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Hybrid organic-inorganic perovskites (PVKs) offer exceptional optoelectronic performance, yet reproducible and
scalable co-evaporation remains challenging. This study examines the interplay of factors affecting compositional
control during three-source PVK deposition. We identify chamber pressure, precursor cross-contamination, and
flux instability — especially from organic salts such as formamidinium iodide (FAI) — as major sources of vari-
ability. A critical influence is the occurrence of cross-reading, where omnidirectional evaporation of FAI con-
tributes to the reading on the quartz crystal microbalance (QCM) sensors monitoring the inorganic precursors
like caesium bromide (CsBr) and lead iodide (PbIz) even though shielding is present. This effect, strongly
dependent on FAI load, deposition rate, and QCM sensor position, erroneously inflates measured fluxes, leading
to inaccurate rate control and unintentional compositional drift. Maintaining A-, B- and X-site stoichiometry
therefore requires dynamic adjustment of precursor rates, particularly at higher deposition speeds where mean
free path limitations come into play. We demonstrate the successful deposition of perovskite layers at a depo-
sition speed of 27.8 nm min~! as the practical ceiling for the investigated CsxFA;.xPb(I;.xBrx)3 composition within
our experimental framework. These findings highlight the delicate balance between deposition speed, precursor
stability, and film quality, underscoring the need for improved delivery systems - such as continuous precursor
feedthrough, multiple organic sources, alternative vapor transport or flash evaporation methods — to achieve
reproducible, fast and large-scale fabrication of high-performance PVK films.

Perovskite solar cells

2013 [8]. Vacuum-based deposition, specifically thermal evaporation
(TE), enables the growth of highly uniform layers with nanometer-scale

1. Introduction

Over the last decade, perovskite solar cells (PSCs) have gained sig-
nificant attention due to their ease of fabrication and unprecedented
rapid increases in power conversion efficiencies [1]. A crucial step in the
production of a PSC is the deposition of the perovskite absorber (PVK)
layer. Traditionally, solvent-based methods are used to create the PVK
layer, starting from a solution that contains the precursor materials
[2,3]. This method suffers from disadvantages such as the use of often
toxic solvents and a difficult to control crystallization of the layer due to
variations in the solubility of the precursors [4]. Besides, growing
conformal layer on fully textured silicon, which is necessary for tandem
configurations, is not trivial [5-7].

An alternative route to fabricate PVK absorbers is through vacuum-
based deposition methods, which was first introduced by Liu et al. in

control [5-7]. The solid precursors are heated in a vacuum chamber
until they sublimate and subsequently deposit onto a substrate. In
addition, vacuum-based methods are well-established in the semi-
conductor industry which is favorable for future industrialization.
However, significantly longer deposition times are required compared to
solution-based methods.

The evaporation of the solid precursors can be carried out sequen-
tially, alternating the evaporation of the individual precursor layers
[9-11]. This approach has demonstrated more control over the deposi-
tion process, as the individual layer thicknesses can be tuned to ensure
the formation of a stoichiometric layer [12,13]. In lab-scale set-ups these
depositions take longer because of the separate heating and deposition
steps for individual precursors. Besides, a post-deposition annealing step
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is necessary to mix the precursors and form the PVK. It has been reported
that for PVK layers thicker than 400 nm multiple alternating precursor
cycles could be necessary to ensure a homogeneous layer, which can
further increase the required deposition time [11]. Alternatively, co-
evaporation [8,14,15] consists of the simultaneous precursor deposi-
tion from two or more sources, enabling a single-step production of PVK
layers. Compared to the sequential method, co-evaporation is faster and
does not suffer from diffusion and mixing limitations of the precursor
materials. Nevertheless, co-evaporation is inherently complex, and this
complexity increases with the number of sources involved. The
complicating factor is the limited control over the possible collisions and
reactions of the simultaneously sublimated species, leading to a less
stable and less reproducible process.

In the co-evaporation of PVK layers, most of the complexities arise
from the evaporation behaviour of the formamidinium iodide (FAI)
precursor. Unlike inorganic precursors such as lead iodide (Pbly) and
caesium bromide (CsBr), which exhibit directional evaporation behav-
iour under vacuum conditions, organic compounds like FAI and meth-
ylammonium iodide (MAI) exhibit significantly more omnidirectional
evaporation behaviour [16], due to molecular dissociation and scat-
tering, leading to an increase in chamber pressure [17].

To make fully thermally evaporated PVKs commercially viable, a
deeper understanding of the reproducibility and high-speed process-
ability of the evaporated PVK layers is essential. Addressing these
challenges will be necessary to determine the viability of co-evaporation
as a competitive route for large-scale PSC production. Until then, as PSC
technology moves closer to commercialization, it remains uncertain
which manufacturing method - solution-based, vapor-based or hybrid
[5] - will prove most cost-effective and reliable for large-scale module
production.

