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Vapor phase deposition processes hold great potential for industrializing the deposition of perovskite-based
absorbers, offering a pathway to commercialization. Specifically, the scalability, ability to produce
conformal coatings, and established use in industrial processing of optoelectronic devices lead to the
assumption that thermal sublimation is inherently suitable for commercial-scale perovskite solar cell
production. However, ensuring economic viability requires a detailed assessment of achievable
production throughputs, a key factor in achieving cost-effective large-scale manufacturing. This work
bridges the gap between research focus and industry needs by introducing and analyzing three
strategies to increase production throughput in an industrial context: (1) we investigate the thermal
stability of key perovskite precursor materials to provide guidelines for safe operation by mitigating
decomposition risks. (2) We critically evaluate the industrial feasibility of common deposition modes,
including co-deposition and sequential deposition, as scaling from laboratory to industrial production
introduces new challenges in terms of material utilization and compositional material homogeneity. In
addition, we analyze the static deposition rate profiles of key perovskite precursor materials and use this
data to conceptualize a linear sublimation source. (3) A simulation-based approach allows an estimation
of the horizontal scale-out required to achieve a production throughput of 1000 M10-size wafers per
hour, which is considered the minimum threshold for pilot-scale production. This analysis explores
strategies to achieve a fabrication throughput that is three orders of magnitude higher than the current
academic discussion of accelerated vapor phase deposition based on laboratory-scale equipment. The
sublimation of the organic precursor material is identified as a critical bottleneck and alternative
deposition methods for achieving high production throughput are discussed. By addressing these key
technical and economic challenges, our study offers practical insights for the transition of sublimation-
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Metal halide perovskite-based solar cells have evolved from a research innovation to a commercially viable technology, achieving market entry in 2024. Their

high power conversion efficiencies and cost-effectiveness position them as a prime candidate for next-generation photovoltaics, complementing established
silicon in tandem devices. However, transitioning to large-scale deployment requires industrial manufacturing processes that meet scalability and economic
demands. Vapor phase deposition is a promising method for perovskite fabrication due to its uniform and conformal coating properties and its widespread use
in thin-film industry. Despite these advantages, current laboratory-scale vapor-based processes are limited by low deposition rates, creating a significant barrier

to achieving the production throughput necessary for industrial adoption. The present study addresses the critical challenges of scaling vapor-based processes
by evaluating the thermal stability of perovskite precursors, analyzing deposition modes, and conceptualizing a linear sublimation source for production

throughput analysis. Practical guidelines are offered to support the transition from research-scale methods to scalable and cost-effective manufacturing, thereby
accelerating the commercialization of perovskite-based photovoltaic technologies.

Introduction

The rapid development of perovskite solar cells (PSCs) marks an
unprecedented advance in photovoltaic (PV) technology.
Impressive progress has been made in the efficiency and
stability of single-junction PSCs, achieving a certified record
power conversion efficiency (PCE) of 26.95%." Monolithically
interconnected perovskite/silicon (PVSK/Si) tandem solar cells
are of particular interest as they make more efficient use of the
solar energy spectrum. Consequently, they are able to signifi-
cantly increase the effective device PCE beyond what either
technology could achieve on its own. LONGi Solar has recently
reported a laboratory-scale record efficiency of 34.6% for PVSK/
Si tandem solar cells and further demonstrated PCEs of 30.1%
on commercial Mé6-size wafers.>® OxfordPV in collaboration
with Fraunhofer ISE, has demonstrated a full-scale PVSK/Si
module with an area of 1.68 m> and a module efficiency of
26.9%, surpassing the efficiency of conventional Si-based
modules for the first time.* These achievements are setting
a remarkable benchmark for this technology that far exceeds
the efficiency of established Si PV, and underscores the poten-
tial of hybrid lead halide perovskites as perfect partners for Si-
based solar cells.

Current research on PSCs predominantly uses solution-
based perovskite absorber layer deposition, accounting for
more than 98% of peer-reviewed research articles.® This
disproportionate focus on solution processes can be attributed
to two primary factors: lower equipment costs and the ability to
rapidly iterate the material composition and solar cell archi-
tecture. In contrast, perovskite deposition via vapor phase
deposition is severely underrepresented in recent academic
literature despite being superior to solution-based processes in
terms of achieving uniform and conformal coverage over large
areas, as well as on textured Si substrates.® Achieving full
coverage over pyramidal structures of Si wafers via solution
processes typically requires the deposition of a thick perovskite
layer, resulting in thickness variations across the thin film, or
the use of tailored surface textures with pyramid sizes below
1 pm.” A recent industry survey conducted by Abzieher et al.
found that approximately 40% of companies engaged in
perovskite-based PV research reported activities related to
vapor-based processes."* This highlights a significant discrep-
ancy between laboratory-scale innovations and commercially
viable technologies. The key requirements for commercializa-
tion are: (i) uniform, conformal, and reproducible deposition of
perovskite absorber layers at high throughput, (ii) high material

© 2025 The Author(s). Published by the Royal Society of Chemistry

utilization and production yield, and (iii) compatibility with
industrially relevant textured silicon wafers. Examples of
successful and scalable thin-film manufacturing can be found
in the established thin film industry (e.g.,, CdTe or copper
indium gallium selenide (CIGS) PV, and organic light-emitting
diodes (OLED)), which is exclusively based on vapor-based
techniques.’*™*

