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High-Rate FA-Based Co-Evaporated Perovskites:
Understanding Rate Limitations and Practical
Considerations to Overcome Their Impact

Thomas Feeney,* Aleksandra Miaskiewicz, Julian Petry, Felix Laufer, Roja Singh,
Stefanie Severin, Viktor Škorjanc, Alexander Diercks, Suresh Maniyarasu, Lars Korte,
Steve Albrecht,* Ulrich W. Paetzold,* Marcel Roß,* and Paul Fassl*

Vapor phase depositionmethods are readily able to achieve uniform coverage of
large-area substrates and are widely considered promising for industrial-scale
perovskite solar cell fabrication. However, as perovskite-silicon tandem solar
cells approach commercialization, practical considerations of manufacturing
throughput come into play. Here, it is shown that the inherent sublimation
characteristics of the organic precursor formamidinium iodide (FAI) make
increasing the deposition rate of FA-based co-evaporated perovskites negatively
impact replicability and lead to a substantial decrease in power conversion
efficiency (PCE). These losses are linked to reduced film homogeneity and the
emergence of carbon-rich regions within the perovskite layer. To mitigate these
rate-induced effects, two approaches are explored: source layout optimization
and material preconditioning. Utilizing dual FAI sources rather than
a single FAI source reduces the relative PCE drop from ≈23%rel to ≈9%rel at a
deposition rate of≈18 nmmin−1 (14.8% PCE@maximum power point (MPP))
compared to the baseline rate of 5 nmmin−1 (16.2% PCE@MPP). Alternatively,
preconditioning a single FAI source reduces the performance losses from
≈31%rel to ≈26%rel at a deposition rate of ≈21 nm min−1. These findings
underscore the importance of tailored source strategies to enable high-rate FA-
based co-evaporated perovskites without compromising device performance.
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1. Introduction

Organic–inorganic metal halide perovskite
solar cells (PSCs) are a promising class of
photovoltaic devices, owing to their excel-
lent optoelectronic properties coupled with
versatile fabrication methods and low fabri-
cation costs.[1–3] Utilizing formamidinium
(FA) halides as organic precursor are par-
ticularly promising due to their enhanced
operational stability, which is a concern for
perovskite commercialization.[4–7] Further-
more, wide bandgap (≥1.65 eV) perovskites
with the p-i-n architecture can be readily in-
corporated into a wide variety of tandem
devices,[8–10] which are a crucial next step
in increasing power conversion efficiencies
(PCEs).[11,12]

Absorber fabrication for PSCs can be
broadly divided into two classes: solution-
based and vacuum-based vapor-phase pro-
cesses. Solution processing encompasses
spin coating, inkjet printing, slot-die coat-
ing, and spray coating, offering simple
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process optimization and rapid absorber deposition.[13] Vapor
phase deposition methods include thermal sublimation from
a crucible,[14–17] flash sublimation,[18] magnetron sputtering,[19]

laser deposition methods,[20] close-space sublimation,[21] and
chemical vapor deposition.[22] Hybrid methods, using a combi-
nation of vapor phase deposition and solution processing are also
a promising approach.[23,24] Vapor-phase methods are typically
well suited for textured surfaces due to their conformal coating
properties[16,23,25] and easy thickness control,[15,26] with reduced
upscaling losses for industrially relevant active areas.[27–29] Si-
multaneous thermal sublimation from multiple crucibles is also
known as co-evaporation due to semantic drift, and is the current
most common vapor-phase method.
The industrial relevance of each fabrication class remains

uncertain.[30] Solution-basedmethods are prone to higher upscal-
ing losses,[27] can have problems with process repeatability,[31,32]

and typically require toxic solvents that render them less ap-
pealing for industrial-scale deposition.[33,34] Three issues restrict
vacuum-based processes: i) industrial-scale deposition of com-
mon vapor phase deposition methods will require a transition
to linear evaporation sources, which may result in new depo-
sition challenges;[35] ii) the device performance of p-i-n archi-
tectures is typically reduced compared to solution-based pro-
cesses, especially for co-evaporated PSCs. This is usually at-
tributed to poorer charge extraction properties, which reduce de-
vice short-circuit current densities (JSC), as well as to the limited
options for bulk and surface passivation limiting device open-
circuit voltage (VOC),

[30] a field that has received significant re-
cent attention;[36–39] iii) vapor-phase processes demonstrate depo-
sition rates well below industrial relevance, with cost modeling
predicting deposition rates of ≈1000 nm min−1 as necessary to
compete with solution-processed processes.[30] While flash subli-
mation has demonstrated deposition rates above 1000 nmmin−1,
it remains relatively unexplored and the feasibility of transferring
such lab-scale processes to commercial deposition conditions
is uncertain.[40,41] The more common process of co-evaporation
from crucibles in high vacuum is viable for the deposition of or-
ganic light-emitting diodes or copper indium gallium selenide
solar cells,[42,43] but in the context of perovskites is a compara-
tively slow process, with typical FA-based deposition rates below
6 nm min−1.[30] Recent studies on MAPbI3 have aimed to in-
crease deposition speed without compromising PCE, with maxi-
mum deposition rates of ≈26 nmmin−1 achieved.[44,45] However,
some MA-based perovskites exhibit a degree of inherent insta-
bility under simultaneous light and thermal exposure that ren-
ders research into the rate-upscaling of alternative compositions
desirable.[46,47] Table S1 (Supporting Information) outlines rele-
vant achieved co-evaporated rates and performances for FA-based
and FAMA-based perovskites, in addition to a selection of high-
rate or high-PCE MA-based co-evaporated perovskites.
In this work, we explore the limitations associated with in-