Abzieher et al. demonstrated that, for vapor-deposited PVK layers to
become commercially attractive, deposition speeds must reach approx-
imately 1000 nm min~! [18], enabling the full absorber to be deposited
within 1 min. Works by Dewi et al. and Piot et al. have shown that the
laboratory-scale fast dual-source co-evaporation of MAPbI3 at 20 nm
min~! is feasible without significant losses in device performance
[19,20]. Recently, Feeney et al. reported that increasing deposition rates
to 27 nm min ! leads to a performance drop due to spit defects caused
by degraded FAI material in the PVK layer, which act as recombination
centers [21].

Current approaches for TE of organic precursor salts still fall short of
achieving the control required for industrial relevance. In this work, we
investigate the processing challenges that arise when increasing the
deposition rate of lab-scale co-evaporated CsyFA; xPb(I;.4Bry)s layers up
to 27.8 nm min~'. We first deposit PVK layers using identical recipe
settings and assessed their reproducibility by analysing preferential
orientation through XRD. Examination of the process development
across different batches reveals variations in chamber pressure. We then
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investigated deeper how pressure influences the deposition process, PVK
growth and film composition. Afterwards, we investigate how
increasing the deposition speed further affects the chamber pressure and
what additional processing challenges arise when scaling up deposition
speeds. We find that especially FAI-induced pressure fluctuations —
resulting in cross-reading and unstable precursor fluxes — significantly
influence the process outcomes. In our understanding cross-reading
between the organic precursor source and the other QCM sensors per-
sists even with shielding, and becomes particularly pronounced at
higher deposition speeds.

2. Results and discussion
2.1. Reproducibility

We investigated the co-evaporation of Pbly, CsBr and FAI precursors
to obtain CsyFA;4Pb(I;.4xBry)s PVK layers with a thickness of approxi-
mately 700 nm. Fig. 1a shows a simplified schematic of our deposition
chamber which includes 4 sources. The three heated precursor sources
used in the depositions discussed in this paper are depicted in orange
and shown in their relative positions. Also depicted are the corre-
sponding QCMs and the sublimation cones projecting the sublimated
precursors towards the rotating target substrate. The PVK layers are
processed as described in the experimental section in the SI. Fig. 1b
shows the normalized X-ray diffraction (XRD) patterns of four co-
evaporated PVK layers all deposited using the same deposition rate
parameters (CsBr at 0.2 A s L, Pblyat 1.7 As'andFAlat1.9 A s7L see
Table S1). The diffraction patterns exhibit several peaks corresponding
to the (100), (110), (111), (200), (210), (220) and (300) crystallo-
graphic planes, characteristic of the photoactive cubic PVK phase. By
analysing the XRD patterns a preferential orientation of the PVK layers
can be distinguished, which tells us something about the reproducibility
of the process. The same process repeated twice, should result in a
similar layer with similar preferential ordering. Interestingly, despite
following the same deposition recipe including deposition rates (see
Fig. S1), the resulting XRD patterns—particularly the relative peak
intensities—differ significantly among the different batches. For batch 1
and 4, the peak position and intensity seem to mostly align with pre-
dominant peaks corresponding to the (100) and (200) planes. A slightly
larger (100)/(210) intensity ratio is observed in batch 1 compared to
batch 4. Batch 3 deviates notably from the other samples, displaying the
presence of a Pbl, (100) diffraction peak (20 = 12.7°), along with less
intense (100) and (200) PVK peaks and an intense (210) diffraction
peak. Batch 2 also exhibits a preferred orientation along the (210) plane,
but without the Pbl peak observed in batch 3. To study the reproduc-
ibility of the resulting layers in terms of opto-electronic and optical
properties we look at the Time-Resolved Microwave Conductivity
(TRMC) and Transmission results for the four different batches. The
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Fig. 1. (a) Schematic illustration of the TE chamber used for the co-evaporation of PVK layers and (b) XRD patterns of PVK layers deposited through TE utilizing
identical process recipe settings after annealing treatment on a hotplate at 150 °C for 10 min. (c) Pressure evolution in the evaporation chamber during de-

positions 1-4.
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intensity normalised photoconductance traces are visible in Fig. S2.
TRMC enables the investigation of charge carrier recombination path-
ways and mobility-yield products, as described by Hutter et al. [22]. The
TRMC signal decays for batch 1 and 4 are nearly identical and indicate a
dominant second-order recombination mechanism in both PVK layers.
However, the mobility-yield product is significantly higher for batch 4
compared to batch 1. Batch 2 exhibits a significantly shorter charge
carrier lifetime and reduced peak signal height in the TRMC response,
however, second order recombination still seems to be the most domi-
nant recombination pathway. From the transmission spectra in Fig. S3a,
we can see that the absorption onset varies between the batches, indi-
cating a different composition. We see that batch 2 has a significantly
larger transmission than the other batches. We relate this to incomplete
conversion of the PVK precursors into photoactive PVK. We tried
annealing at 170 °C instead of the regular 150 °C, which indeed
decreased the transmission (Fig. S3a), but only slightly increased the
preferential orientation along the (210) plane (Fig. S3b).