The potential of thermally sublimed perovskites to fabricate
highly efficient single-junction PSCs as well as their integration
into tandem architectures has been demonstrated by several
research groups. We note that many scientific publications are
using the terms “evaporation” and “sublimation” interchange-
ably. We will refer to the processes as sublimation, as in the
processes discussed here, there is no formation of a liquid
phase from which the material evaporates. Important mile-
stones for co-deposited perovskite absorbers have been ach-
ieved: long-term stable PSCs with PCEs exceeding 20% have
been reported by Rof3 et al.*® These devices demonstrated stable
performance for over 1000 hours in the p-i-n configuration. Gil-
Escrig et al. were the first to demonstrate a conformal coating
on microscopically textured substrates, achieving a PCE of
15%." Ritzer et al. developed the first all-evaporated perovskite
solar module utilizing a co-deposited absorber layer reaching
a PCE of 16.6% for an aperture area of 51 cm?® with low
upscaling losses."® Recent studies have focused on sequential
deposition of the respective perovskite precursors, achieving
PCEs of 24.4% and 17.8% in the n-i-p and p-i-n architecture
for a methylammonium (MA)-free perovskite composition,
respectively.’**® More recently, Zhou et al. utilized sublimed
MACI as an additive for sequentially deposited PSCs in the n-i-
p architecture achieving a certified PCE of 26.4%, representing
the record efficiency at that time.** Despite the advantages in
coating quality and process integration, thermal sublimation of
perovskite absorbers is described in the literature to face limi-
tations in deposition rate, which impacts the production
throughput.”*** Recently, there has been a growing interest in
increasing the deposition speed of vacuum-deposited perov-
skite absorbers with efforts of Piot et al. investigating the effects
of increased deposition rates for co-deposited MAPbI;-based
PSCs.”* In this study, a 1 pm-thick absorber was deposited in
50 min with PCEs comparable to the slower baseline process
exceeding 19%. Similar results were obtained in a study of Dewi
et al., with deposition times of co-deposited MAPbI; thin films
of 600 nm thickness being reduced from 150 min to 25 min
without compromising device performance.”® However, when
looking at the achieved deposition rates, it is evident that they
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are still far too low for industrially relevant production
throughputs.™

The transition from research-to pilot production and ulti-
mately to industrial-scale production at the GW-level presents
significant challenges.>**” For context: continuous operation of
a pilot line at a production throughput of 1000 M10-size wafers
per hour would consume up to 8.76 million wafers per year,
equivalent to a production capacity of ~73 MW,/a at 25% cell
efficiency. Based on the current certified efficiency record of
34.6% for laboratory-scale PVSK/Si tandem solar cells,® the
production capacity could be increased by ~38%,. compared to
the silicon single-junction reference, equivalent to a production
capacity of ~101 MWp/a. These potential capacity increases are
a primary motivation for research into PVSK/Si tandem solar
cells. Numerous studies have claimed the self-evident applica-
bility of vapor-based techniques for perovskite deposition to
industrial processes, as it is a mature technology that has
demonstrated conformal and uniform deposition properties for
large areas.*'®**** However, few studies have addressed the
complexities of implementing these processes at industrially
relevant throughputs in a cost-effective manner.

In this work, we aim to fill this knowledge gap by analyzing
the potential of different scaling strategies to increase the
production throughput. Such strategies can be divided into two
categories: vertical scale-up and horizontal scale-out. In this
context, vertical scale-up refers to maximizing production
throughput by increasing the deposition rates of individual
sublimation sources and improving process effectiveness. This
approach is constrained by intrinsic factors such as the thermal
stability of the materials. Horizontal scale-out involves
increasing production throughput by adding additional equip-
ment, such as more or larger sublimation sources. While
effective, this approach requires significant capital investment,
which affects the economic viability of the technology. First, the
potential of vertical scale-up is investigated by analyzing the
thermal stability and sublimation characteristics of key perov-
skite precursor materials, formamidinium iodide (FAI) and lead
iodide (Pbl,). Second, commonly used deposition modes are
discussed in the context of a linear source setup with a focus on
process effectiveness and material utilization. Third, the depo-
sition rate of a conceptual linear source is estimated based on
experimentally available data using laboratory-scale point
sources. This calculation aims to determine the necessary
horizontal scale-out to achieve the minimum threshold
production throughput of 1000 M10-size wafers per hour. Such
insights are essential to advance perovskite-based solar cells
from promising laboratory research to economically viable
large-scale applications.

Results and discussion

This work investigates the potential for increasing the produc-
tion throughput of perovskite absorber deposition by intro-
ducing and assessing three strategies: (1) elevate the source
temperature to increase the deposition rate. This approach is
intrinsically limited by the thermal stability of the materials. We
aim to provide guidelines for a safe sublimation temperature
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range without the risk of decomposition. (2) Improve process
effectiveness through optimized source layout. We discuss
common deposition modes such as co-deposition and sequen-
tial deposition in context of industrial linear sources. Strategy
(1) and (2) are categorized as vertical scale-up strategies. (3)
Addition of multiple sources in series to increase production
throughput. We estimate the required horizontal scale-out to
achieve a pilot line production of 1000 M10-size wafers per hour

(Fig. 1).

Strategy 1: maximize deposition rates by elevating
sublimation source temperature

This section explores if the perovskite deposition rate can be
increased beyond commonly used values by elevating the
sublimation temperature, a strong lever for increasing the
overall production throughput without requiring significant
investment. Addressing potential limitations on the achievable
deposition rate and production throughput requires a thorough
understanding of the thermal stability of perovskite precursors
under sublimation conditions. The most critical materials in
this context are Pbl,, cesium iodide (CsI), FAI and methyl-
ammonium iodide (MAI), as they contribute most to the overall
perovskite composition.*® With regard to its sublimation char-
acteristic, each component presents unique challenges, poten-
tially limiting the production throughput. In this study, each
material is sublimed at stepwise increasing temperatures, and
the deposited material is analyzed to track changes in its
composition and to identify potential decomposition products.
In addition, the evolving gas phase under sublimation condi-
tions is studied to provide insights into the reactions taking
place at elevated temperatures.