creasing the deposition rate of wide bandgap FA-based co-
evaporated absorbers suitable for incorporation into tandem pho-
tovoltaics, and methods to overcome them. We demonstrate that
increasing deposition rate leads to a significant drop in PCE and
a notable decrease in repeatability. Mass spectrometry (MS) dur-
ing baseline and high-rate processes confirms that the studied
rates do not significantly impact the vacuum prevalence of com-
mon FAI degradation products during deposition.[48] To evalu-

ate performance losses, rate-dependent bulk properties of per-
ovskite films are explored via a combination of photolumines-
cence (PL) mapping, X-ray diffraction (XRD), and dispersive X-
ray spectroscopy (EDX). High deposition rates do not lead to a
noticeable change in bulk perovskite composition or bandgap,
but are associated with the emergence of carbon-rich inhomo-
geneities on the perovskite surface. Furthermore, the higher pro-
cess pressure caused by FAI degradation products leads to a de-
crease in process repeatability and changes in film formation,
although the impact on performance is not clear. A combina-
tion of solution-based nuclear magnetic resonance (NMR) and
X-ray photoelectron spectroscopy (XPS) indicates significant rate-
dependent changes in FAI residual crucible material, which can
be correlated to changes in the evaporated material.[35]

To overcome this problem, we demonstrate that utilizing a sec-
ond FAI source at elevated deposition rates leads to an improve-
ment in sample uniformity, performance, and repeatability com-
pared to single FAI source perovskite depositions at the same
rate. We demonstrate that this impact of deposition rate on per-
formance is replicable across research groups, and that crucible
shape and preconditioning of the organic cation are also critical
to maintain device PCE and uniformity.
To the best of our knowledge, this is the first work to evaluate

and explain the effects of deposition rate on the performance of
wide bandgap FA-based co-evaporated PSCs. As perovskites in-
creasingly move into the realm of industry, our work provides
a framework for challenges and strategies in transferring co-
evaporation processes to compatible deposition rates.

2. Results and Discussion

This work comprises depositions by co-evaporation at two dif-
ferent research laboratories, referred to as Process A (KIT, Karl-
sruhe) and Process B (HZB, Berlin). The reactors for each pro-
cess are PEROvap systems, however, Process A utilizes 8 cm3

conical crucibleswith amolybdenumheating element, while Pro-
cess B utilizes 2 cm3 cylindrical crucibles with a heating block.
Both processes employ unwashed spin-coated MeO-2PACz as
a HTL to ensure similar substrate-cation interactions.[16,25,50] In
consideration of potential tandem devices, both processes em-
ploy a double cation wide bandgap (1.68 eV) perovskite ab-
sorber via co-evaporation from four sources, with the nomi-
nal compositions of Cs0.17FA0.83Pb(I0.75Br0.25)3 for Process A and
Cs0.2FA0.94Pb(I0.94Br0.11)3 for Process B. Unless stated otherwise,
we employ the inverted p-i-n architecture: glass/indium tin ox-
ide (ITO)/MeO-2PACz/perovskite/C60/BCP/X, where X is Au for
Process A and Ag for Process B. A complete description of the
deposition conditions for both processes is present in the Exper-
imental Section.
In vapor-phase processes, tooling factors and source tem-

peratures can vary depending on the reactor layout, tooling
method, and source type. Measured quartz crystal microbalance
(QCM) rates are also susceptible to systematic differences in
measurement routines, which can be exacerbated when varying
deposition rate.[15,48,51] While rates for inorganic perovskite
precursors have been shown to scale relatively linearly within the
studied range,[45] organic cation deposition rate is often compli-
cated to determine. Furthermore, high rates (and associated high
process pressures, see Figure S1, Supporting Information) can
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Figure 1. a) Forward and reverse statistics of parameters extracted from J–V measurements for champion batches from Process A under perovskite
deposition rates ranging from 5 to 19 nmmin−1. Also shown are b) J–V curves and c) MPP tracking results corresponding to the champion devices from
each deposition rate. Each condition shows 4 substrates with typically 4 pixels each (active area 10.5 mm2).

reduce the mean free path of precursor materials, reducing the
overall perovskite deposition rate.[15] A FAI optimization series
was performed for a set of constant inorganic deposition rates
to avoid non-linear FAI scaling, where the optimum FAI rate
may be different depending on the deposition rate. Only the
champion batches are shown and selected using champion PCE
at maximum power point (MPP). To allow a valid comparison
between all processes, we will refer to effective perovskite depo-
sition rate, which was calculated by dividing the final perovskite
thickness by the deposition time to obtain a nmmin−1 rate, which
is rounded to the nearest integer. This method prevents apparent
changes in deposition rate arising from different perovskite
thickness, as seen in literature, where a halving of deposition
time corresponds to a less substantial increase in effective rate
(≈20 –≈26 nmmin−1) when adjusting for perovskite
thickness.[44,45] Hence, nm min−1 is the more important figure
of merit for upscaling to industrially relevant deposition rates.[30]

2.1. Device Performance Dependence on Rate

To evaluate the impact of deposition rate on co-evaporated p-i-n
PSCs, we begin by comparing maximum achievable device per-
formances of Process A at rates varying from≈5 to≈19 nmmin−1

without any additional changes in the process. Final thicknesses
for champion perovskites were relatively stable in this series at
≈560 ± 20 nm. We do not expect small fluctuations in thickness
to significant impact PCE in this thickness range.[52] Additional
discussion of our baseline deposition rates, and our methods to

ensure process repeatability, are presented in the Experimental
Section.
Statistics for the champion PSCs at each deposition rate