We can conclude from Fig. 1b, Fig. S2 and Fig. S3a that despite the
process control settings being identical for the four layers, the resulting
layers are different, both in their crystal orientation, but also optically as
indicated by the transmission spectra in Fig. S3a. This observation
highlights one of the main challenges faced when co-evaporating
CsxFA; xPb(I; xBry)s PVK layers, which is the poor reproducibility be-
tween batches.

By analysing the deposition conditions for the layers shown in
Fig. 1b, we noticed that the pressure evolution in the evaporation
chamber as a function of time differs substantially for the four batches as
seen in Fig. 1c. In the next section we evaluate the effect of the pressure
on the co-evaporation process.
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2.2. Influence of FAI on pressure, precursor flux and PVK composition

To confirm the evaporation of FAI has the strongest influence on the
chamber pressure, we first heated the two inorganic sources simulta-
neously, followed by heating the FAI source. During the experiment, we
monitored the evolution of the pressure and the source temperatures for
all three precursors, as shown in Fig. 2a. The data reveals that heating
the inorganic precursors (Pbly and CsBr) has minimal impact on the
pressure, which remains stable at approximately 3-1 0~7 mbar. The slight
temporal increase of the pressure observed upon heating the inorganics
may be ascribed to the sublimation of residual impurities. In contrast,
heating the FAI crucible results in an almost immediate and continuous
rise in pressure, reaching up to approximately 1-10~> mbar, confirming
its dominant influence on the vacuum.

Literature reports that for deposition temperatures around 160 °C
and above, FAI partially degrades and converts into a mix of for-
mamidine, hydrogen iodide, hydrogen cyanide, 1,3,5-sym-triazine and
ammonia?*, Hence, the chamber pressure serves as an indication of the
background concentration of FAI and its derivatives. In contrast,
decomposition of CsBr and Pbl, does not occur under co-evaporation
conditions and therefore has a negligible effect on the pressure. To
achieve reproducible FA-based co-evaporated PVK layers, the FAI source
temperature must be kept as stable and as low as possible to ensure
consistent vapor composition, reproducible FAI flux to the target sub-
strate, and high material utilization efficiency (i.e. reduced losses due to
scattering).

As the pressure is significantly influenced by the sublimation
behaviour of FAI, maintaining a consistent pressure profile during each
deposition is essential for reproducible PVK layer growth. In our system,
direct pressure regulation is not available: thus, we opt to control the
chamber pressure during co-evaporations by adjusting the amount of
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Fig. 2. Evolution of (a) source temperatures during deposition of CsBr (red), PbI2 (blue) and FAI (black) precursors (top) and the system's background pressure
(bottom). (b) FAI deposition rate recorded over time (top) and the chamber pressure evolution for different FAI weights(bottom).Star symbols represent peak
pressure values. (c) Peak pressure during FAI evaporation process as function of the FAI weight for two different deposition rates. The pressures corresponding to 1.8
A s-1 are taken from panel b. (d) Peak pressure in the chamber as function of the resulting co-evaporated PVK bandgap.
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FAI powder loaded into the crucible.

To illustrate the effect of FAI loading on the deposition, we recorded
the pressure profiles during four subsequent FAI depositions, each per-
formed at a constant deposition rate of 1.8 A s~!, while using different
amounts of FAI powder in the crucible. The results are shown in Fig. 2b.
To ensure consistency, fresh powder was used for each single deposition.
Before ramping to the deposition temperature, an outgassing step at
120 °C for 10 min was included to remove volatile impurities from the
FAI material. Despite the identical deposition rate as seen in the graph at
the top of Fig. 2b, the pressure profiles exhibit noticeable variations
depending on the initial crucible loading. When the FAI weight
increased from 2.26 to 5.26 g, the chamber pressure nearly doubled. We
extracted the peak chamber pressure observed immediately prior to the
opening of the substrate shutter as a representative value for each run,
indicated by the star symbols in Fig. 2b. Fig. 2c illustrates the relation-
ship between peak chamber pressure and crucible filling at two different
deposition rates. As expected, depositions conducted at higher rate-
s-even with a difference in rate of only 0.1 A s' — produce higher
chamber pressures. In our system, the crucible is initially heated to a
fixed temperature close to the expected target deposition rate. From this
temperature, a PID controller finds the target rate. However, a larger FAI
loading leads to elevated vapor pressure and can result in a higher
deposition rate at the same temperature. This causes the system to
temporarily overshoot the target rate even when extended stabilization
times are applied. This rate stabilization issue becomes particularly
critical at higher deposition rates, where the time and temperature
required to stabilize the rate begins to overlap with the thermal
decomposition window of the FAI material [23]. As a result, careful
tuning of the deposition recipe is essential whenever any parameter -
such as rate, crucible filling, or temperature - is adjusted.

