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ABSTRACT: Coevaporation, an up-scalable deposition technique that
allows for conformal coverage of textured industrial silicon bottom Seed layer 0
cells, is particularly suited for application in perovskite-silicon tandem

19.6 % PCE, band gap = 1.69 eV

o4 o 18 -, :}
solar cells (PSTs). However, research on coevaporated perovskites with ‘\\ Ji [ =
an appropriate band gap for PSTs remains limited, with lower efficiency csci csi,Pociyorpbi; € R4
and reproducibility than solution-processed films. Here, we present a | ;> 0] O iz - l
simple approach using a thin layer of a precursor material, namely, Pbl,, . % .
PbCl,, Csl, or CsCl, as a seed layer on the hole-transporting layer/ \ § -1 s ,
perovskite interface. We find CsCl to be the optimal seed layer for our 3 control  CsClseed layer
system. Perovskite single junction cells prepared with CsCl seed layer Csl PbBrp 20
exhibit 19.6% power conversion efficiency with a band gap of 1.69 eV (fg'\u/ \u/fgg o 02 04 0§ 08 10 12
and improved long-term stability. We attribute the observed enhance- \U/ \ / voltage / V

ments to the more precise and consistent incorporation of the organic
precursor into the perovskite lattice during the film growth. This work demonstrates that engineering the substrate surface is
crucial for achieving well-controlled growth of efficient and stable coevaporated wide-band gap perovskite solar cells.

etal halide perovskites have attracted considerable textured surfaces of industrial silicon bottom cells, making
l \ / I research interest over the past decade. Their high them particularly appealing for PSTs.'” In addition, these
absorption coefficient," charge-carrier diffusion methods are solvent-free and provide good thickness control as

lengths well above the typical film thickness of about 500 well as homogeneous coverage of large substrates.
nm,”* and high defect tolerance* make them particularly Most of the research in the field of perovskite photovoltaics
suitable for solar cells. Additionally, their band gap can be focuses on solution-processed perovskites.'' Nevertheless, a
tuned by compositional engineering,”6 making them especially recent breakthrough pushed the efficiency of PSCs with
suitable for multijunction photovoltaics. sequentially evaporated perovskite film to 26.2% PCE,"” which

Perovskite-silicon tandem solar cells (PSTs) combine metal
halide perovskites and silicon solar cells. Power conversion
efficiencies (PCEs) of PSTs grew at an unprecedented rate
since the early research efforts, now reaching 34.2%.” With a

is equivalent to state-of-the-art solution-processed PSCs.'’
Despite the comparable record eficiency, research on
evaporated perovskites remains limited, focusing on iodide-

rich perovskites'' with a band gap lower than the optimal value
relative PCE gain of 25% compared to state-of-the art single- of ~1.68 eV for PSTs."* The highest reported efficiency for a
junction silicon counterparts, the transfer of this technology to

industry becomes ever more relevant. However, scalable
deposition techniques that yield homogeneous perovskite
films and efficient PSTs are still lacking. Standard industrial
silicon bottom cells have a textured surface with features up to

vacuum-processed single-junction solar cell with 1.68 eV band
gap is 17.6%," while the most efficient PSTs with fully
evaporated perovskite film reached 27.4%.'° Both values are far

10 pum in size, exceeding the typical perovskite film thickness of Received: = August 8, 2024
about 500 nm. Achieving conformal coverage of such large Revised:  October 1, 2024
features is challenging with solution-based deposition methods. Accepted:  October 22, 2024

Partial coverage of the surface can lead to the formation of Published: October 31, 2024

shunts, negatively impacting solar cell device performance.””
Vacuum deposition methods ensure conformal coverage of the
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below those for state-of-the-art solution-processed PSTs. Thus,
additional research is needed to close the gap between
solution- and vacuum-processed perovskites in PSTs. Another
major challenge is the limited process reproducibility—two
deposition runs can yield significantly different films even
though the process parameters were the same.'” In case of
quartz-crystal-microbalance (QCM)-controlled processes,
poor reproducibility can originate from discrepancy between
the precursor sticking coeflicient on the substrate and the
QCM,"® as well as a low sticking coefficient on the QCM." In
addition, precursor degradation®”*' and impurities'®** can
limit process reproducibility.