Thermal stability of organic perovskite precursor materials

Controlled and reproducible sublimation of organic perovskite
materials is known to be notoriously difficult.?**'*¢ The subli-
mation characteristics of MAI are described as omnidirectional
and cloud-like.*” Consequently, controlling the deposition rate
of MAI using conventional quartz crystal microbalance (QCM)
measurements is non-trivial.*® Strategies to improve process
control include tracking the background pressure caused by
MAI sublimation or positioning a QCM to detect PbI, and MAI
deposition simultaneously, effectively measuring the rate of
MAPbDI; deposition.** At low temperatures, the dissociation of
MAI to methylamine and hydroiodic acid (HI) dominates the
sublimation dynamics. The sticking of MAI to the QCM is
influenced by its material purity, which can fluctuate due to
variations in material synthesis, further complicating the
reproducible deposition control.**-** Several reports on the
effect of MAI purity indicate that phosphorus-based impurities
have a significant effect on its sublimation characteristics, the
most common are methylammonium hypophosphite
(MAH,PO,) and methylammonium phosphonate (MAH,POj3).
Thermal cracking of MAI has been observed at temperatures
above 170 °C, resulting in the formation of methyl iodide and

ammonia.?%3°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Laboratory scale
2-3 wafers/day

Substrate holder with Si-wafer

Csl
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Co-deposition of all precursors
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Transport direction

Pilot line scale
>1000 wafers/h
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Csl

Array of point or linear sources

Pbl, FAI

Fig.1 Comparison of laboratory- and pilot-scale production. Laboratory-scale production predominantly uses co-deposition of all precursors,
with material mixing achieved by positioning the sublimation sources off-center relative to the substrate. Pilot-scale production uses moving
wafer carriers that pass perpendicularly through the array of industrial point or linear sublimation sources.

The relatively lower intrinsic thermal stability of MA-based
perovskite absorbers motivated the search for FA-based perov-
skite compositions.**** While recent literature has pivoted to
focus on FA-based perovskite compositions, analysis of FAI
decomposition under sublimation conditions remains limited.
A recent study presented by Kroll et al. shows that thermal
cracking of FAI occurs at temperatures above 200 °C, with
fragmentation into 1,3,5-triazine, ammonia and hydrogen
cyanide.*” Critically, there is no experimental evidence that the
cracking products are incorporated into the perovskite lattice.**

We investigate the thermal stability of FAI and MAI using
a Duran tube sublimation setup. Samples are collected from
three harvesting zones: material in the crucible residue, the
main fraction and volatiles deposited under active cooling (see
schematic in Fig. 2A; the respective fractions are indicated by
the superscript of B-D). The analysis of the thermal stability of
MAI is elaborated in the ESIt with 'H, **C and *'P nuclear
magnetic resonance (NMR) spectra shown in Fig. S1.f Inter-
estingly, no evidence of MAI decomposition is observed, even at
a temperature of 240 °C, the highest temperature used in this
experiment under vacuum conditions. Phosphorous-containing
compounds are detectable in the volatiles deposited under
active cooling, which could be identified as MAH,PO, with
characteristic signals at 6.22 ppm and 7.83 ppm found in the
"H-NMR spectra.®* A red-colored material accumulated in the
crucible residue upon heating, the identity of which remains
elusive. Optical photographies of collected materials are
depicted in Fig. S2.t

The analysis of the thermal stability of FAI reveals more
drastic changes. A progressive discoloration from off-white to
yellow and finally to gray/black is observed for the crucible
residue, indicating material decomposition and coke formation
at temperatures above 240 °C. Optical photographs of the
collected samples are depicted in Fig. S3.7 This suggests that
FAI undergoes significant chemical transformation at elevated
temperatures, affecting both appearance and composition. To

© 2025 The Author(s). Published by the Royal Society of Chemistry

identify potential decomposition products and impurities, all
samples collected are analyzed by 'H-NMR spectroscopy
(Fig. 2B-D). Samples exposed to temperatures exceeding 240 °C
exhibit broadening of the characteristic amidine NMR peak at
8.80 ppm, with additional peak splitting occurring at 260 °C.
This behaviour is not fully understood but has previously been
attributed to the presence of Lewis acids.** We hypothesize an
increased amount of HI in the sample due to the dissociation
reaction of FAIL The main fraction shows a yellow discoloration
above 240 °C and peak splitting of the amidine signal at
8.80 ppm is observed. A small additional peak at 7.09 ppm,
consistent with ammonium iodide (NH,I), points to decompo-
sition processes generating ammonia and HI through dissoci-
ation and thermal cracking of FAI, respectively. The detection of
NH,I is critical because it implies that this decomposition
product could deposit on the substrate, potentially affecting
perovskite formation. However, we note that the substrate
temperature is commonly around room temperature and thus
no deposition of NH,I is expected under operational conditions.
A reference "H-NMR spectrum of NH,I is provided in Fig. S4.F
No further impurities are detected for sublimation tempera-
tures below 240 °C. Volatiles deposited under active cooling
show discoloration for temperatures above 240 °C. Interest-
ingly, NH,I is detected at all temperatures. Traces of FAI are
detected above 240 °C, which we attribute to the material
transfer distance being increased with temperature. No sign of
a 1,3,5-triazine signal is detected by 'H-NMR spectroscopy
which is attributed to its volatile nature with the external cool-
ing being insufficient for the material to deposit.

Further analysis of the molecular identity of emitted species
from a point source was conducted by Knudsen effusion mass
spectrometry (KEMS) measurements at increasing temperatures
(Fig. 2E and F). By analyzing the material flux emitted by a point
source with mass spectrometry, conclusions can be drawn
about the species present. Thermodynamic equilibrium within
the point source is achieved by using a “semi-closed” system

EES Sol, 2025, 1, 404-418 | 407
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Fig. 2 Investigation of the thermal stability of FAl under sublimation conditions. (A) Schematic drawing of the employed sublimation setup used.