To investigate whether the deposition pressure influences the PVK
composition, we deposited four PVK layers using identical deposition
rates but varying crucible fillings. The PVK bandgap as a function of the
pressure is shown in Fig. 2d. The XRD patterns for the corresponding
layers are presented in Fig. S4a, showing a decreasing (100)/(210) peak
intensity ratio with pressure. Fig. S4b shows a shift of the (100) peak
position towards lower angles indicating an increase in the lattice
spacing and changing PVK composition. Despite identical processing
rates, higher deposition pressures consistently produced layers with
lower bandgaps (Fig. S4c and d shows the transmission spectra and Tauc
plots). These trends suggests that increased pressure may lead to greater
incorporation of FAI into the PVK, or alternatively, reduced incorpora-
tion of CsBr, leading to a decrease in the PVK bandgap. Thus, even
though our system executes an automated deposition sequence based on
a predefined recipe to ensure reproducibility, the crucible filling remains
a critical variable that influences the final layer composition.

Another contributing factor to the irreproducibility is the uninten-
tional FAI deposition that can occur on the substrate during the rate
stabilization phase, prior to the opening of the substrate shutter. Since
the FAI source significantly influences the chamber pressure, it is
reasonable to expect that some material also reaches the substrate. In
fact, in our experiments, we observed thin layers deposited on the
substrates even when the FAI source was heated and the substrate
shutter remained closed. Longer stabilization times will result in more
FAI being deposited prematurely onto the substrate, potentially
affecting the nucleation and early growth of the PVK layer. Several
studies have reported substrate-dependent variations in co-evaporated
PVK layers [24-26], highlighting the importance of tightly controlling
this effect to ensure reproducibility.

2.3. Cross-reading

QCM rate control remains one of the most widely used methods to
control hybrid organic-inorganic PVK co-evaporation deposition pro-
cesses. The relative position of the sources, shutters, and rate sensors is
commonly considered to ensure no cross-reading among different

Chemical Engineering Journal 530 (2026) 173755

sources [27]. This statement is valid for inorganic sources, where no
pressure increases are observed. However, when we see a pressure in-
crease in the system, we cannot neglect the cross-readings. To further
investigate the origin of poor reproducibility and bandgap variations
that were discussed in Section 2.2, we decided to dive deeper into the
effects of cross-reading on co-evaporation depositions.

The impact of chamber pressure on cross-reading can be visualized
using the measured readings on the four separate QCMs (see schematic
in Fig. 3a) during FAI deposition. The results of this experiment are
reported in Fig. 3b for FAI material evaporated at a constant deposition
rate of 1.8 A s71, targeting a thickness of 10.000 A as read by QCM-1,
which is positioned directly above the FAI source. The same experi-
ment was repeated with varying FAI crucible filling to assess the influ-
ence of higher pressure on the cross-reading. Despite only the FAI source
being active, all other QCMs registered substantial FAI deposition, and
the cross-reading intensity correlates to the initial amount of FAI in the
crucible. QCM-2 exhibited the highest cross-reading. Notably, QCM-4
showed an increase in cross-reading, surpassing even QCM-3 at higher
crucible fillings. This behaviour could be linked to differences in the
shielding geometry of the QCMs. The cross-reading experiment dem-
onstrates that FAI vapor distributes broadly within the chamber and
contributes to non-negligible cross-reading even on sensors monitoring
inactive sources. Consequently, during co-evaporation processes, such
cross-reading can distort the rate measurements of other precursors,
leading to inaccurate flux control and unintended compositional de-
viations. Even QCM sensors that are shielded and not directly in the
periphery of the organic source can exhibit significant readings due to
chamber pressure effects and molecular scattering, as also noted by
Mahmoud et al. [28]