are provided in Figure 1a, along with current density–voltage
(J–V) curves under standard test conditions (Figure 1b) andMPP
tracking of the best-performing devices (Figure 1c). Relevant ex-
ternal quantum efficiency (EQE) measurements are provided in
Figure S2 (Supporting Information). Integrated JSC values de-
rived from EQE are within 10% of J–V scan values, which is
an expected level of deviation.[53,54] At our base deposition rate
of 5 nm min−1, the champion device achieved a PCE of 17.2%
(fill factor (FF) = 0.78, VOC = 1.12 V, and JSC = 19.6 mA cm2)
in the reverse scan direction. This is broadly comparable to
other ≈1.68 eV co-evaporated perovskites,[55,56] although reports
of ≥1.65 eV perovskites have surpassed these values using bulk
passivation.[36,39] At increased rates, performance steadily de-
creases, with the champion device deposited at 19 nmmin−1 dis-
playing a PCE of 12.7% (FF = 0.70, VOC = 1.07 V, and JSC =
16.9 mA cm−2) coupled with significantly increased hysteresis.
Using PCE at MPP values from Figure 1c, with a consistent

nominal composition, increasing the rate from 5 to 19 nmmin−1

leads to a decrease in PCE from 16.2% to 12.5%, corresponding
to a 23%rel drop in PCE. We note that the 14 nm min−1 cham-
pion device exhibited a lower PCE at MPP than the 19 nmmin−1

champion device. We attribute this i) to higher hysteresis (com-
pare Figure 1b) and ii) to the increased variation of device per-
formance at high rates, which will be discussed in the next para-
graph, leading to an anomalously high PCE for the 19 nmmin−1

champion run. Despite this drop in overall PCE, all champion
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devices provide stable power output at MPP for a minimum of
300 s, indicating that high rates do not impact MPP stability. Ex-
tended MPP tracking at 25 °C for 250 h also remains relatively
stable for every rate (see Figure S3a, Supporting Information),
which is in line with previously observed results for other co-
evaporated perovskites.[16] We consider it to be an indication that
the presented devices are near optimum stoichiometry due to the
negative effects of significantly imbalanced stoichiometry on de-
vice stability.[6,57–59] This is reinforced by the lack of significant
bandgap shift, plotted in Figure S2 (Supporting Information), or
a shift in XRD peak positions that will be presented in the next
section. We consider the observed differences that will be dis-
cussed to be entirely due to changes in deposition rate.
PCE and process repeatability between batches at the same

deposition rate is significantly reduced for high-rate processes,
with a comparison between several champion 5 and 19 nmmin−1

batches shown in Figure S4 (Supporting Information). Repeata-
bility can be estimated by considering the coefficient of variation
(CV) for a set of samples, which gives a numerical representation
of the dispersion around the mean. For 5 nm min−1, the CVmean
is 0.094, while for 19 nm min−1, it is 0.195, indicating a signifi-
cant increase in batch-to-batch variation. FAI rates for the cham-
pion devices exhibit a variation of ≈5% in relative FAI rate for
5 nmmin−1 and ≈10% for 19 nmmin−1. This indicates that high
rates also show a slight increase in process variability. A poten-
tial cause for this drop in repeatability is the substantial variation
in process pressure, which leads to a corresponding variation in
themean free path of precursormaterials, and impacts precursor
flux at the substrate, as outlined in Figure S1 (Supporting Infor-
mation). This variation in precursor flux is expected to impact
perovskite growth.

2.2. Impact on Bulk Perovskite Materials for Each Deposition
Rate

Explaining the observed changes in device performance neces-
sitates understanding the rate-dependent changes to bulk per-
ovskite material properties, hence, we undertook an evaluation
of half stacks using XRD, PL mapping, and EDXmeasurements.
Comparing each deposition rate, the XRD spectra shown in
Figure 2a indicate minor diffraction pattern variation. Peak loca-
tions were aligned to the ITO peak at ≈35°. While relative (0 0 1),
(0 1 1), and (0 1 2) peak intensities shift slightly between sam-
ples, as shown in Figure S5 (Supporting Information), no con-
sistent rate-dependent change in overall XRD crystal patterns is
observed. The decline in (0 0 1) peak intensity, and increase in
other peak intensities, at elevated deposition rates has been ob-
served for various studies of vapor-based perovskites,[20,45] but is
not always associated with a decline in device performance. Addi-
tional extracted XRD parameters are presented in Table S2 (Sup-
porting Information).
To probe surface uniformity, reflectance and PL mapping of

half stacks was conducted for each of the stated rates (Figure 2b).
It is important to note that we consider these results qualita-
tive rather than quantitative. PL intensity is normalized for each
sample to highlight inhomogeneities and avoid rate-dependent
variation. While samples visually appear mostly uniform, seen
in the neutral density filter Rdiff measurements, at high rates

there emerges clear evidence of large-scale inhomogeneities in
the 725 nm long pass PL maps, i.e., μm-scale dots that exhibit a
strongly reduced PL intensity. 775 nm short passmaps show sim-
ilar inhomogeneities, with a representative comparison shown
in Figure S6 (Supporting Information), indicating these inhomo-
geneities are unlikely to be due to a consistent bandgap shift. To
preclude the possibility of sample-dependent variations, multiple
substrates from different deposition runs were measured, and
the samples presented in Figure 2 are indicative of the typical
results. To ensure that substrate inhomogeneity was not a fac-
tor, CsCl seed layers were introduced in some samples to reduce
the substrate-dependency of the perovskite growth.[36] As shown
in Figure S6 (Supporting Information), high-rate samples with
CsCl exhibited no discernible reduction in inhomogeneity den-
sity, which we posit as proof that the observed inhomogeneities
arise during deposition.
SEM imaging and EDX were considered to gain further un-