Material is collected from the crucible residue, main fraction, and the volatiles deposited under active cooling. (B—D) *H-NMR spectra of
collected material for increasing sublimation temperatures (E) KEMS measurements of pristine FAl with increasing temperature. Lines are guides

for the eye. (F) Isothermal KEMS measurements at 130 °C. (G) Graphical

with a small orifice. Thereby, only a small amount of material is
effused at a time, reducing the disturbance of the equilibrium
conditions. Eight different ions, which can be either ionized gas
molecules or their fragments, could be identified for FAI: NH;"
(m/z = 17), CN" (m/z = 26), HCN" (m/z = 27), FA" (m/z = 44),
1,3,5-triazine’ (m/z = 81), 1" (m/z = 127), HI' (m/z = 128) and I,,*
(m/z = 254) (Fig. S5At). The m/z value for NH," is equal to that of
water and, therefore, cannot be deconvoluted or interpreted
further. All presented measurements are qualitative and the
intensities of different ions do not necessarily correlate with the
relative abundance of the corresponding gas species. However,
when comparing the evolution of temperature-dependent
measured counts of observed ions, correlations between
different species can be found. For example, the abundance of
HI', I" and 1,3,5-triazine” appear to be correlated. Furthermore,
FA" and CN'/HCN" correlate with a minimum abundance at
130 °C, after which the intensity increases again and are anti-
correlated to the intensity of I," ions. Interestingly, the gener-
ation channels for FA" and HCN' belong to the dissociation and
thermal cracking process, respectively. This indicates that the
gas phase reactions of FAI have a more complex underlying
reaction process with unknown reaction pathways explaining

408 | EES Sol, 2025, 1, 404-418

summary of species emitted from the sublimation source.

the observed correlation of FA" and CN". Further elucidation of
respective decomposition mechanisms is required to better
understand the gas phase chemistry of FAI, which is beyond the
scope of this work. The presented polythermal measurements
describe a snapshot of emitted species at the given temperature.
However, a week-long campaign duration is desirable for
industrialization. To gain more insights, the temporal change
of emitted species was tracked by isothermal KEMS measure-
ments at a constant temperature of 130 °C. The intensities of all
observed ions stabilized and remained constant within
measurement accuracy. After around 20 h, ~95% of the mate-
rial was consumed (Fig. 2F). A second isothermal KEMS
measurement at 150 °C showed fast material depletion after
~5 h (Fig. S5BT). A graphical summary of observed species is
depicted in Fig. 2G.

In summary, the FAI sublimation temperature should not
exceed the range of 220-240 °C, above which significant
decomposition, with coke formation within the crucible residue
is observed. However, since the coke is not emitted from the
crucible, this temperature may be a compromise between
achieving the highest possible deposition rate without risking
severe decomposition. Our analysis highlights differences when

© 2025 The Author(s). Published by the Royal Society of Chemistry
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comparing deposited material to the corresponding gas phase
composition. While the gas phase analysis suggests a change in
the occurring molecular species with increasing temperature,
the deposited samples of the main fraction are identical,
demonstrating that FAI deposits selectively from the gas phase.
We hypothesize that the additional species cannot co-crystallize
within the FAI lattice due to different crystal structures and
charge, resulting in a selective deposition of FAI This may allow
for higher sublimation temperatures, as decomposition prod-
ucts are not found in the deposited material. For example, coke
is not emitted from the crucible and NH,I would only signifi-
cantly deposit at very low substrate temperatures, thereby
higher deposition rates might be achievable. We note that
investigating the effect of an increased deposition rate on the
PCE of FA-based co-deposited PSCs is the focus of ongoing
work.

Thermal stability of inorganic perovskite precursor materials

Next, the thermal stabilities of inorganic perovskite precursors
are investigated. Cs is commonly added to FA-based perovskite
absorbers to stabilize the photoactive alpha-perovskite
phase.**** Typically, the molar fraction of Cs from the total
amount of A-site cations is about 5-20%.*" Therefore, the
sublimation rate of Cs is not expected to be the rate-limiting
step in the fabrication of perovskite films, especially
compared to the sublimation rates of other components such as
PbI, and FAI. Additional polythermal KEMS measurements are
performed for Csl. Temperature-dependent changes of the gas
phase composition are observed with the presence of Cs', T',
CsI" and oligomeric ions Cs,I" and Cs,I;" (Fig. $107). Cs*, T',
CsI" and Cs,I" appear to be correlated, suggesting that CsI
sublimes in an oligomeric form that undergoes fragmentation
induced by the harsh mass spectrometric method of electron
ionization. The ion Cs,I;" is observed at temperatures above
440 °C, potentially because more thermal energy allows the
sublimation of larger molecules from the (Csl), lattice. Mean-
while, Pbl, is the major component of most employed perov-
skite compositions, making analysis of its potential
sublimation rate limitation essential. Despite its importance for
perovskite PV, the thermal stability of Pbl, under sublimation
conditions has not yet been thoroughly investigated.

To the best of our knowledge, while a decomposition
temperature of 872 °C is reported under ambient conditions,*®
no decomposition temperature under sublimation conditions
has been reported for Pbl,. To investigate the thermal stability
of PbI, in more detail, the material was sublimed at increasing
temperatures using an equivalent system as depicted in Fig. 2A.
Material from the crucible residue and deposited material are
analyzed by inductively coupled plasma optical emission spec-
troscopy (ICP-OES) measurements to determine possible
changes in material composition. Commercially available Pbl,
is not necessarily stoichiometric with reported elemental ratios
of I/Pb varying in the range of 1.8 to 2.1, deviating from the
expected ratio of 2.*° However, temperature induced changes of
the elemental ratio are indicative of potential decomposition
reactions. If the ratio decreases with applied temperature, it

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicates a loss of iodine and consequently, potential decom-
position. Interestingly, the I/Pb ratio of the crucible residue is
slightly higher than that of the raw material at a temperature of
350 °C, being 2.02 and 2.05, respectively. However, these
observed differences in I/Pb ratios are near analytical error and
may not be significant. With increasing temperatures, a slight
apparent decrease of the I/Pb ratio from 2.05 to 2.02 is observed
for material from the crucible residue (Fig. 3A). No visual
difference between the different samples is observed. For
material collected from the main fraction, the elemental ratio is
constant within measurement accuracy, suggesting no decom-
position within the temperature range examined (Fig. 3B).
Material collected under cooling showed a slightly higher I/Pb
ratio of ~2.04 for all probed temperatures compared to the
raw material (Fig. S61).