2.4. Increasing deposition speed

Building on our understanding of how FAI vapor affects QCM read-
ings and rate control, we investigated the possibility of increasing the co-
evaporation deposition speed from 6.1 nm min~! to 27.8 nm min~! fora
single PVK layer containing 12.000 A of Pbl,, as measured by the QCM.
As the FAI QCM rate increases, both chamber pressure (Fig. 2c) and
hence cross-reading effects (Fig. 3b) intensify, as demonstrated in Sec-
tions 2.2 and 2.3. Therefore, achieving the desired PVK composition and
bandgap requires a continuous adjustment of the CsBr deposition rate
when varying the deposition speed. Since FAI vapor contributes an un-
intended signal to the CsBr QCM-2, this leads to an overestimation of the
actual CsBr flux. As a result, maintaining the same A- and X-site stoi-
chiometry in the PVK layer (ABX3) requires adjusting the nominal CsBr
rate beyond what simple scaling would predict (i.e. beyond doubling all
individual rates when depositing the same PVK twice as fast). This effect
is clearly observed in our experiments and is visualized in Fig. 3c. For
layers with similar bandgaps, the FA/Cs thickness ratio measured on the
QCMs 1 and 2 at the end of each deposition decreases by a factor of two
when the FAI QCM rate is increased from 1.9 As™! to 4.2 A s™1. Focusing
on two depositions that yield nearly identical bandgaps (star symbols at
~1.567 eV), the FAI QCM rate increased more than twofold (from 1.9 A
s 1to4.2 A s’l), while the required CsBr QCM rate had to be increased
fourfold (from 0.2 A s~ to 0.8 A s1). Meaning that we need, as
measured by the QCM, twice as much CsBr in the layer compared to the
slower rate deposition to achieve a similar composition. This confirms
that cross-reading —-originating from omnidirectional FAI vapor
—artificially inflates the QCM reading on the CsBr monitor, causing a
mismatch between the intended and actual PVK compositions. Conse-
quently, the exact FA/Cs ratio in the layer does not directly correspond
to the rate ratio used in the deposition recipe. Since the bandgaps of
these layers remain nearly constant, the observed QCM FA/Cs discrep-
ancy in Fig. 3c reflects a distortion in QCM readings, rather than a
genuine compositional shift.

Tooling factors are typically determined for single-precursor layers
and represent the ratio of material reaching the substrate relative to
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Fig. 3. (a) Schematic illustration of cross-reading test set-up (left) (b) cross reading on all four QCMs as measured when 10.000 A of FAI was deposited on QCM-1. (c)
Overview of bandgaps of co-evaporated PVKs versus the corresponding FA/Cs thickness ratio as measured on QCM-1 and QCM-2.

what is measured by the QCM. However, as demonstrated by the
experiment carried out and shown in Fig. 3b, in co-evaporation pro-
cesses, these tooling factors no longer hold because the actual tooling
factor value is affected by the FAI reading on the inorganic QCMs.

Even though increasing the deposition speed presents challenges, we
successfully produced solar cell devices which incorporated PVK layers
deposited at different rates. Showing that it is possible to deposit CsxFA;.
xPb(I1xBry)s at different deposition speeds. The solar cell parameter
boxplots for the power conversion efficiency (PCE), fill factor (FF), short-
circuit current density (Jg.) and open-circuit voltage (Vo) are presented
in Fig. 4. The J-V curves and solar cell parameters of the cells with the
highest PCE for each deposition speed can be found in Fig. S6 and table
S2 in the SI, respectively.

The deposition parameters and PVK layer thicknesses for these layers
are summarized in Table S3. We find that the final PVK thickness slightly
decreases when increasing the deposition speed, even though the QCM
deposition limit for Pbl, remained fixed at 12.000 A again hinting at a
slight overestimation of the Pbly flux, although less significant, as
indicated by the minor cross-reading seen on QCM-3 in Fig. 3b.

Fig. 5a shows the XRD patterns of the resulting PVK layers that were
incorporated in the PSCs. Significant PVK crystal growth is evident in
the XRD pattern for all deposition speeds up to 27.8 nm min . As shown
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in Fig. 5a, the highest deposition rate successfully demonstrated for
deposition of co-evaporated CsyFA;4Pb(I;.xBry)s layers from three
sources was 27.8 nm min~! for a 695 nm thick layer. Transmission
spectra, Tauc plots, and SEM characterizations of these PVK layers are
provided in the SI (Fig. S7, Fig. S8 and Fig. S9, respectively). Which
show sharp absorption onsets for the different layers and densely packed
PVK crystal grains. Fig. S9 shows relatively large PVK grains up to 1 pm
for the co-evaporated PVK layers, generally co-evaporated PVK show
relatively small grains when compared to solution processed counter-
parts [24]. We attribute the large grains to the grain formation and
agglomeration during the annealing step after the PVK deposition.

Attempts to increase the deposition speed further resulted in XRD
patterns dominated by the PbI, diffraction peak at 20 = 12.7°, with
negligible PVK diffraction peaks presence (Fig. 5a and b).