Controlling the film growth is a key step in achieving highly
efficient and stable PSCs with evaporated perovskite films. The
early stage of film growth is particularly important, as it defines
an initial structure atop of which further layers are deposited.
Surface properties of the substrate on which the film is grown
thereby have a strong impact on the film morphology,
composition, and optoelectronic properties.””**~>* This limits
which charge-selective layers can be used at the buried
interface, making the develogment of perovskites more
challenging. Abzieher et al.”’ found that coevaporated
perovskite films initially grow in island mode, with further
lateral film growth influenced by the substrate’s polarity.
Substrates covered with nonpolar organic compounds favor
columnar growth, in contrast to substrates covered with metal
oxides or polar organic compounds. Columnar growth reduces
the number of horizontal grain boundaries, which represent
charge transfer bottlenecks.””

In addition to changes to the film morphology, the substrate
material can also influence the incorporation of precursor into
the perovskite film. Methylammonium iodide (MAI) and
formamidinium iodide (FAI) are the most-used organic
precursors in vacuum-processed perovskite films. Emission of
their vapor from the evaporation source is not purely ballistic;
it resembles chemical vapor deposition as the molecules can
dissociate upon sublimation and reassociate at the substrate
surface.’*™** This makes the incorporation of the organic
precursors particularly sensitive to processing parameters, such
as pressure,31 substrate ternperature,24 and substrate material
used. Less 2polar substrates favor the incorporation of organic
precursors.” " Baekbo et al.”’ showed that the MAI sticking
coeflicient increases when the substrate is covered by a thin
PbCl, layer, as the energetically favorable perovskite formation
aids MAI deposition. Similarly, in the case of MAPbI,
coevaporation, Pbl, initially forms at the interface.”*>”*" The
thin Pbl, layer then supports the incorporation of MAI Heinze
et al.®' deposited up to 20 nm thick Pbl, layer on the substrate
by delaying the start of MAI deposition, thus achieving higher
perovskite film crystallinity and improved solar cell perform-
ance. Notably, Rothmann et al. indicated that Pbl, can
smoothly incorporate into the perovskite material without
interrupting the perovskite structure, which explains why it can
be beneficial as a seed layer.”” Overall, the research so far
suggests that Pbl, can act as a seed for perovskite growth and
still facilitate efficient charge transport. However, it was also
found that unreacted Pbl, can negatively influence the stability
of solution-processed films.”>** Tt is not clear whether the
negative impact of Pbl, on the stability is true for evaporated
films.

In an effort to mitigate the sensitivity to the substrate, Yan et
al.”® introduced a 15 nm thick sequentially deposited metal
halide perovskite templating layer by three-source coevapora-
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tion of the inorganic components (Pbl, Csl, and PbCl,)
followed by evaporation of FAI and annealing of the
templating film, prior to coevaporating FAg¢Cs, Pbl;_.Cl,
perovskite atop. While this method involves a more complex
processing step, it shows how the sensitivity of the film growth
to the substrate surface properties can be reduced by
controlling the composition of the initial perovskite layer.

Recently, some of the high-efficiency reported perovskite
solar cells used a hybrid fabrication route, highlighting that the
challenge with evaporation processing is the incorporation of
organic components. Li et al. found that for
FAoCs 1 Pbl, ¢;Br ;3 hybrid-deposited perovskite with band
gap of around 1.65 eV, a 5 nm thick CsBr’” layer at the buried
hole-transporting layer (HTL)-perovskite interface was
beneficial for the performance of PSTs by mitigating the
effect of residual Pbl, at the interface.

