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Co-evaporation has emerged as a promising deposition method for perovskite solar cells, offering several

advantages such as solvent-free processing and scalability. However, in this work, we systematically report

the challenges we faced during the thermal co-evaporation of organic—inorganic perovskite precursors to

form a double-cation, double-halide wide bandgap perovskite with the composition (FA,Cs;_,Pb(l,Br;_,)3),

which may hinder the deposition methods's transfer to industry. We demonstrate that the substrate material

plays a crucial role in perovskite formation, where even minor surface treatments, such as annealing or

washing (in the case of self-assembled molecules), can substantially influence film properties. More

critically, we describe the difficulty in controlling the deposition rates of inorganic precursors in the co-
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evaporation method due to the non-linear evaporation of the organic component leading to

inconsistencies in stoichiometry and irreproducible device performance. These inherent challenges limit
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1 Introduction

The full evaporation route for perovskite deposition has been
identified as a highly promising approach for the scalable
fabrication of perovskite solar cells, owing to its numerous
advantages. These advantages include the elimination of
hazardous solvents, compatibility with various substrate
architectures and the potential for large-scale production.'™

However, a critical examination of the existing literature on
the thermal co-evaporation of organic-inorganic perovskite
precursors reveals several challenges. Notably, the number of
studies on this deposition method remains limited, and
reports on device efficiency often exhibit high standard devi-
ations or lack of statistics, with little to no discussion on
reproducibility.®® Only a few studies have explored this
deposition method in tandem with a silicon bottom solar
cell.>”?

A notable exception is a study by Skorjanc et al. that reported
a very high standard deviation in its results while proposing
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the suitability of co-evaporation for systematic studies. Moreover, we show a direct relation between the
amount of FAl incorporated in the perovskite film and the formation of a pure alpha phase.

a new approach to mitigate these variations.'® The researchers
tested different seed layers prior to the co-evaporation process
and demonstrated that by using a few nm of CsCl as a seed
layer, the standard deviation of the solar cell efficiencies
decreased significantly. Another similar study was reported
earlier by Yan et al.* where they fabricated solar cells incorpo-
rating templated FA, 9Csq 1Pbl;_,Cl, reporting a power conver-
sion efficiency (PCE) over 19.8%.

However, the proposed method introduces another deposi-
tion technique known as sequential evaporation. Furthermore,
it remains difficult to control the evaporation rates of the other
inorganic materials during the FAI deposition process, partic-
ularly in regard to potential cross-talk between the different
precursors.

Therefore, in this study, we present a detailed investigation
of the challenges we encountered in the co-evaporation of
organic-inorganic precursors to form a wide bandgap double-
cation, double-halide perovskite with the composition
(FA,Cs;_,Pb(I,Br;_,);). These challenges are inherent and
a limitation to the co-evaporation deposition method of
organic-inorganic precursors.

Building upon previous reports,****** we provide an in-depth
analysis of the significant influence of different substrate
materials on the formation of co-evaporated perovskite films.
Additionally, we demonstrate that even minor modifications to
the substrate, such as annealing or surface treatment (e.g,
washing in the case of self-assembled molecules (SAMs)),
substantially impact the perovskite formation. This hinders
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rapid device optimization, as deposition recipes must be
tailored to each substrate. Consequently, direct comparisons
across different hole transport layers (HTLs) are not possible
using this deposition method.

Furthermore, we highlight the intrinsic challenges associ-
ated with controlling the deposition rates of inorganic precur-
sors due to the crosstalk caused by the non-linear evaporation
behaviour of organic precursors. This imbalance complicates
the precise control of the targeted perovskite composition,
ultimately leading to significant reproducibility challenges in
the thermal co-evaporation process.

2 Influence of different hole transport
layers (HTLs) on the co-evaporated
perovskite properties

Here, we investigate the impact of different hole transport layers
(HTLSs) on the co-evaporation of organic-inorganic precursors
from four distinct crucibles targeting a wide bandgap perovskite
to be implemented as a top cell for tandem application. The
four precursors used are cesium bromide (CsBr), lead bromide
(PbBr,), lead iodide (PbI,) and formamidinium iodide (FAI).
The recipe can be found in Fig. S1(a). The objective is to fabri-
cate a double-cation, double-halide perovskite with the
composition (FA,Cs,_,Pb(I,Br,_,);) targeting a bandgap of 1.68
ev.