derstanding of the nature of these inhomogeneities by analyzing
position-dependent bulk material composition. Bulk EDX spec-
tra are similar between 5 and 19 nmmin−1 samples, see Figure S7
(Supporting Information). However, numerous inhomogeneities
are present in SEM images, which likely correspond to the dark
PL spots. A representative EDXmeasurement of such a region is
provided in Figure 2c. The halide signals of iodine and bromine
are overlaid, showing a small region near the defect of a different
material compared to the surrounding bulk. The main dark re-
gion exhibits a near complete absence of perovskite withminimal
halide and cation presence. As FAI consists of both carbon and
nitrogen, the relative absence of nitrogen also precludes these re-
gions as being pure FAI particles, which could have been ejected
from the crucible as a spit defect, as has been potentially ob-
served in sequentially sublimated perovskites.[7] What remains
is a region of near pure carbon, which is of sufficient relative
intensity as to distort the visualization of carbon elsewhere on
the bulk sample. Correlation of inhomogeneities with the drop
in performance and repeatability observed for deposition rates
above 9 nm min−1 suggests that the emergence of carbon-rich
inhomogeneities may be the cause of reduced performance at
higher deposition rates. The bulk crystal structure and overall
growth mechanism appear unchanged; therefore, we attribute
the reduction in device PCE to these apparent spit defects and
seek to identify the cause of these inhomogeneities and the ori-
gin of the relatively carbon-rich regions. Interestingly, while these
defects reduce device performance, they do not affect long-term
MPP stability (Figure S3a, Supporting Information).

2.3. Prevalence of FAI Degradation By-Products for High
Deposition Rates

As FAI is known to experience multiple degradation pathways
at temperatures within the range used for our systems, we next
evaluate if degradation products are expected to negatively impact
device PCE. Due to the similar deposition chambers, perovskite
precursors and studied deposition rates, we expect that broad
conclusions drawn from Process B MS data will be transferrable
to Process A. FAI is assumed to dissociate in three distinct path-
ways, comprised of an initial deprotonation to form formamidine
and hydrogen iodide (HI) and further reactions into ammonia
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 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202517873 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 2. a) XRD spectra of films grown at each studied rate of Process A, with ITO denoted using *. b) Neutral density filter (Rdiff, top) and normalized
PL maps (bottom) of films grown at each studied rate, corresponding to XRD spectra. PL signal was filtered using a longpass 775 nm. c) EDX and SEM
data of a representative dark spot, measured on the 19 nm min−1 sample in PL mapping. Iodine (blue) and bromine (green) components are overlaid.
Carbon is detected outside the carbon-rich region of the EDX spectra, but is not readily apparent due to the high concentration of carbon at the defect.

and either hydrogen cyanide (HCN) or sym-triazine (C3H3N3).
The formation of sym-triazine typically associated to irreversible
material decomposition,[48,60–62] however recent work has sug-
gested this processmay be reversible.[63] Similarly, there is not yet
consensus on whether the formation of hydrogen cyanide from
dissociation of formamidine is reversible, or if other decompo-
sition pathways exist.[35,48,60–62] For simplicity, and the purpose
of this work, we will refer to all such materials as degradation
products.
MS data for baseline and elevated FAI evaporated rates dur-

ing Process B perovskite deposition, shown in Figure 3, reveal
trends in sublimation behavior. Resultant devices for the base-
line and 21 nmmin−1 deposition rates of Process B are shown in
a later section. MS measurements were taken during perovskite
depositions at the rates provided in the top left of each spec-
trum. The FAI source shutter was open during the heating pro-
cess and the reference line indicates when the substrate shut-

ter opens. We note that the FA+ signal (m/z = 45) drops in the
first minutes of the process, which was unexpected.[48] We sus-
pect that FA+ reacts with inorganic materials within the reactor
space, as has been previously theorized for co-evaporated MA-
based perovskites.[15] MS signals that remain represent the ex-
pected formation of HCN / CNH2

+, C3H3N3 and HI. It is impor-
tant to consider that the measured degradation products could
be the result of FA+ traversing the ionization zone of the MS sys-
tem. If this was the explanation for our observations, it is expected
tol result in a linear relation between degradation products and
FAI deposition rate. We do not observe such a relation between
deposition rate and product signals, but insteadobserve substan-
tial changes in degradation products over the course of a reac-
tion with a consistent FAI rate. Hence, while ionization induced
degradation of FA+ molecules could be partially responsible for
the detected products, we do not consider it an explanation for
the observed trends.

Adv. Funct. Mater. 2025, e17873 e17873 (5 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Mass spectroscopy measurements of FAI-based products during Process B perovskite deposition at deposition rates equivalent to 6, 12, and
21 nmmin−1. The top row shows the source temperature, reactor pressure and deposition rate, and the bottom row presents the corresponding detector
counts. The vertical grey line marked ’Deposit’ indicates when the shutter opens and perovskite deposition begins, and the second vertical grey line
indicates the end of the process. Due to the extended deposition time for the 6 nm min−1 process, the measured interval did not encompass the entire
deposition and only one line is shown.

Four key observations are found in our MS data. First, we ob-
serve reactor pressure is strongly correlated to the detector counts
of each product, which is as expected. Consensus considers it
unlikely that degradation products incorporate into the bulk per-
ovskite material in detectable quantities.[35,48,63] Even in the ab-
sence of incorporation, co-evaporation at high pressures leads to
a reduced mean free path of all materials, which is considered to
be incompatible with high-quality perovskite crystal growth.[15,48]

Second, we observe a significant increase in theHI-signal (m/z =
128) in themoment the substrate shutter opens. Thismight be at-
tributed to a special feature of the deposition chamber (Figure S8,
Supporting Information), consisting of a cooled enclosure in
which potentially degradation products can build up a higher par-
tial pressure.When the substrate shutter opens theHI can escape
from this enclosure and reach the mass spectrometer. Next, we
note that the m/z = 28 signal decreases before perovskite de-
position begins, which is correlated to the falling pressure. The
signal appears immediately when the sources are heated and sub-
sequently descreases, which can potentially be attributed to the
formation of initial degradation products, such as HCN/CNH2

+.
As CO, N2 and CNH2

+ have the same mass, it is difficult to dis-
tinguish between them by MS. It is therefore also possible that
the signals are caused by gases, such as CO and N2, trapped in
the powder that outgas at low source temperatures. Finally, we do
not observe a correlation between high rates and a substantial in-
crease in the presence of degradation products. While detection
of sym-triazine and HCN/CNH2

+ increases when increasing the
rate from the baseline 6 nmmin−1, their detection is not linearly
correlated to the overall deposition rate and is similar for 12 and

21 nmmin−1 samples. Hence, we can assume that the decreased
performance and uniformity at high deposition rates are not
due to an increased relative concentration of these degradation
products.