In summary, one of the main challenges for evaporated
perovskites is homogeneous incorporation of the organic
component throughout the perovskite film, which can be
influenced by modifying the substrate surface. Seed layers were
already used to control film formation but rarely systematically
investigated. In addition, few studies reported evaporated films
relevant for PSTs with bandgaps between 1.64 to 1.70 eV.

Here, we investigate the effect of four perovskite precursors,
namely, Pbl,, PbCl,, Csl, and CsCl, as seed layers on growth of
coevaporated perovskites for PST application. Applying the
seed layer is straightforward, requiring a single deposition step
without postdeposition annealing. The perovskite film is
deposited onto the seed layers using four-source coevaporation
in high vacuum, with Pbl,, PbBr,, Csl, and FAI as precursors.
More information about the development of the four-source
perovskite deposition method is available in Supplementary
Note 1. In this study, we link the morphological and
compositional changes to changes in optoelectronic properties
and PSC performance. We show how Cs-containing seed
layers can improve the inclusion of FAIL The seed layers
modify the film band gap, reduce the variability of film
optoelectronic properties within a deposition run, and
influence the performance of solar cell devices. PSCs with
optimized CsCl seed layer thickness reach 19.6% PCE with
1.69 eV band gap. In addition, PSCs with a CsCl seed layer
show excellent stability, with no loss in PCE after 1000 h of
maximum power point tracking (MPPT) at 25 °C in N, under
constant AM 1.5 G illumination.

We deposited 10 nm of seed layers on glass/indium—tin
oxide (ITO)/MeO-2PACz substrates and coevaporated
(FAp.94Cs020)Pb(Iyo4Bry ;)3 atop. The films were then
annealed at 180 °C for S min. Figure 1A-E shows cross-
sectional scanning electron microscope (SEM) images of
perovskite films grown on top of substrates with 10 nm thick
seed layers. The perovskite films originate from the same
deposition run. Since we observed a large spread in the
properties of the control films grown without a seed layer in
this deposition run, we show the analysis of two control
samples, one with a large band gap (light blue) and one with a
narrow band gap (dark blue), to give a comprehensive
representation of the complete data set. Data from this
deposition run are also presented in Figure 2 and 3B, while in
data presented in Figure S3 we did not observe such a variation
due to a smaller sample size; therefore, one control sample is
shown. We do not know the exact cause for the variation and
believe that it arises from subtle differences between the
substrates, potentially due to an uncontrolled factor, such as
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Figure 1. Impact of 10 nm seed layer on morphology and composition of coevaporated (FAg4,Csg.0)Pb(I0,Br )5 films deposited in the
same perovskite coevaporation run. All films were deposited on glass/ITO/MeO-2PACz[/seed layer] and annealed postdeposition at 180 °C
for $ min in N,. Cross-sectional SEM images of control films without a seed layer (A, B) and films grown atop of 10 nm Pbl, (C), PbCl, (D),
Csl (E), and CsCl (F) seed layers. Vertical bars indicate the approximate thickness of the perovskite layer. (G) Integrated EDX peak area of
nitrogen, bromine, lead, and iodine peak for samples shown in A-F.