We observed significant Pbl, excess in our attempts to deposit the
PVK in a total deposition time of 15 min (total deposition time of PVK
deposition at 27.8 nm min ! is 25 min). This is demonstrated by the XRD
pattern shown in Fig. 5b. To compensate for the Pbl, excess, we grad-
ually increased the FAI rate from 16.8 As1t022.5A 571 to enhance FAI
incorporation. However, XRD reveals the limitations of co-evaporation
at such elevated speeds. When examining layers deposited within 15
min at increasing FAI rates, the characteristic PVK peak remains
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Fig. 4. Boxplots for PCE, FF, Jsc and Voc for the different batches of PSCs deposited at different deposition speeds.
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Fig. 5. (a) XRD patterns of PVK layers deposited at different total deposition times. (b) XRD patterns showing the PbI2 peak and the (100) PVK peak for 15 min

depositions done with varying FAI rates.

suppressed. This behaviour is counterintuitive, as increasing FAI rate in
a Pbl,-rich system would typically increase the PVK signal. This could be
attributed to FAI decomposition and/or the reduced ability of FAI
molecules to reach the substrate due to a shortened mean free path in the
chamber at elevated pressures.

In our system, the source-to-substrate distance is fixed at approxi-
mately 35 cm. At the observed deposition pressures during the deposi-
tion taking 15 min, the estimated mean-free path (MFP) for FAI ranges
between 25 and 35 cm as visualized in Fig. S10, which is shorter than the

substrate distance. The derivation of the MFP calculation can be found in
the SI. Interestingly, Pbl,, exhibits a slightly shorter MFP, however ap-
pears to be less affected. The pressure is related to the FAI precursor flux
coming from the FAI source. We assume that the pressure right above
the FAI source can be orders of magnitude higher than what is measured
on the pressure sensor at the top of the evaporation chamber, which was
previously also mentioned in the paper by Kroll et al. [23] Therefore, the
mean-free path right above the source will be even lower than what is
visualized in Fig. S9, causing more scattering and loss of flux to the
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after evaporations compared to the fresh powder. (c)CsBr temperature and system pressure evolution during co-evaporation deposition of a PVK layer over different
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substrate. This transport limitation likely contributes to the failure to
form PVK at high FAI rates.

Once the MFP approaches the source-to-substrate distance, signifi-
cant losses in precursor fluxes are expected. As a result, deposited layers
become much thinner, and cross-reading on the other QCMs will in-
crease substantially. This phenomenon likely explains the shift towards
larger FA/Cs ratios observed at faster deposition speeds in Fig. 3c.
During the deposition of the PVK at a rate of 27.8 nm min~' the MFP
drops to approximately 1 m. With respect to the slower depositions of
6.1 nm min ' and 15.9 nm min "}, where the MFP is in the range of three
meters, the likelihood of FAI molecules reaching the substrate reduces.

To further elaborate on the increasing challenges associated with
scaling up the co-evaporation processing speed, we examined the rela-
tionship between FAI deposition rate and the evolution of the pressure in
the chamber. Fig. 6 presents four distinct scenarios encountered while
co-evaporating PVK layers at different speeds.

As shown in Fig. 6a, the rate stability of the FAI precursor — as
measured on QCM-1 decreases significantly with increasing deposition
speed. For the 6.1 and 15.9 nm min ! depositions, the FAI deposition
rates remain relatively stable throughout the deposition. It is apparent
that the 27.8 nm min~! deposition exhibits a different behaviour: During
the initial phase (0-6 min), the deposition rate fluctuates before stabi-
lizing. In contrast to the other batches, the 15-min deposition shows
extreme instability with the FAI rate fluctuating strongly around the
target rate of 16.8 A s™! over the duration of the entire deposition. The
corresponding relative pressure profiles, as seen in Fig. 6b, follow the
FAI deposition rate over the course of the deposition. When these results
are considered alongside the cross-reading data from Fig. 3b, we can
assume that the rates measured on QCM-2 and QCM-3 - corresponding
to the active CsBr and Pbl, sources, respectively — are constantly
changing due to varying unintended FAI contributions to the signal, due
to the rapidly changing pressure over the deposition. This leads to
instability in the apparent rate at the CsBr and Pbly sources, further
complicating flux control and compositional accuracy during high-speed
co-evaporation.

To further assess the impact of the deposition speed on the process
stability, we plotted the CsBr source temperature during the deposition,
as shown in Fig. 6¢. For the 6.1, 15.9, and 27.8 nm min~! depositions,
the CsBr source temperature is stable throughout the deposition.
Generally, the source temperature gradually increases over time to
compensate for factors such as decreasing chamber pressure, reduced
precursor powder weight, changes in the precursor surface area (e.g.
powder clustering) and lower thermal contact with the crucible wall —
all of which require higher crucible temperature to sustain the target
flux. These observations explain the reasons why setting a fixed tem-
perature for Pbl, and CsBr sources does not results in a constant flux
throughout the deposition. In contrast, the fastest deposition attempts in
15 min shows significant instability in the CsBr source temperature as it
reacts to the pressure inside the chamber. When the pressure drops
quickly after the start of the deposition, the CsBr source temperature
increases to compensate for the loss of FAI cross-reading signal. This is
followed by a slight overshoot of the target rate due to the PID settings of
the crucible. Between 00:04 and 00:06 h, the deposition rate stabilizes
briefly, but as the pressure continues to drop, the CsBr source temper-
ature must increase further to maintain the desired rate. These fluctu-
ations suggest that the system is approaching the limits of rate control
under fast co-evaporation conditions. Since co-evaporation requires a
constant flux of all precursors to the substrate, such instability poses a
significant challenge to maintaining the layers uniformity in
stoichiometry.