2.4. Residual Crucible Material Decomposition for High
Deposition Rates

Another potential option to explain the observed sample inho-
mogeneities is that the residual crucible material substantially
changes during the process. To investigate this, we analyzed
residual crucible material from Processes A and B using a com-
bination of 1H-NMR and XPS to determine changes in chem-
ical environment. Even at relatively low rates for both Process
A and Process B, FAI undergoes a color change. The slight yel-
lowing observed can potentially be attributed to the presence
of iodide,[35] which would indicate that not all HI detected in
Figure 3 is volatized during sublimation. We also observe clear
evidence of decomposition into a black coke substance in the
residual crucible material of FAI for higher rates of Process A,
as shown in Figure 4a. A similar material is present in resid-
ual crucible material from Process B high-rate depositions. This
black coke substance is a different decomposition product to the
previously detected MS degradation products of HCN/CNH2

+

and sym-triazine, which are not present in the NMR spectrum
as they have been volatized.[63] Based on the detected carbon-
rich regions in the EDX of our high-rate samples, we consider
it likely that fragments of this carbon residue are deposited on
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Figure 4. a) Images of residual crucible material at various perovskite deposition rates from Process A. b) 1H-NMR spectrum of raw FAI powder that
has not been used for a deposition. c) 1H-NMR of residual crucible material from FAI evaporated at various rates in conical crucibles using Process A,
corresponding to the images in a). d) 1H-NMR of residual crucible material from FAI evaporated at various rates in cylindrical crucibles using Process
B. e) XPS results of FAI powder before and after deposition at each shown rate in d), as well as a raw powder corresponding to the NMR result shown
in b).

the samples at high rates, inhibiting perovskite formation and
leading to non-uniform regions. The precise defect deposition
method is unknown, it is likely to be a spit defect based on the
relatively large particle size. Recent studies on FAI decomposi-
tion via quartz tube sublimation report on coke formation at tem-
peratures above 240 °C, indicating that we may experience un-
even temperatures within our crucibles.[35] A cross section of a
14 nm min−1 residual material puck is presented in the Sup-
porting Information, Figure S9 (Supporting Information), pro-
viding evidence of uneven decomposition throughout the ma-
terial. We assume this is the result of material on the edge of
the crucible experiencing higher temperatures than the sublimat-
ing bulk material, leading to a region of comparatively higher
decomposition.

To analyze material degradation, we compared 1H-NMR spec-
tra of solutions of 30 mg residual crucible material dissolved in
0.6 mL d6-DMSO (referred to as ≈0.29 м), selected from each
studied deposition rate, with a reference of raw powder, shown
in Figure 4b,c. 1H-NMR spectra of residual crucible material do
not show evidence of the black coke material, which is expected
as it was insoluble in d6-DMSO. Any undissolved material will
slightly change the relative concentration of FAI in NMR mea-
surements for high-rate samples as it cannot be separated from
the dissolving FAI material but still contributes to the measured
mass.
The 1H-NMR peak at 8.80 ppm, corresponding to the

amidine moiety, exhibits peak splitting for deposition rates
above 9 nm min−1, increasing with respect to sublimation

Adv. Funct. Mater. 2025, e17873 e17873 (7 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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rate, which has been associated with the presence of acidic
compounds.[50,64,65] The absence of doublets for the NHtrans peak,
with the exception of the Process A 19 nm min−1 spectrum, is
attributed to the high exchange rate for spin-spin coupling pre-
venting it from being detected at lower rates. Hydrogen bond-
ing, such as is expected for acidic compounds, can depress J-
coupling constants.[66,67] Potentially, at 19 nmmin−1 there is suf-
ficient interaction material for J-coupling to be resolved, splitting
the NHtrans peak at ≈8.6 ppm into a doublet.
A likely residual material to cause such splitting is HI, and

literature on HI splitting of FA-based perovskites reveals a sim-
ilar peak split as observed for the 19 nm min−1 residual mate-
rial from Figure 4c by exposing the perovskite to ≈10 mм HI.[65]

To test this, we exposed a ≈0.29 м raw FAI solution to aqueous
HI solution, with the results provided in Figure S10 (Supporting
Information), along with controls with and without equivalent
pure water exposure. The tested level of water exposure is suf-
ficient to cause relative splitting comparable with 9 nm min−1

residual material from Process A, with merely 1 mм HI solu-
tion causing splitting equivalent to our 19 nm min−1 residual
material, providing evidence that HI can cause peak splitting
as observed in our high-rate samples. However, a quantitative
analysis of relative HI presence is impossible due to the water-
induced peak splitting. As the water peak intensity is relatively
consistent between rates and is substantially lower for samples
without intentional addition of water, we do not consider wa-
ter to be the primary cause of the observed splitting for other
spectra.
To confirm that changes in relative concentration are not

the cause for our peak splitting, we also performed 1H-
NMR measurements comparing 600 mg in 0.6 mL d6-DMSO
with a ≈0.29 м dilution of this stock solution, presented in
Figure S10 of the Supporting Information. These samples do
not show changes in peak shape for higher concentrations,
only a shift in peak position, as we reported in our previous
work.[50]