(a) (c)
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The initial investigation aimed to compare the electrical
properties of different HTLs and their suitability with the co-
evaporated perovskite. However, to our surprise, we found that
the co-evaporated perovskite exhibits a strong substrate
dependence beyond electrical characteristics. Fig. 1 illustrates
the influence of different underlying HTLs on perovskite
formation. Perovskite films grown on different HTLs show
different optical appearances (black color on TaTm/Spiro-TTB/
bare glass, and yellow on all carbazole-based self-assembled
molecules (SAMs)). This colour difference suggests the forma-
tion of different crystallographic phases depending on the
underlying HTL. We confirmed this using X-ray diffraction
(XRD) (Fig. S4 and S5).

Perovskite films grown on TaTm and Spiro-TTB formed
a pure perovskite alpha phase (compare XRD findings in
Fig. S5). Conversely, the layer grown on carbazole-based HTLs
(i.e. 2PACz, MeO-2PACz and Me-4PACz) exhibited mixed phases.
In addition to the alpha phase peak at 26 = 14°, an additional
peak at 26 = 10° was observed, corresponding to the ortho-
rhombic delta phase (Fig. S4). Furthermore, diffraction peaks at
20 = 24.7° and 25.6° were identified on all carbazole-based
HTLs, indicating the existence of a monoclinic FAI crystal
structure (zoomed in XRD in Fig. S6)."*** This suggests that
more FAI is incorporated into the films grown on carbazole-
based HTLs. To further confirm the extra incorporation of FAI
on SAMs, we performed energy dispersive X-ray (EDX) analysis
(Fig. S7). The results are in agreement with XRD, showing that
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|_~ SAMs
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o ITO
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Co-evaporated
Perovskite

Evaporated HTLs

Fig. 1

(a) Schematic of the evaporation chamber used for co-evaporation of organic—inorganic precursors (recipe in Fig. S1(a)). (b) Schematic of

the layer stack used to study the co-evaporation processes. (c) Overview of the used HTL materials and photographs of the resulting perovskite
samples. During evaporation of the SAMs, a physical mask is required to hold the substrates, leading to partial coverage and leaving a rim on the
sample without SAM deposition. (d) Cross-section SEM images of co-evaporated perovskite on different HTLs. The same recipe results in

significant differences in morphology, phases and thickness.
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more FAI is incorporated into the absorber film when carbazole
based SAMs are used as HTLs.

FAI peaks (XRD) and high FAI signals (EDX) detected for all
carbazole-based HTLs might also explain the difference in the
overall co-evaporated perovskite thicknesses. In addition to
optical and structural differences, the morphology and thick-
ness of the co-evaporated perovskite exhibit significant varia-
tions depending on the underlying substrate (Fig. 1(d)).
Notably, all carbazole-based HTLs resulted in perovskite films
with poor morphology and unexpectedly large thicknesses of
around 3 pm. In contrast, perovskite films deposited on TaTm
and Spiro-TTB exhibited a more columnar growth pattern with
substantially reduced thicknesses of less than 1 um.

Furthermore, annealing the samples did not induce any
visible changes in optical appearance (Fig. S8), suggesting that
no phase transition occurred during thermal treatment. This
observation is further supported by XRD analysis (Fig. S4 and
S5). Thicknesses remained similar after annealing (Fig. S9).

3 Influence of different HTLs on the
evaporated FAI

To investigate the excess FAI incorporation observed on carba-
zole-based HTLs, we deposited only FAI on different HTLs.
Since previous studies showed no variation in inorganic
precursor thickness across HTLs (Fig. S5 in ref. 16), only the
organic precursor FAI was used (see recipes in Fig. S3). 2PACz
was used as a representative example of a carbazole-based HTL.
The HTL was evaporated and spin-coated to assess whether the
deposition method had an influence. Additionally, a variation
in the washing step was introduced to study the impact of the
density of phosphonic acid groups on the formation of FAI For
all spin-coated 2PACz samples, the standard annealing treat-
ment'” was carried out: annealing at 100 °C for 10 minutes
inside a nitrogen-filled glove box.