Next, we tested if vacuum conditions, such as those
encountered in a thermal sublimation setup, might influence
the decomposition of Pbl,. The volatility of iodine could lead to
accelerated decomposition under vacuum conditions, as it is
constantly removed from the system by the vacuum pumps,
affecting the dynamic equilibrium. The effect of reduced pres-
sure on the thermal decomposition of Pbl, is studied by ther-
mogravimetric analysis (TGA) under ambient pressure and
nitrogen atmosphere, ~10~> mbar, and ~10~* mbar (Fig. 3C).
The mass loss of Pbl, is tracked as a function of temperature.
For a quantitative decomposition of Pbl, a residual mass of
approximately 45% is expected, representing the mass fraction
of lead in the compound. However, if the residual mass declines
below 45%, the potential decomposition is incomplete, and the
material has undergone evaporation or sublimation. At ambient
pressure, the highest mass loss rate is observed at a temperature
of 596 °C. This results is complemented by differential scanning
calorimeter (DSC) measurements under ambient pressure,
which confirmed the melting of Pbl, at 403 °C, in agreement
with existing literature (Fig. S7Bt).*® We conclude that mass loss
occurs from the molten state by evaporation. In contrast, at
reduced pressures of 10> mbar and 10~ * mbar, the highest
mass loss rate shifted to lower temperatures of 347 °C and
362 °C, respectively, due to material sublimation (Fig. S7AY).
The latter temperature difference might not be significant
because the absolute temperature cannot be accurately cali-
brated at reduced pressures. Importantly, the mass loss at
reduced pressures approaches 100%, showing no evidence of
degradation. This observation also suggests that the material
fully sublimes prior to decomposition. Lastly, we gradually
elevated the sublimation temperatures from 180 °C to 270 °C in
a laboratory-scale thermal sublimation setup under high
vacuum (~10~°® mbar), resulting in an exponential increase of
the deposition rate from 0.01 nm s ' up to 0.73 nm s ',
respectively, measured at the QCM (Fig. S8At). We note that the
temperature is measured by a thermocouple attached to the
crucible bottom and the actual absolute temperature might
differ between setups. Stabilizing the sublimation rate at even
higher deposition rates proved difficult due to fluctuations of
the measured QCM rate and we emphasize that we used this
experimentally achieved deposition rate of Pbl, for all following
analyses of the fabrication throughput.
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Fig. 3 Thermalstability of Pbl, under sublimation conditions. (A/B) Lead to iodine ratio (Pb/l) of Pbl, obtained with ICP-OES measurements from
crucible residue and main fraction, respectively, sublimed at increasing temperatures. The stoichiometric ratio of 1: 2 is indicated by a horizontal
line. (C) TGA measurement of Pbl, at ambient and reduced pressure (1072 and 10~% mbar range) showing significant mass loss as the material
heats up. (D) KEMS measurements of Pbl, for increasing temperature. Lines are guides for the eye. (E) Isothermal KEMS measurements at 250 °C

(F) graphical summary of species emitted from the sublimation source.

Deposition rates of ~25 nm s up to ~1800 nm s '

projected by extrapolation to higher source temperatures of
350 °C and 450 °C, respectively, representing the maximum
temperatures of the TGA and Duran tube sublimation experi-
ments (Fig. S8Bf), which could be achievable by adapting the
source design and/or thickness monitoring approach.
Polythermal and isothermal KEMS measurements of Pbl, are
performed to study the gaseous species under sublimation
conditions (Fig. 3D). Six different ions are identified for Pbl,: I
(m/z = 127), Pb* (m/z = 208), I, (m/z = 254), PbI" (m/z = 335),
PbL," (m/z = 462) and Pbl," (m/z = 716) (Fig. S9At). The abun-
dances of T, Pb*, PbI" and Pbl," ions are correlated and origi-
nate from the same mother molecule of Pbl,. Interestingly, I,
and Pbl," are also detected at temperatures above 275 °C. The
occurrence of PbI,' at elevated temperatures results from
oxidation of Pb" to Pb" in the gas phase. The occurrence of
a dimeric form Pb,], is predicted by the Factsage database, but
was not detected by mass spectrometry.*® Observations derived
from KEMS measurements indicate that the gas phase chem-
istry of Pbl, is of a complex nature with additional ions
appearing at high temperatures, which requires further inves-
tigation of the effect on perovskite crystallization. Isothermal
KEMS measurements at a constant temperature of 250 °C are
conducted to investigate possible temporal changes in emitted

are
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species. After three hours, the intensities of all ions stabilized
and remained constant within measurement accuracy for 25
hours (Fig. 3E). An increase in intensity after 25 hours can be
attributed to the reduced material content in the crucible.
Sublimation initially occurs near the crucible walls. As the
material sublimes, a gap forms between the material and the
crucible, increasing the effective surface area available for
sublimation, which in turn explains the increase in intensity.
Further isothermal KEMS measurements at 270 °C show rapid
material depletion after 3 h (Fig. S9BY). A graphical summary of
the observed species is depicted in Fig. 3F.