2.5. Deposition rate limitation
In addition to the increasing difficulties with attaining stable depo-

sition rates, another limiting factor emerges at elevated deposition rates:
significant thermal degradation of FAI within the crucible during
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evaporation. Under typical co-evaporation conditions operating at lower
rates, the temperature remains moderate enough to avoid significant
decomposition of FAI during the deposition. However, the higher tem-
peratures required for faster deposition rates accelerate the decompo-
sition of the FAI powder [23]. Which is another explanation why we see
less FAI incorporation in Fig. 5b upon increasing rates.

This degradation is visually confirmed in the inset of Fig. 6a. For each
deposition, fresh FAI powder was used and the remaining powder
collected from the crucible stored under nitrogen until a post-deposition
characterization is performed. At lower deposition speeds, the used
powder remains white at the core with darkened edges - indicating only
partial degradation. In contrast, at higher deposition rates, the powder
turns uniformly black throughout the crucible after a single run, sug-
gesting complete decomposition. Under these conditions, the system
fails to form a functional PVK layer (see Fig. 5a and b). The visual dif-
ferences seen in the inset of Fig. 6a suggest degradation most likely due
to coke formation, as previously proposed by others [29].

To elucidate the visual degradation of the FAI powders after pro-
cessing at different speeds, additional spectroscopic analysis was per-
formed. The powders in the inset of Fig. 6a were analysed with Fourier-
Transform Infrared (FTIR). Fig. S11a shows the spectral region between
1400 and 1650 cm™. All the powder residues, independently of the
deposition speed, exhibit the formation of the characteristic triazine
C=N quadrant stretch vibration at 1558 em ! [30]. Besides, the region
exhibits emerging features consistent with s-triazine based polymeriza-
tion products [30,31].

Fig. S11b shows the C=N stretch regime for all the data sets. The
fresh powder shows only a single dip at 1735 cm ™! corresponding to the
C=N bond present in the formamidinium molecule. The powder resi-
dues after deposition at different speeds all exhibit peak splitting, indi-
cating there is no longer a single uniform chemical species, but likely the
presence of dimers and oligomers with slightly different bond strengths
which causes the peak to split.

Furthermore, a stable and consistent flux is essential for achieving
homogeneous mixing of precursors at the substrate during co-
evaporation. However, rate stabilization is not instantaneous: both the
crucible and the precursor material require time to reach thermal
equilibrium. Because heating in vacuum occurs through the crucible
walls, and the powder inside is not immediately at a uniform tempera-
ture, stabilization time is particularly critical for organic precursors like
FAL

To further elucidate the implication of our observations, we consider
the nature of the organic salt. A salt in its solid phase is held together by
electrostatic forces. Generally, the lattice energy for a salt is very large.
For FAI, which contains the bulky organic FA" ion and the large I™
halide ion, the lattice energy is relatively small, hence it sublimates at
low temperatures (< 200 °C) compared to other salts. The positive
charge of the FA™ ion is highly unfavourable in vacuum as it cannot be
screened by its surroundings. This characteristic promotes the subli-
mation of neutral organic degradation products. The decomposition of
FAI increases the number of vapor-phase molecules near the source,
causing enhanced collisions and scattering throughout the evaporation
chamber [24]. This results in a pressure increase in the reaction chamber
upon heating of the FAI crucible, as shown in Fig. 2a. We would argue
that co-evaporation from an initial FAI reservoir for extended periods is
only possible if lattice energy is significantly lower than binding energy
within the FA ion, as otherwise degradation would change the flux
composition significantly over time. The paper by Kroll et al. [23] shows
that evaporation of degradation products happens before 120 °C and
that therefore co-evaporation from an initial reservoir is not a viable
option.

These findings raise the question of whether high-speed hybrid
organic-inorganic co-evaporation is viable at an industrial scale. While
we reached a deposition speed of 27.8 nm min~! in our fastest three-
sources deposition, the precursor material was significantly degraded
after a single deposition. One solution is to increase the number of co-
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evaporation zones in a linear system, such as described in the study by
Petry et al. [29], which could enable higher deposition speeds.
Increasing the crucible-precursor contact area will lead to higher rates at
the same temperature. However, this approach is only feasible for
extended periods if the deposition temperature can be reduced below
the degradation temperature.