No additional carbon-containing compounds are observed in
the 1H-NMR spectra, consistent with previous reports that sym-
triazine and HCN are volatized during FAI deposition. Fur-
thermore, if contaminants exist, they would be expected to be
present in trace amounts. For this reason, 1H-NMR was also
taken of 300 mg FAI in 0.6 mL d6-DMSO solutions for raw,
vacuum-exposed, 5 and 14 nm min−1 residual crucible mate-
rial in order to reveal potential contaminants. A plethora of
new peaks are detected in the H2O region (see Figure S10,
Supporting Information), which remain in samples exposed to
high vacuum (10−6 mbar) for 12 h, indicating that vacuum
exposure is insufficient to remove such contaminants. Pre-
cise identification of such impurities is non-trivial due to wa-
ter and acid contamination causing peak shifts. We can at-
tribute some peaks to acetic acid (1.87 ppm singlet) and di-
ethyl ether (1.04 ppm triplet), previously mentioned in litera-
ture as steps in FAI fabrication.[68,69] These peaks are consis-
tently not present in the measurements of residual crucible ma-
terial and are unlikely to be due to sample contamination dur-
ing the NMR measurement. Hence, controlled sublimation at a
low rate is a recommended treatment method to remove such
contaminants.

To demonstrate that the observed NMR spectra changes are
comparable across different evaporation systems, Figure 4d
shows the additional 1H-NMR spectra of residual crucible ma-
terial from Process B, corresponding to the MS data presented
in Figure 3. These materials were evaporated from a 1 cm3 cylin-
drical crucible instead of the 8 cm3 conical crucible of Process A,
but the initial precursor material was comparable. Interestingly,
the rate-dependent 1H-NMR trend of Process B is offset from the
Process A conical 1H-NMR spectra, with the 21 nm min−1 Pro-
cess B measurement being more similar to the 9 nm min−1 de-
position than the 19 nm min−1 of Process A, despite the roughly
comparable perovskite deposition rates. We attribute this to the
crucible shape improving effective thermal conductivity by in-
creasing the surface area of powder exposed to the crucible,
and note we see a reduction in average sublimation tempera-
ture for a given sublimation rate.[49] Recreating high-rate spec-
tra using 10 cm3 cylindrical crucibles in Process A, presented
in Figure S11 (Supporting Information), reveals a similar trend
in the offset to Process B. The puck of residual material from
a cylindrical crucible with ≈40 nm min−1 equivalent FAI rate
of Process A, shown in Figure S9 (Supporting Information),
shows a reduction in both coke formation and material inho-
mogeneity. These results demonstrate that the degradation as-
sociated with high FAI sublimation rates will occur for different
crucible shapes, but that the level of coke formation is signifi-
cantly impacted by crucible shape. This reinforces the need to
tailor crucible designs for replicable and reproducible high-rate
processes.[49]

XPSmeasurements of residual crucible material from Process
B corresponding to each rate and a raw material reference are
presented in Figure 4e. Peak positions of FAI are mostly con-
sistent with those provided in previous literature,[70–72] however,
small additional peaks on the lower binding energy side of the
main peaks for the raw material are yet unexplained. We believe
these peaks belong to residues from FAI synthesis as observed
in 1H-NMR spectroscopy. This effect is most clear in the N 1s
spectra, where residual peaks that we assign to impurities ini-
tially comprise 44.8% of the total N 1s area. With increasing de-
position rates and correspondingly higher crucible temperatures,
the intensity of the additional peaks decreases, indicating that the
amount of synthesis impurities is reduced. For the residual ma-
terial of the 22 nmmin−1 process, almost no additional peaks are
present in the C 1s, I 3d, and N 1s spectra, with a reduction in rel-
ative area to 9.8%. A slightly different picture emerges for thema-
terial of Process A as displayed in Figure S12 (Supporting Infor-
mation). Here, the purification effect seems to be accompanied
by decomposition of the FAI. Similar to Process B material, the
intensity of the impurity peaks decreases slightly for 5 nmmin−1

processes compared to the rawmaterial, comprising 42.8% of the
N 1s region. For 19 nmmin−1 deposition rates the intensity of the
main peak is reduced and a pronounced shoulder is formed, es-
pecially in the I 3d and N 1s spectra, leading to impurity assigned
peaks comprising 47.9% of the N 1s spectrum.We attribute these
changes to the decomposition of FAI, which we have already ob-
served in the formation of HI via 1H-NMR spectroscopy. Overall,
the XPS measurements of representative powders reinforce the
differences between Process A and B at high rates observed in
1H-NMR spectroscopy results.

Adv. Funct. Mater. 2025, e17873 e17873 (8 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) Statistics of optimized devices from Process A under various evaporation rates using two FAI sources (labeled as dual), compared to the
single FAI source 5 nm min−1 baseline shown in Figure 1 (labeled as single). Also shown are b) J–V, c) MPP, d) Rdiff and PL map and e) XRD results
corresponding to the champion device. As before, PL signals are normalized. Each condition shows 4 substrates with typically 4 pixels each (active area
10.5 mm2).