In summary, we found that the composition of the gas phase
and the deposited material Pbl, are different: while the gas
phase composition of Pbl, is temperature dependent, with
additional species appearing at elevated temperatures, the
composition of material deposited from the gas phase is largely
independent of temperature. This indicates that PbI, selectively
deposits from the gas phase, similar to our findings for FAIL
Again, we hypothesize that the additional species cannot co-
crystallize within the PbI, lattice. In addition, Pbl, is thermo-
dynamically unstable and could decompose into PbI, and I, on
the substrate, leaving solid PbI, behind. We find no signs of
material decomposition at the experimental temperature
ranges tested.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Strategy 2: improve sublimation process effectiveness in an
industrial context

The second strategy is to increase material utilization in an
industrial context, which is a strong lever to increase production
throughput and reduce material waste, both of which
contribute greatly to the economic viability. In this section, the
sublimation characteristics of relevant perovskite precursor
materials (Csl, Pbl, and FAI) are derived from their static
deposition profiles using point sources. This experimentally
accessible information is relevant for estimating the production
throughput in a conceptualized linear sublimation source in
the following section. The two most common perovskite depo-
sition modes, co- and sequential deposition, are scrutinized for
their industrial applicability in terms of material utilization and
compositional material homogeneity. Information of vapor
cloud shape and optimal linear source layout serve as a guide-
line for vertical scale-up in an industrial context.

Fig. 4A/B show the experimentally determined two-
dimensional emission profiles for relevant perovskite mate-
rials in Cartesian and polar coordinates, respectively. The
emission profiles of the vapor clouds can be approximated as
a cos" relationship, with the width of the vapor cloud defined by
the exponent 7 (Fig. S117).>* It should be noted that geometric
corrections must be taken into account when determining the
vapor cloud shape with the used formula being derived in ESI
Note 1.7 Exponents of approximately 4.33 for FAI, 4.59 for Pbl,
and 2.93 for CsI are determined, highlighting the difference in
sublimation characteristics of these materials (Fig. 4B). The
vapor cloud shapes of Pbl, are compared between different
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sublimation setups at KIT and HZB (Fig. S12A¥). Normalized
static deposition rate profiles show differences between setups,
resulting from different crucible and source design. Deviations
are observed for larger scale crucibles as a beam defocusing was
used to improve homogeneity on the substrate (Fig. S12B¥). As
a next step, the rotational symmetry of the sublimation is
exploited to construct a three-dimensional model function of
the corresponding vapor clouds. The resulting vapor cloud for
FAI is shown in Fig. 4C and vapor clouds of Pbl, and CsI are
presented in Fig. S12.+ Static deposition rates of 1.16 nm s~ * for
CsI1.65 nm s * for Pbl, and 0.27 nm s~ * for FAI are determined
at the vapor cloud maximum from the emission profiles.

Next, the emission characteristics of the point sources are
adapted to an industrially relevant system. Scaling up to larger
substrates or higher throughput can be achieved by aligning
multiple point sources linearly and moving the substrates
perpendicularly to it. The transition from point to linear sources
presents challenges, such as material utilization and composi-
tional homogeneity over the film thickness, which can become
more complex in a linear source setup. For point sources, off-
center placement relative to a rotating substrate ensures
uniform material composition, but this approach is impractical
for linear sources. One solution is to orient multiple linear
sources inclined toward a common point, but this often creates
material gradients that could affect perovskite properties
(Fig. 4D).>> The use of apertures can improve uniformity,
although it reduces material utilization. The need of an aper-
ture depends on the sensitivity of the system to compositional

variations.**** Further consequence of the co-deposition
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Fig. 4 Vapor cloud shape of relevant perovskite precursors and transfer of deposition modes to linear source setup. (A/B) Static deposition rate
as a function of the position relative to the source of the considered perovskite precursor materials (Pbl,, FAl and Csl) in cartesian and polar
coordinates, respectively. The exponent n defines the vapor cloud shapes (see ESI Note 1}). (C) 2D projection of the vapor cloud, shown as an
example for FAI. (D) Co-deposition of perovskite precursors using linear sources; side view. An aperture is used to reduce inhomogeneous
material deposition. (E) Sequential deposition of perovskite precursors. Inorganic materials are deposited in co-deposition mode and FAl in series
(type A). (F) Sequential deposition of perovskite precursors. Both inorganic and organic materials are deposited in series (type B).
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configuration is that the overall deposition rate is limited by the
slowest component, as all other rates must be adjusted relative
to it.

Since FAI is prone to thermal decomposition, it is desirable
to decouple the deposition of the organic precursors from the
inorganic precursors to maximize production throughput. Two-
step deposition processes can partially mitigate this problem.
The first step involves the sublimation of an inorganic scaffold,
followed by the deposition of an organic cation layer and
conversion to the final perovskite phase via an additional
annealing step. Two types of two-step deposition of the inor-
ganic scaffold can be distinguished: co-deposition (type A) or
sequential deposition (type B) (Fig. 4E and F). In literature, co-
deposition is predominantly used to deposit the inorganic
scaffold for both vapor-based/vapor-based and vapor-based/
solution-based processes.’”*** Conversely, parallel sublima-
tion has the potential to achieve the highest possible material
utilization. In this method, the material flux is directed onto the
substrate carrier, without the use of an aperture. The deposition
process results in a “pseudo” sequential deposition due to
partial overlap of the vapor clouds.