For fully thermally evaporated hybrid organic-inorganic PVKs to be
scalable, future research should be directed at maintaining a stable,
high-quality precursor flux over an extended period of time. This could
be achieved by using a continuous feedthrough of fresh precursor ma-
terial into the source to prevent degradation prior to sublimation.
Alternatively, different deposition methods for the organic precursor —
such as vapor transport depositions, close-space sublimation [32] or
flash-evaporation [33] —should be explored further.

3. Conclusion

This study highlights the complex interplay of factors that challenge
the reproducibility and scalability of hybrid organic-inorganic PVK co-
evaporation. Our results demonstrate that chamber pressure, precursor
cross-contamination, and flux instability—particularly from organic
sources like FAI—can significantly distort composition control and
bandgap uniformity. A key finding is the presence of cross-reading,
where omnidirectional FAI vapor unintentionally contributes readings
to QCM sensors monitoring other precursors such as CsBr and Pbl.. This
effect is strongly dependent on the amount of FAI powder in the crucible,
the deposition rate, and the location of the sensors within the chamber.
As a result, rate measurements are artificially inflated, leading to inac-
curate flux control and compositional drift.

Achieving consistent A-, B- and X-site stoichiometry thus requires
dynamic adjustment of precursor rates, especially under varying depo-
sition speeds, where mean free path limitations lead to material losses
and cross-reading causes unintentional compositional drift. These find-
ings underscore that while faster co-evaporation offers potential for
industrial throughput, the degradation of precursor material and diffi-
culty in maintaining stable fluxes pose serious constraints. For the spe-
cific PVK composition investigated -based on three-sources co-
evaporation— we successfully demonstrated 27.8 nm min ! as the fastest
deposition speed at which we were able to achieve high-quality PVK
layers both on material and device-level.

Future research should therefore prioritize the development of
strategies to stabilize precursor delivery—such as continuous feed-
through systems, multiple organic sources, or alternative organic
deposition techniques like vapor transport or flash-evaporation—to
enable reliable large-scale fabrication of high-quality PVK layers.
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Glossary

A-, B-, and X-site: The three distinct crystallographic positions within the perovskite (ABX3)
Crystal structure.

Thermal evaporation: A thin film deposition technique where solid precursors are heated in
vacuum until the sublimate and the resulting vapour deposits onto a cooler substrate
to form a thin film.

Co-evaporation: A thin film deposition technique where multiple precursor sources are
simultaneously heated under vacuum and sublimed to deposit a compound with
precise controlled thickness and stoichiometry.

Sequential evaporation: A thin film deposition technique where precursors are deposited
one after the other.

Stoichiometry: The precise quantitative combination of A-, B- and X- atom ratios required to
form a perfect crystal.

Cross-reading: A measurement error where the vapour flux from one source is measured on
the quartz-crystal microbalances that is intended to monitor the vapour flux of another
source.

Quartz-Crystal Microbalance (QCM): An instrument used in vacuum deposition processing
to measure the mass of a material being deposited onto a sensor by monitoring the
change in the sensors oscillation frequency.

Precursor: The raw chemical starting material that is evaporated and reacts to form the
target thin-film.

Mean free path: The average distance a molecule can travel before it collides with another
molecule. In vacuum deposition it is affected by the pressure.

Hybrid organic-inorganic: Refers to a perovskite target composition containing both organic
and inorganic A-site cations.

Omnidirectional: Refers to the evaporation behaviour of FAL The low mean free path of the
FAI molecules causes the vapour flux to scatter in all directions instead of creating a
focused directional flow towards the substrate surface.

Annealing: A post-deposition thermal processing step applied to the as-deposited layers to
induce crystallization, which is often necessary to form the perovskite structure.
Power Conversion Efficiency (PCE): A metric used to evaluate solar cell performance. The
percentage of incident energy that is converted into usable electrical energy by the

cell.

Perovskite Absorber (PVK) layer: The active layer in a perovskite solar cell with an ABX3
crystal structure. The layer that absorbs sunlight which generates electron-hole pairs.

Perovskite Solar Cells (PSCs): Solar cells which use PVK as the active layer in the device
architecture.

Preferential Orientation: The alignment of the crystallographic planes within a deposited
film. Where a majority of the planes are along a specific crystallographic axis. Typi-
cally measured using XRD.

Recombination centers: Defects or impurities that are present within the PVK layer that lead
to the recombination of electron-hole pairs which reduces the PCE of the cell.

Spit defects: Defects often caused by poor precursor evaporation which appear as localized
imperfections or pinholes in the final thin film.

Sublimate: The transition of a substance directly from the solid phase to the gas phase,
bypassing the liquid phase.
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