Despite depositing only FAI, sensors from other crucibles
also detected some deposition rates as depicted in Fig. 2(d) and
S3(a). This indicates that FAI does not evaporate in a directional

(a)Commonly-used (b) In-practice (c)
Schematic Schematic
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Fig. 2
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cone from the crucible, as is often assumed (Fig. 2(a)). Instead it
is able to also reach the quartz crystal microbalances (QCMs) of
the other deposition sources causing unwanted cross-talk
between the different QCMs (Fig. 2(b)). This makes it impos-
sible to control and fine-tune the individual rates, a basic
requirement for proper co-evaporation of perovskite (also see
Fig. S10).

We investigated the thickness and morphology of FAI films
on different HTLs using cross-sectional SEM (Fig. 3(c) and S11).
A clear correlation was observed between FAI thickness and the
surface density of phosphonic acid groups: non-washed 2PACz
showed the thickest FAI layer, washed 2PACz a thinner one, and
Spiro-TTB and TaTm the thinnest, consistent with their lack of
phosphonic acid groups. Water contact angle measurements
supported these findings, showing higher angles for washed
2PACz, Spiro-TTB, and TaTm, indicating reduced or absent
phosphonic acid group density (Fig. 3(a) and S12).

The top-view SEM images of FAI deposited on different
substrates reveal a higher density of grain boundaries on
washed SAMs compared to their non-washed counterparts
(Fig. 3(b) and S13). This observation correlates with the
increased contact angle with lower density of phosphonic acid
groups on the surface. Reaching an extreme case where phos-
phonic acid is entirely absent, such as in the case of Spiro-TTB
and TaTm, the contact angle is substantially higher, leading to
the formation of discrete FAI islands rather than a continuous
film (Fig. 3(b)).

To further ensure that the contact angle with FAI mirrors
that observed with water molecules and to prove the hypothesis
that hydrogen bonding dictates the interaction between FAI and
the different HTLs, we evaporated only a few nanometers of FAI
on a substrate rich in phosphonic acid groups (2PACz). We then
compared it with the island formation of FAI on a surface that
contains none (Spiro-TTB) (recipe in Fig. S3(b)).

The aim of this simple experiment is to compare the contact
angle of FAI with the different HTLs. The results, presented in
Fig. 4, reveal a stronger interaction between FAI and phos-
phonic acid groups leading to a lower contact angle with 2PACz

(d)
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(a) Commonly used schematic of evaporated FAI (false schematic). (b) In-practice schematic of evaporated FAl showing a more realistic

scenario for how FAIl deviates from this cone shape in (a) to form a cloud shape. (c) Inside the evaporation chamber showing the FAI cross-talk
with the other crucible sensors in red arrows (quartz crystal microbalance (QCM) shown in circles; different colors correspond to the numbers of
sensors in (d)). (d) Rates detected by other QCMs when only FAIl is evaporated (more in Fig. S3(a)).

This journal is © The Royal Society of Chemistry 2025
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Spiro-TTB

Spiro-TTB

(a) Contact angle measurement of deionized water on different HTLs. The angle formed between the water droplet and the surface

indicates the strength of the hydrogen bond formed between the surface of the substrate and water. The higher contact angle suggests less
wettability, and a more hydrophobic surface indicating less hydrogen bond formation. The average values of several droplets deposited on two
samples are shown in the image. Additional data can be found in Fig. S10. (b) SEM top view images of FAl deposited on different HTLs. More grain
boundaries for the deposited FAI films are observed on substrates that have a lower amount of phosphonic acid groups (surfaces with a high
contact angle). (c) SEM cross-section images of FAIl deposited on different HTLs revealing thinner FAI on low phosphonic acid density surfaces

(surfaces with a high contact angle).

Fig. 4 Cross-section SEM images of evaporated FAI on two different HTLs. The contact angle formation of the first few nanometers of FAl on
2PACz is lower than that of Spiro-TTB just as seen with water in Fig. 3(a). The contact angle was measured using the software image J. The tilted

scan is presented in Fig. S12.

than Spiro-TTB, exhibiting the same behaviour as water on the
different HTLs. This reveals that the interaction inside the
evaporation chamber imitates the same behaviour as dropping
water molecules on these different surfaces.