2.5. Increasing Deposition Rates via Utilizing a Dual Source
Design

With the cause of variations in device performance identified as
tied to FAI sublimation, we consider a modified source setup
as a potential method to avoid the increased material decompo-
sition and spit defect formation in high-rate perovskite deposi-
tions. The simplest form is to utilize two organic cation sources.
We consider two dual FAI source rates, with inorganic sublima-
tion rates comparable to our 14 and 19 nm min−1 single FAI
source depositions. As the aim was to achieve a direct compari-
son with Process A single source results, higher deposition rates
were not considered, and we continue to utilize conical crucibles.
Dual FAI source depositions resulted in a slight reduction of fi-
nal film thickness (from an average of 560 nm to an average of

500 ± 20 nm); hence, the stated deposition rates for these sam-
ples (13 and 18 nm min−1) are slightly lower than reported for
single FAI source depositions with comparable inorganic sub-
limation rates (14 and 19 nm min−1). Statistics of the relevant
devices compared to a baseline from Figure 1 are shown in
Figure 5a, with J–V curves and MPP data in Figure 5b,c, respec-
tively.
Some 18 nm min−1 samples demonstrated increased hystere-

sis, as shown in Figure S13 (Supporting Information). Hence,
the champion device reached a PCE of 14.0% (FF = 0.71, VOC =
1.06 V, and JSC = 18.5 mA cm−2). Like the single source results,
dual source samples remained stable under MPP, with a stabi-
lized PCE at MPP of 14.8% for 18 nm min−1 samples, after an
initial increase due to light soaking,[73] representing an 8%rel drop
in PCE compared to baseline samples, a substantially lower drop

Adv. Funct. Mater. 2025, e17873 e17873 (9 of 14) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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than for single FAI source high-rate samples. Extended MPP
tracking for 250 h also yielded stable device performance, sim-
ilar to the single source devices (Figure S3b, Supporting Infor-
mation). EQE data is provided in Figure S2 (Supporting Infor-
mation). Dual FAI source high-rate samples are uniform under
PL mapping, as shown in Figure 5d, demonstrating the feasi-
bility of utilizing alternative reactor layouts to increase deposi-
tion rate without a decrease in uniformity. Relevant XRD, shown
in Figure 5e, display a reduced shift in relative intensity of the
(0 0 1) peak compared to equivalent single source baseline and el-
evated samples, as was shown in Figure 2a. Furthermore, process
and performance repeatability improve with a CVmean of 0.082
as shown in Figure S14 (Supporting Information). We note that
later batches utilized SnOx instead of BCP, which may have im-
pacted the absolute value of CVmean. Representative SEM images
of 18 nmmin−1 and baseline 5 nmmin−1 samples are provided in
Figure S15 (Supporting Information). Hence, while employing a
dual FAI source design mitigates high-rate losses compared to
equivalent-rate single FAI source depositions, some loss in PCE
is expected, contrary to rate-dependent performance inMA-based
co-evaporated perovskite cells.[45]

2.6. Material Preconditioning as a Method to Improve High
Deposition Rates

We also consider FAI preconditioning during the deposition as
an alternative method to minimize spit-defect formation in Pro-
cess B. For a baseline deposition rate of 6 nm min−1, increasing
deposition rate to 27 nm min−1, without any applied precondi-
tioning, leads to a similar marked decrease in maximum achiev-
able PCE as observed for Process A, as shown in Figure 6a, with
corresponding J–V curves in Figure 6b. This was despite Process
B using a cylindrical crucible, which results in reduced 1H-NMR
peak splitting and less observed coke formation at the tested rate
compared to the Process A conical crucible at similar rates. Pro-
cess B also displays a marked decrease in lateral homogeneity of
the perovskite films, as measured by PL mapping, with an ad-
ditional substantial change in XRD pattern when transitioning
to high deposition rates. We also observed higher initial pres-
sures as compared to Process A, with a representative deposi-
tion pressure curve provided in Figure S16 (Supporting Informa-
tion), whichmay impact perovskite formation.[15] Finally, Process
B exhibits increased rate-dependent bandgap variation compared
to Process A, as evident in the EQE-derived bandgaps shown in
Figure S17 (Supporting Information).
To address these issues, we propose an alternative potential

method to improve performance, which entails precondition-
ing the FAI residual material at the desired sublimation rate
and maintaining that rate until pressure decreases to a desired
value. A representative comparison of pressure curves is shown
in Figure S16 (Supporting Information). Such preconditioning
achieves three goals: It ensures the removal of all contaminants
shown in Figure S10 (Supporting Information), avoids the initial
high fractions of degradation products, and finally, avoids the ini-
tial high pressure we consider is likely the result of the outgassing
from these materials as seen in Figure 3.[35,48]

High-rate perovskites deposited using this method achieved
comparable device performance to dual FAI source perovskites

employing Process A, and a substantial increase in device per-
formance compared to equivalent-rate perovskites deposited in
the same reactor without preconditioning. At the Process B base
deposition rate of 6 nm min−1, we obtained a champion PCE of
17.5% (FF = 0.75, VOC = 1.09 V, and JSC = 21.3 mA cm−2) in
the reverse scan direction. At increased rates, performance de-
creases similar to Process A, with the champion device deposited
at 27 nmmin−1 displaying a champion PCE of 11.0% (FF = 0.73,
VOC = 1.05 V, and JSC = 14.3 mA cm−2) coupled with signifi-
cantly increased hysteresis. Preconditioning improves these val-
ues, with the champion device deposited at 21 nm min−1 dis-
playing a champion PCE of 12.9% (FF = 0.71, VOC = 1.05 V,
and JSC = 17.4 mA cm−2) but hysteresis is not significantly re-
duced and EQE mismatch is within 7%. The relative loss in de-
vice PCE is reduced from 31%rel to 26%rel utilizing this method.
Differences in deposition rates between preconditioned and non-
preconditioned high-rate samples are attributed to changes in fi-
nal perovskite thickness, not inmeasured sublimation rate, likely
due to the different optimum FAI rates corresponding to the best
performance. Representative SEM images of all samples are pro-
vided in Figure S18 (Supporting Information). There is clear ev-
idence of smaller grains for the 27 nm min−1 sample without
preconditioning, especially within the bulk film. This is consis-
tent with structure zone growth models where process pressure
is considered, as impurities can lead to spontaneous formation
of grain boundaries.[74] Small grains are insufficient to explain
performance differences for Process B samples, as baseline Pro-
cess A samples shown in Figure S15 (Supporting Information)
exhibit similar grain sizes without a drop in PCE. Process A grain
sizes are attributed to differences in the evaporation chamber
setup and the inherent difficulty of accurate pressure measure-
ment within the process chamber.[48] These results indicate that
the presence of FAI degradation products can have an impact on
film formation by increasing process pressure even if they do not
incorporate in the bulk perovskite in detectable quantities.[63]