Strategy 3: horizontal scale-out towards industrially relevant
production throughputs

In light of the findings on maximum vertical scalability,
a simulation-based investigation into the required horizontal
scale-out is performed in this section. Here, the production
throughput can be increased by adding multiple sublimation
sources in series. While being effective, this strategy requires
significant additional capital investment, which affects the
economic viability. Our investigation estimates the number of
required linear sources to achieve a production throughput of
1000 M10-size wafer per hour. This threshold is chosen as the
minimum requirement for an industrially relevant pilot line
and extends the current scientific discussion on fabrication
throughput - based on laboratory-scale sublimation setups - by
three orders of magnitude.”**

A realistic estimation of the production throughput requires
precise definition of the boundary conditions, including source
setup, material composition, thin-film thickness, wafer size,
and substrate speed. The dynamic deposition rate
[nm m min~"] describes the deposited thickness on a moving
substrate, which is of crucial importance for industrial
processes in which the substrates move continuously over the
sublimation sources and has not been considered in the
scientific discussion so far. To the best of our knowledge, no
experimental data on dynamic deposition rates of perovskite-
relevant materials are available in academic literature. To fill
this gap, we pursue a bottom-up approach based on our
previous findings on material utilization and maximum static
deposition rates. From this data, a linear sublimation source is
conceptualized as an array of individual point sources by line-
arly shifting a point source model in space. This model is
derived from a three-dimensional representation of the previ-
ously determined static deposition profiles of FAI, Pbl,, and CsI
(an example using FAI is shown in Fig. 5A/C, a summary of all
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materials is depicted in Fig. S131). A parallel sequential depo-
sition mode (type B) is selected to maximize material utilization
and process effectiveness. In this study, a Csg17FAqg3PbI;
absorber layer is chosen to approximate the final composition.
FAI and Pbl, are the major contributors to composition and are
thus rate limiting. Deposited film thicknesses of 30 nm CslI,
300 nm Pbl,, and 300 nm FAI were chosen to approximate
a commonly used double-cation composition with a perovskite
absorber layer thickness of ~560 nm based on existing litera-
ture.’®** We note that perovskite film formation in a sequential
deposition process is largely governed by the diffusion of the
organic material into the inorganic scaffold, which can be
affected by its porosity and organic material loss under
annealing conditions. These dynamics need to be considered
when optimizing the deposited film thicknesses to obtain
stoichiometric perovskite films and makes comparisons
between research groups difficult.

In 2024, the dominant silicon wafer format was M10 (182 X
182 mm?®) with a market share of over 60% and is therefore
selected for this analysis.®* The market share of larger format
silicon wafer (e.g., G12-size wafers of 210 x 210 mm?) will
increase over time but is not expected to fully replace M10-size
wafers in the coming years. A deposition width of 800 mm is
considered because it can accommodate three M10-size wafers
side-by-side, with the sources extending 100 mm beyond the
deposition area on each side to reduce edge effects (Fig. 5B/D).
To maintain <2% non-uniformity across the central wafer (200-
400 mm), more than five point sources are required, equidis-
tantly spaced along the central 600 mm interval. For the
production throughput calculation, a source-to-source spacing
of 50 mm is chosen, corresponding to 13 point sources to
maximize deposition rates within reasonable limits.

The cumulative thickness deposited on the moving substrate
is calculated by integrating the static deposition rate along the
substrate movement direction. The substrate speed defines the
exposure time and thus the deposited film thickness. After
passing a single conceptual linear source at a fixed substrate
speed of 1 m min~?, ~159 nm of CsI, ~173 nm of Pbl,, and
~17 nm of FAI are deposited on the substrate, being equivalent
to the dynamic deposition rate (Fig. S1471). To achieve the target
film thicknesses, the number of parallel linear arrays of point
sources can be increased along the substrate movement direc-
tion. A single linear source is sufficient to deposit 30 nm of CsI.
However, for thicker films of 300 nm, as in the case of PbI, and
FAI, 2 and 18 linear sources respectively (i.e., a total of 21 for all
materials) are required to meet the production throughput
targets for continuous processing (Fig. 5E). We note that these
calculations are based on laboratory-scale sublimation sources
and deposition rates and we restrict them to the experimentally
determined maximum deposition rate for a laboratory-scale
setup, whereas further investigation of FAI and Pbl, demon-
strated that the materials could, in theory, tolerate higher
sublimation temperatures. Higher dynamic deposition rates are
expected in industrially relevant linear sublimation sources,
reducing the number of required linear sources. In addition,
calculations are performed for co-deposition and sequential
deposition type A for which a total number of 54 and 22 linear

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sources are required, respectively. This represents an increased
equipment demand of ~270%; for co-deposition and ~5%|
for sequential deposition type A compared to sequential depo-
sition type B, highlighting the impact of deposition modes on
the process effectiveness. Despite the relative difference
between the sequential deposition modes being small,
metrology of co-deposition is more complex compared to a fully
sequential deposition which should be taken into account.
Further, the relative difference at larger scale production is ex-
pected to be greater. We note that the production throughput is
further reduced by, for example, machine maintenance, mate-
rial refilling and source heating and cooling. Finally, the
pumping time to achieve high vacuum in all process chambers
and substrate loading time can limit the throughput.

The high number of required FAI sources highlights the
critical bottleneck in the sublimation of organic precursor
materials. Potential alternatives that could be considered to
increase the organic deposition rate include hybrid (two-step)
approaches with the deposition of the inorganic framework
via thermal sublimation to form a uniform scaffold and
a subsequent solution-based or alternative vapor-based depo-
sition of the organic precursors.®> The solution-based approach
enables both the facile implementation of additives and uses
only non-toxic green solvents,*”**% with reported certified PCEs

© 2025 The Author(s). Published by the Royal Society of Chemistry

exceeding 31% for PVSK/Si tandem solar cells.**** However, its
suitability in an industrial context still requires further inves-
tigation given the complex crystallization process and the need
for interrupting the vacuum sequence.'***® Further promising
scalable vapor-based fabrication methods include close-space
sublimation (CSS), continuous flash sublimation, vapor trans-
port deposition (VID) and chemical vapor deposition (CVD).*>
CSS uses a reduced source-to-substrate distance, therefore
relaxing the vacuum requirements and significantly acceler-
ating the deposition rate of the organic layer, with PCEs above
22% recently achieved.®* Continuous flash sublimation has
recently been presented by Abzieher et al. and Rodkey et al. as
a high-throughput vapor deposition technique for the fabrica-
tion of both hybrid- and inorganic halide perovskite materials,
including the proof-of-concept for a material supply mecha-
nism to allow for continuous deposition.”>”*

Another challenge for industrial vacuum deposition of
perovskite-based absorber layers includes accurate and reliable
thickness monitoring. The limited lifetime of QCMs, especially
in the case of Pbl,, is a significant issue. Moreover, monitoring
and controlling the deposition of the organic components (FAI
and MAI) is challenging and can be affected by impurities in the
precursor material. Industrially, a QCM revolver with multiple
sensors can be used, but this approach has limited feasibility.