In the literature possible hydrogen bonds between different
constituents have been discussed. This included possible
hydrogen bonding between the FA" cation and phosphonic acid
groups.” Several publications mentioned the hydrogen bond
between FAI and phosphonic acid groups.®* However, recent
literature® supports only the hydrogen bond of iodine with the
phosphonic acid groups.

J. Mater. Chem. A

4 Influence of washed SAMs on the
co-evaporated perovskite properties

To further confirm the correlation between different FAI
incorporation amounts based on the density of phosphonic
acid groups, we compared co-evaporated perovskite growth on
washed and unwashed 2PACz layers. The as-deposited 2PACz
was washed, and the co-evaporation time was reduced from
110 min to 60 min (recipe in Fig. S1(b)), as the longer time
produced ~3 pm-thick films (Fig. 1). As shown in Fig. S14(c),
films on washed 2PACz were thinner (~920 nm) than those on
unwashed 2PACz (~1.5 pm), confirming that reduced

This journal is © The Royal Society of Chemistry 2025
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phosphonic acid group density significantly reduces perovskite
thickness due to lower FAI incorporation as shown previously.

Besides the thickness differences, the co-evaporated films
deposited on the washed 2PACz exhibited a darker film in
comparison to the non-washed substrates (Fig. S14). This can
indicate that the excess of FAI might be contributing to a non-
pure alpha phase that was also found previously on the non-
washed carbazole based HTLs. Later, we show that excess FAI is
the main reason for the yellowish optical appearance of the
films which were supported by the presence of mixed phases
and FAI phases in XRD. In addition, we observe no difference in
the formation of perovskite between evaporated and spin-
coated 2PACz (Fig. S14(c)). This is in line with our earlier
described observations of the FAI thickness on the different
HTLs (Fig. S11).

We reduced the time of evaporation and the FAI rate further
with the aim to obtain both reasonable thicknesses and a pure
perovskite alpha phase on SAMs, respectively (recipe in
Fig. S2(b)). Notably, for the first time, a pure alpha phase was
observed on the washed SAM substrate (Fig. 5). This shows
clearly the relation between the amount of FAI incorporated and
the resulting pure alpha perovskite phase. Excess FAI is the
reason for a non-pure alpha phase (resulting in a yellowish film
due to non-photoactive phases and the FAI phase). The absorber
films on non-washed SAM substrates had a high amount of
incorporated FAI as confirmed by XRD (Fig. S16) and exhibited
a higher thickness (determined from SEM measurements in
Fig. 517).

This shows a lower amount of evaporated FAI is needed
especially when substrates that are rich in phosphonic acid
groups are used since FAI incorporation increases.

Within the same evaporation run, we added substrates with
TaTm and Spiro-TTB (Fig. S18). We found that the bandgap is
higher on the TaTm and Spiro-TTB samples (Fig. S19) compared
to the washed SAMs, which was further supported by the Tauc
plot in Fig. S20 and S21 extracted from the transmission-
reflection measurements. This increase is likely due to the
higher incorporation of FAI on the washed SAM substrate
compared to Spiro-TTB and TaTm (as we proved earlier in

(a) (b) Co-evaporated Perovskite
2PACz As-deposited  150°C 25 mins
Reduced FAl amount
Evaporated
Washed
Co-evaporated Perovskite Evaporated
(Reduced Evaporation time)
2PACz Spin-coated
ITO
Washed
Spin-coated

Fig. 5 (a) Schematic of the layer stack used to study co-evaporation
of organic—inorganic precursors on 2PACz (evaporated and spin-
coated) and washed 2PACz (co-evaporation recipe in Fig. S2(b)). (b)
Darker films on washed substrates.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3(c)), which in turn increased the iodide to bromide ratio.
This is also shown with the lower thicknesses of perovskite on
Spiro-TTB and TaTm (SEM cross-section in Fig. S23) which was
210 nm, while 265 nm were deposited on washed 2PACz as
shown previously (SEM coss-section in Fig. S17).

These findings reveal that perovskite formation strongly
depends on the underlying HTL. Even with optimized recipes
yielding the alpha phase on washed SAMs and non-carbazole-
based HTLs (Spiro-TTB and TaTm), bandgap variations persist
due to differing FAI incorporation levels.