The bandgap of high-rate Process B samples appeared unaf-
fected by preconditioning. PL maps of high deposition rate per-
ovskites also show an increase in sample homogeneity when pre-
conditioning of the FAI source is performed. As before, PL inten-
sity is normalized for each sample as sample homogeneity is of
greater importance than PL intensity for these experiments. The
XRD patterns at elevated deposition rates, present in Figure 6d,
deviate less strongly compared to the baseline process, whereby
the intensity of the (0 0 1) peaks decreases significantly, similar
to Process A. However, this is accompanied by a reduction in the
PbI2 peak, and no notable increase in secondary peaks can be
observed.
To demonstrate that the effect of this method is process re-

silient, PL map samples were also fabricated using Process A
with both a conical and a cylindrical FAI crucible. Comparing
PL maps of samples with and without preconditioning from
both processes, as shown in Figure S19 (Supporting Informa-
tion), indicates that while preconditioning can reduce inhomo-
geneity density, it is not guaranteed. PL maps for samples grown
with the dual FAI source process show a similar improvement
in homogeneity for Process B. PL maps of elevated rate Pro-
cess A samples with preconditioning and conical crucibles con-
tinue to display evidence of spit defects, indicating that precondi-
tioning alone will not prevent such defects. However, combining
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Figure 6. a) Statistics of optimized devices from Process B under a baseline (6 nm min−1) and elevated (21/27 nm min−1) evaporation rate with and
without a preconditioning step. The difference in deposition rate for the high-rate samples are due to changes in the final perovskite thickness. Inorganic
evaporation rates did not change between 27 and 21 nm min−1 (pre). Also shown are b) J–V, c) PL map, and d) XRD results corresponding to the
champion devices. Each condition provides 2 (27 nm min−1) or 4 (6 and 21 nm min−1) substrates with typically 6 pixels each (active area 17.2 mm2).

preconditioning with cylindrical crucibles prevents spit defects at
high rates, reinforcing our theory that crucible shape is also vi-
tal for controlling sample homogeneity at high deposition rates.
Such results reveal the need to tailor high-rate deposition meth-
ods to the specifics of the reactor and available crucibles. Cylin-
drical crucibles are preferred as they lead to reduced inhomo-
geneities and residual material decomposition at high rates.[49]

Samples with effective deposition rates of 54 nm min−1 were
also fabricated using this preconditioning method, as shown
in Figure S20 (Supporting Information). The substantial drop
in PCE for these samples indicates that some limitations re-
main for our proposed method, but this result serves as a
proof-of-concept, indicating that such high deposition rates are
possible.

3. Conclusion

In this work, we explore the potential for increasing the deposi-
tion rate of co-evaporation processes for wide bandgap FA-based
perovskite absorbers in two research laboratories with compara-
ble baselines in terms of performance and bandgap. For Process
A, we note a 23%rel decrease in performance when increasing de-
position rate from 5 nm min−1 (16.2%) to 19 nm min−1 (12.5%)
coupled with a decrease in process repeatability. Material anal-
ysis reveals small changes in relative XRD signal intensity and
a much larger decrease in sample uniformity, measured by PL
mapping. EDXmeasurements of these samples reveals the cause
of the inhomogeneity to be carbon fragments. Process B shows
a similar decrease in performance of 31%rel when increasing
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deposition rate from 6 nm min−1 (17.5%) to 27 nm min−1

(11.0%).
Using in-situMSmeasurements of the residual gas in the reac-

tor during Process B at various rates, we findno notable change in
degradation products for even the highest deposition rate. How-
ever, analysis of residual crucible material reveals key changes
upon sublimation at high rates. First is the formation of a coke
substance on the FAI surfaces touching the crucible, which we
consider to be the origin of the carbon fragments observed in
high-rate samples. The prevalence of coke and correlated pres-
ence of spit defects in perovskite films is found to be dependent
on both crucible shape and deposition rate. Observed 1H-NMR
peak splitting of the primary FAI peaks is correlated to perovskite
deposition rate and is revealed to be due to HI contamination of
residual crucible material. We also observe minor impurities in
the as-received FAI precursor from the manufacturing process,
which are removed upon sublimation.
We explored two methods to overcome the observed rate lim-

itations. Process A utilizes a second cation source to reduce ef-
fective FAI sublimation rate. Equivalent high-rate samples with
a second FAI source demonstrate an increase in sample unifor-
mity, process repeatability and overall device performance. These
improvements reduce the PCE loss to only 8%rel for samples de-
posited at a rate of 18 nm min−1 (14.4%). Process B performs a
thermal preconditioning of the FAI to reduce chamber pressure
prior to deposition and to ensure that initial contaminants have
outgassed. This treatment leads to an increase in sample unifor-
mity and reduces PCE loss to 26%rel for samples deposited at a
rate of 21 nm min−1 (12.9%). A literature overview together with
data from this work is shown in Table S1 (Supporting Informa-
tion), including the previous fastest FA-based co-evaporated rate
of 10 nm min−1 (16.6% with a bandgap of 1.58 eV).[75]

Thus, this work provides a comprehensive overview of the lim-
itations for high-rate FA-based co-evaporated perovskites and re-
veals the mechanisms that can lead to lower solar cell perfor-
mance. While our achieved deposition rates (18/21 nm min−1)
have not approached industrial levels (≈500–1000 nm min−1),
we demonstrate the importance of crucible design and provide
two methods to remedy the impact on device performance at in-
creased deposition rates. These results are key for the future de-
velopment of high-rate co-evaporated perovskites.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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