EES Sol, 2025, 1, 404-418 | 413
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In the case of multiple point sources, each source requires
a separate rate monitor which can significantly add to the
overall cost. In comparison, only one rate monitor is required
for a linear source. Alternatively, in situ reflectance measure-
ments could be employed to determine and track the film
thickness, but their applicability may be limited for textured
substrates.””® Since perovskite-based PV is not yet a mature
technology, in situ quality control should be considered to
ensure reliable absorber deposition, including thickness and
composition. The method of choice should be non-destructive,
in-line compatible, and not costly. A viable option is in situ
photoluminescence (PL) spectroscopy, which has been utilized
by Held and Mrkyvkova et al. for sublimed perovskites.””* The
in-line compatible k-imaging developed by Hacene et al. would
be another option, providing more information about the
perovskite quality in terms of radiative and non-radiative
decay.” Here, machine learning assisted in situ PL imaging
could be used which would particularly benefit from the large
amount of data generated allowing for a recommendation
feedback loop.”””® More advanced techniques include in situ X-
ray diffraction, which has been used by Heinze et al. and Pistor
et al. to study perovskite crystallization.”®" The used in situ
metrology method or combination of methods have to control
both composition and thickness of the deposited films.

Conclusion

In this study, we analyze the potentials and challenges associ-
ated with vertical scale-up and horizontal scale-out of perovskite
deposition via vapor phase deposition processes in an indus-
trial context. To this end, three strategies are assessed and
discussed:

(1) The thermal stability and deposition rates of the rate-
limiting perovskite precursors FAI and Pbl, are investigated to
establish guidelines for the thermal limits without risk of
decomposition. FAI has a thermal stability threshold between
220-240 °C, beyond which coke formation begins. Notably, FAI
deposited outside of the crucible shows no evidence of decom-
position up to a temperature of 240 °C. We find deposition of
NH,I with active cooling which could impact the perovskite
formation. For Pbl,, no material decomposition could be iden-
tified within the tested experimental temperature ranges. In
sublimation experiments performed under high vacuum condi-
tions (~10~> mbar), no significant compositional changes are
observed at temperatures as high as 450 °C. Also, different
vacuum levels did not affect the material decomposition. We note
that stabilizing the deposition rate proved to be difficult at
temperatures above 280 °C in our laboratory-scale thermal
sublimation setup. The projected static deposition rates are in the
range of ~25 nm st up to ~1800 nm s~ for source temperatures
of 350 °C and 450 °C, respectively, demonstrating the potential to
further increase the deposition rate and production throughput.
We note that these extrapolated deposition rates need to be
experimentally validated, e.g. by adapting the source design and/
or thickness monitoring approach. Gas-phase analyses of both
FAI and PbI, reveal a complex temperature-dependent decom-
position mechanism that influences the abundance of individual
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gas species for each precursor material. However, the composi-
tion of the resublimed material remains largely temperature
independent in both cases, indicating that FAI and Pbl, are
selectively resublimed from the gas phase.

(2) Static deposition profiles allowed for the characterization
of material-specific vapor cloud shapes, which are used to
construct spatial deposition rate distributions. Common
deposition modes, including co-deposition and sequential
deposition, are scrutinized for their industrial viability,
considering the impact on material utilization and composi-
tional material homogeneity. Parallel and sequential deposition
of all precursor materials improves process effectiveness with
maximum material utilization but minimal compositional
material homogeneity. In general, vertical scale-up is preferable
because it does not increase capital expenditure.

(3) In light of the findings on the limits of vertical scalability,
the required horizontal scale-out to achieve a production
throughput of 1000 M10-size wafers per hour is conducted
utilizing a simulation-based approach. Estimating the neces-
sary number of linear sublimation sources operated in parallel
has a direct impact on the economic viability. A linear subli-
mation source is conceptualized based on the spatial deposition
rate distributions of the precursor materials from a laboratory-
scale point source. For the first time, we estimate the industri-
ally relevant dynamic deposition rate for the studied vapor
phase deposition modes of perovskite absorbers. According to
this model, achieving a throughput of 1000 M10-size wafers per
hour for a perovskite absorber layer of ~560 nm thickness
requires the use of a total of 21 linear sources: 1 for Csl, 2 for
Pbl,, and 18 for FAI for a fully sequential deposition. Despite the
co-deposition of the inorganic materials followed by deposition
of FAI in a sequential process only requiring one additional
linear source, further considerations with a more complex
process metrology need to be taken into account. Co-deposition
of all precursors shows a drastically higher required number of
linear sources by 270%,.; due to the rate-limiting sublimation of
FAL. We note that all throughput calculations are based on
deposition rates achieved with laboratory-scale thermal subli-
mation setups and that, particularly in the case of the inorganic
materials, the actual achievable dynamic deposition rate of an
industrial linear source is likely to be underestimated.

Thermal sublimation of the organic precursor FAI is identi-
fied as a critical bottleneck in scaling perovskite-based photo-
voltaic manufacturing to an industrial scale. Alternative hybrid
methods such as a solution-based deposition of the organic
precursors or the use of other vapor-based methods such as CSS
or flash sublimation can be considered as possible strategies to
overcome this limitation. In summary, assessment of these
three strategies, for the first time, provides practical insights
and recommendations to facilitate the transition of
sublimation-based perovskite deposition from laboratory
research to industrial-scale manufacturing.
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