Following the investigations outlined above, it is evident that
variations in the HTLs—including treated substrates, such as
washing or annealing as discussed later—result in different
perovskite formations with completely different properties. This
poses a challenge when conducting a systematic study or
comparing the electrical behavior of different HTLs. Specifi-
cally, it is not possible to co-evaporate perovskite within a single
run using the same recipe on different HTLs, as each substrate
material/treatment requires the development of an optimized
recipe. Besides, the same run results in different perovskite
properties, i.e. irreproducible from one run to another as we see
also later. This makes rapid device-level improvement difficult
and limits the reliability of this deposition method.

5 Practical challenges in co-
evaporating perovskite for perovskite-
silicon tandem solar cells

Since Spiro-TTB and TaTm showed an alpha phase structure
with 1.64 eV (Fig. S18 and S19), we chose to proceed with the
same co-evaporation recipe run on both HTLs, as the bandgaps
are within the optimal range for use as a top cell in a tandem
solar cell with silicon as a bottom cell.

Perovskite solar cells were subsequently fabricated with the
optimised recipe from Fig. S2(b). We increased the evaporation
time from 40 min to 80 min to increase the perovskite thickness
to reach current matching conditions for the 1.64 eV bandgap.
More about relation of thickness and bandgap for current
matching with the silicon sub cell can be found in ref. 18. The
perovskite was tested in both as-deposited and annealed states
to investigate the effect of annealing on the structural and
optoelectronic properties of the co-evaporated perovskite.

The results reveal that annealing affects the structural and
optoelectronic properties of the co-evaporated perovskite, irre-
spective of the type of HTL (Fig. S25). Specifically, a notable
increase in the bandgap was observed upon annealing for both
HTLs. This effect is evident in the XRD measurements by the
shift of the main perovskite peak towards higher angles
(Fig. S25(d)) and from the bandgap extracted from the peak
position of spectrally resolved photoluminescence (PL)
measurements (Fig. S25(a)).

Furthermore, a slight increase in the implied open circuit
voltage (iVoc) for the samples with TaTm as the HTL is observed
compared to samples with Spiro-TTB as the HTL (Fig. S25(b)).
This increase in iVoc, particularly for the annealed samples, can
be attributed to the enhanced perovskite crystallinity when

J. Mater. Chem. A
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TaTm is used as one can see a stronger perovskite formation in
the main perovskite peak in the XRD data (i.e. narrower
FWHM). The improved crystallinity and the lower grain
boundary density were demonstrated in previous work to
suppress the non-radiative recombination, improving iVoc.*>*°

It is crucial to note that the evaporation process, which
previously resulted in a bandgap of 1.64 eV (Fig. S19) has yielded
a different bandgap in this instance, as shown in Fig. S25. This
discrepancy highlights the irreproducibility, which is primarily
attributed to the inability to control the evaporation rates from
the other crucibles during the FAI deposition process. In other
words, even if the measured rates are controlled, we do not
know what portion of the measured rates from the inorganic
crucibles corresponds to FAI (due to cross-talk from FAI). This
further impedes device development and reduces reliability.

To assess the device performance of the tandem solar cells
we measured their current-voltage jV characteristics (Fig $26).
For the samples with as-deposited perovskite, Spiro-TTB shows
a better performance on average than TaTm. The samples from
both groups with different HTLs show a slight decrease in the
open circuit voltage Voc upon annealing. The difference in
performance between the two HTLs can be attributed to the
different perovskite crystallization especially upon annealing
(Fig. S25(c) and (d)) as well as to the different energy alignment
between the valence band and the HOMO level of the HTLs as
revealed by cyclic voltammetry (CV) (Fig. S27). More about the
CV characterization can be found in the SI and ref. 21.

In general, the current remained relatively low across all
samples, which can be explained by a significant imbalance in

—_
(g)
—

(a)
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the generated current between the two subcells of the tandem
device. To investigate this imbalance, quick spectrometric
measurements were conducted, as described in ref. 22. The
measurements were done on the tandem cell with TaTm as
a HTL and annealed perovskite. The top cell is strongly current
limiting, as depicted in Fig. S28 (sample with a green inverted
triangle label). This limitation is primarily due to the high
bandgap of the top cell (unplanned due to irreproducibility as
discussed before) and its relatively low thickness, which is
approximately 450 nm, as confirmed by the SEM images in
Fig. S24.

