MeOTAD was deposited by
spin coating a solution at 3000 rpm for 30 s in a nitrogen-filled
glovebox without subsequent annealing. For the oxygen doped
spiro-MeOTAD solution, 73 mg spiro-MeOTAD were dissolved
in 1 ml chlorobenzene and 35 pl of a Li-TFSI solution (260 mg in
1 ml acetonitrile) and 30 pl of 4-tert-butylpyridine added. After
the deposition of the hole transport layer the samples were
stored in dry ambient atmosphere for typically 36 h. For the
cobalt-doped spiro-MeOTAD solution, 71 mg spiro-MeOTAD
were dissolved in 1 ml chlorobenzene and 17.5 pul of a Li-TFSI
solution (520 mg in 1 ml acetonitrile), 29 pl of a Co-TFSI solu-
tion (300 mg in 1 ml acetonitrile), and 29 pl of 4-tert-butylpyr-
idine added. The spiro-MeOTAD solutions were always prepared
freshly right before the deposition. Finally, the devices were
equipped with a 100 nm thick gold rear electrode deposited by
thermal evaporation through a shadow mask (0.12 cm?) at an
evaporation rate of 2 A s™' in an Angstrom Engineering Inc.
evaporator.

Characterization

Current-density-voltage (/-V) characteristics were measured in
a solar simulator with a xenon lamp (Newport Oriel 94043A)
under AM1.5G spectra (100 mW cm %) in both forward and
reverse scan direction at a scan speed of <0.5 V s~ *. The intensity
was calibrated with a silicon reference solar cell equipped with
a KG5 band pass filter. In addition, intensity of the lamp was
regularly calibrated against NREL's solar simulator used for offi-
cial certification purposes. During the measurement, the
temperature of the solar cells was not actively controlled, which
results in a slight underestimation of the open-circuit voltage (ca.
30 mV) as well as the power conversion efficiency. The active
device area during measurement was defined with a shadow
mask to be 0.06 cm”. For X-ray diffraction (XRD) investigations,
a Rigaku SmartLab 3kW system with (non-filtered) Cu K, radia-
tion was used, and measurements were performed in Bragg-
Brentano configuration in ambient environment. Scanning elec-
tron microscope (SEM) investigations were carried out in a Hita-
chi S-4800 scanning electron microscope with secondary electron
detector and a primary electron energy of 3 keV. For cross-
sectional investigations the cross sections were covered with
a few nanometers thick chromium layer deposited by sputtering
to prevent charging. Samples for both XRD and SEM were
deposited on top of glass/ITO/SnO, substrates. Transmittance
and reflectance were measured in an Agilent Cary 7000 spectro-
photometer in ambient environment. For both optical measure-
ments the film side of the sample was faced toward the incident
light beam. For the calculation of the absorption coefficient and
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the Tauc plots, absorptance was calculated using the formula A =
1 — T — R and the substrate background subtracted from the
measured absorptance using previously reported methods.*
Thickness of the thin films was determined in a Veeco DEKTAK 8
stylus profilometer. Surface images were taken in a Nikon Eclipse
LV100 optical microscope. Transient photoluminescence (TRPL)
measurements were performed in a home-made measurement
setup employing a pulsed laser diode and a time-correlated single
photon counting unit from PicoQuant. A laser with a wavelength
of 405 nm, a repetition rate of 1 MHz, and a measured power at
the sample surface of <15 pW was used. Photoluminescence
mapping was conducted in a home-made setup employing
a Princeton Instruments PIXIS Silicon CCD camera with 600 nm
long pass filter. The large-area samples were excited by a scanning
laser with a wavelength of 532 nm and a power of 1 mW on an
area of 1 x 1 mm”. Photoluminescence quantum yield (PLQY)
measurements were obtained via integration of absolute intensity
photoluminescence (AIPL) spectra.®* The spectra were acquired
using a modified Horiba LabRAM HR-800, a 532 nm laser diode
excitation source, and a 10x objective lens (NA = 0.25) for illu-
mination and emission collection. An 800 pm in diameter
confocal hole was used for all measurements. A 150 g mm
Czerny-Turner monochromator blazed at 500 nm was used to
spectrally resolve the luminescence, after which the emitted light
was passed to a Si CCD array detector. An Oriel optical power
meter and Thorlabs beam profiler were used to calibrate the
photon flux, which was set to the desired number of equivalent
suns according to the integration of the AM1.5 solar spectrum
above the bandgap of the respective absorber material. The
photon detection was calibrated using a blackbody source (IR-
301, Infrared Systems Development) at 1050 °C with 10 pm
pinhole. All confocal PLQY experiments were conducted in
a nitrogen filled container sealed with an O-ring and vacuum
grease with a quartz window to prevent oxygen and moisture
exposure. Composition of the samples was determined by
inductively coupled plasma mass spectrometry (ICP-MS) using an
Agilent 7700 system with ASX-500 autosampler. Two 1” x 1” glass
slides were prepared for each analysis. One slide was dissolved in
2% nitric acid (HNO;) and 50 ng ml™" yttrium (yttrium as an
internal standard), the second slide was dissolved in a solution of
1 wt% triethanolamine (0.1 wt% ethylenediaminetetraacetic acid
(EDTA) and 50 ng ml ™" yttrium). For both samples the solution
was further diluted to a target concentration of 20 ng ml™* to 100
ng ml~'. Samples in the acid matrix were used to detect cesium
and lead, base matrix samples were used to detect cesium, iodine,
and bromine. Final stoichiometry was determined by using the
cesium concentration in both samples to connect the lead to
halide ratios.
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