From jV curves, we observed low breakdown voltage in the
cells. The rise in the current at V= 0 could be due to the
breakdown of the perovskite subcell. The tandem solar cell is
limited by the current of the perovskite as revealed by metric
measurements (Fig. $28). Therefore, under jsc condition of the
tandem the perovskite is operating at a negative voltage, and if
this negative voltage is higher than the breakdown voltage of the
perovskite, it breaks down. For more elaboration on that, we
refer to this article.”®

Following the previous results and in an attempt to improve
the conductivity of the HTLs, both HTLs were annealed prior to
the perovskite deposition. The motivation to anneal the HTLs
for enhanced conductivity is derived from the findings of the
study by Babaei et al** However, in their work, the authors
employed a bilayer structure as the HTL.

The HTLs (prior the co-evaporation) were annealed inside
a glovebox (N, environment) for 10 mins at 140 °C. The co-
evaporated perovskite remained as-deposited for both groups.

(e)
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Fig. 6

(a and b) Bandgap of co-evaporated perovskite extracted from the peak position of spectrally resolved PL measurements on the different

treated HTLs (annealed at 140 °C for 10 min in a nitrogen-filled glovebox) and as-deposited HTLs. (c and d) XRD of co-evaporated perovskite on
the different HTLs. (e and f) Normalized EQE of the tandem solar cell using the different HTLs showing the different bandgaps of the perovskite

with a red arrow.
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Perovskite films evaporated onto the annealed HTLs showed
similar thicknesses to the as-deposited HTLs (Fig. S29).

However, the electrical and structural characterization
studies of the perovskite showed a substantial difference
between the substrates that are annealed and the ones that are
not prior to the co-evaporation process (Fig. 6). We extracted the
bandgap from the peak position of spectrally resolved PL
measurements in Fig. 6 which supports a bandgap shift of the
perovskite grown on the different treated HTLs. The perovskite
films on both as-deposited HTLs exhibit a significantly low
bandgap, which is too low to be suitable for use as a top cell in
tandem with silicon. We confirmed the bandgap shift also in
the EQE as shown by the red arrows in Fig. 6(e) and (f).

Additionally, the influence of the altered bandgap and the
improved perovskite crystallinity on the treated HTLs on the
device performance was evident in the overall performance of
the tandem devices, as depicted in Fig. S30. Furthermore, we
tracked the efficiency of the champion device (from Fig. S30(a)).
After storage in a nitrogen-filled glovebox the power conversion
efficiency had increased from initially 21.5% to 22% (Fig. S31).
This might show the potential stability of perovskite films
fabricated via the co-evaporation route, with no use of solvents
in the entire top cell stack.

Additionally, the cell is slightly silicon limited as shown in
Fig. S28 (orange squares) meaning that we can also still gain
current and voltage by slightly increasing the bandgap of the
perovskite. However, to establish co-evaporation as a reliable
deposition method for perovskite films, it is crucial to address
the challenges discussed in this study, particularly the need for
a more consistent and controllable deposition process for FAI
However, even with an ideal, controllable FAI deposition tech-
nique, recipes would still need to be adjusted for each HTL
making it an inherent limitation for this deposition method.

6 Conclusions

In this study, we demonstrated that the substrate material
critically influences the properties of co-evaporated hybrid
organic-inorganic perovskite films. The interaction between
phosphonic acid groups and evaporated formamidinium iodide
(FAI) was found to resemble that with water. We further showed
that post-treatments of the HTL such as annealing and washing,
even on identical substrates, significantly affect key perovskite
features, including the bandgap, thickness, and crystallinity.
Moreover, we established a clear correlation between FAI
content and perovskite phase formation, with excess FAI sup-
pressing the pure alpha phase. Challenges arising from the non-
directional evaporation of FAI were also identified, limiting
reproducibility. These insights are particularly relevant for the
co-evaporation method, which offers advantages such as
solvent-free processing, improved film uniformity, and
compatibility with various substrates. To advance co-
evaporation as a reliable fabrication route, future work should
focus on precise FAI deposition control—best addressed
through improved evaporation chamber design rather than
solely material optimization. Nevertheless, even with enhanced
chamber designs, our results emphasize that co-evaporation

This journal is © The Royal Society of Chemistry 2025
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recipes must be specifically tailored to each substrate material.
This is an inherent limitation for this deposition method.
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