slight variations in glovebox conditions during the MeO-
2PACz spin-coating, as one possible example. SEM images
highlight a stark contrast in the morphologies of the two
nominally identical control films (Figure 1A,B). Films without
seed layer can feature large apparent grains (Figure 1B) but
also much smaller grain sizes (Figure 1A). Films grown on
Pbl, and PbCl, (Figure 1C,D) show a morphology with small
apparent grains. In addition, SEM images indicate that a
distinct thin layer might be present at the HTL-perovskite
interface, which could indicate that the seed layer is not fully
intermixed with the film bulk. A separate phase at the interface
can act as a charge extraction barrier or create trag) states, with
a negative impact on solar cell device properties.’® Contrary to
the films grown on Pbl, and PbCl,, films grown on CsI and
CsCl (Figure 1EF) exhibit large apparent grains, extending
from the substrate to the surface. Since grain boundaries
perpendicular to the growth direction are known to be charge
extraction bottlenecks,”>° having no grain boundaries
between the HTL and the ETL is expected to bolster charge
extraction. No distinct layer is visible at the interface,
indicating that the seed layer intermixes with the perovskite
film. It is important to note that films with large apparent
grains are also thicker than those with small apparent grains,
which is unexpected, given that they were prepared in the same
deposition run. This observation suggests that one or more
precursors are incorporated to a greater extent into the thicker
films with large apparent grains. However, the film with Csl
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seed layer is an exception, where due to a high nitrogen
content, a higher thickness would be expected, but a thinner
film is observed. We note that the cross-sectional SEM images
capture only a small portion of the sample, and some degree of
local variation in thickness is expected, which may explain the
different result for Csl seed layer. Figure S1 shows images of
not-annealed films from another deposition run. While there is
a subtle difference in the morphology of the films prior to
annealing, it is not as pronounced as for annealed films.
Figure S2 shows energy dispersive X-ray spectroscopy
(EDX) spectra for the samples shown in Figure 1A-F. Figure
1G shows integrated peak areas for nitrogen (N Kal,2, 0.33—
0.43 keV), bromine (Br La1,2, 1.41—1.59 keV), lead (Pb Mal,
Mp, 2.25-2.55 keV), and iodine (I Lal, 3.82—4.04 keV)
peaks. EDX analysis details are provided in Supplementary
Note 2. It can be noted that compared to the Pb-based seed
layers, films grown on Cs-based seed layers have more nitrogen
and iodine, indicating better incorporation of FAI into the
films. The increased nitrogen content and iodine content for
samples with CsI and CsCl seed layers, as well as for one
control sample without a seed layer, are correlated with large
apparent grains visible in the SEM images. Higher incorpo-
ration of FAI could thus explain the higher thickness of the
samples with large apparent grains.”” The samples that are
poor in nitrogen and iodine are rich in lead and bromine. The
fraction of bromine correlates well with the changes in band
gap of material shown in Figure 2. The two control samples
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Figure 2. Optoelectronic properties of films with and without seed layer from the same perovskite coevaporation deposition run. The
samples were annealed at 180 °C for 5 min in N,. PL spectra were measured on glass/ITO/MeO-2PACz[/seed layer]/perovskite, while the
complete solar cells used in the EQE measurements also have C4/BCP/Ag on top of the perovskite. (A) PL spectra. (B) Sensitive EQE
spectra. The artifact at ~1.62 eV visible for the PbI, seeded film is caused by a filter change. Vertical lines in subfigures A and B indicate the
position of the PL peak maxima. (C) EQE spectra. (D) Distribution of band gap values calculated from EQE spectra.

have pronounced compositional differences, indicating an
increased probability of compositional variation in films grown
without a seed layer. The morphological and compositional
variations of control films reflect in the optoelectronic
properties and PSC device performance, as discussed below
(Figures 2 and 3B).

To better understand the observed compositional differ-
ences, we analyzed the composition of the film surface of not-
annealed perovskite films of various thicknesses by X-ray
photoemission spectroscopy (XPS) and compared it with X-
ray diffraction (XRD) measurements. The results confirm that
Cs-based seed layers foster the incorporation of the organic
precursor FAL XPS and XRD data are shown in Figure S3 and
discussed in detail in Supplementary Note 3.

The observed differences in morphology and composition
between films grown on a seed layer and control films reflect
their optoelectronic properties. Figure 2A shows the
normalized photoluminescence (PL) spectra for films grown
on glass/ITO/MeO-2PACz, with and without a seed layer.
Depending on the seed layer, the position of the PL maximum,
labeled by a vertical line, is shifted, indicating a difference in
the films’ band gap. If the sample featured a shoulder in the
spectrum, the position of the maxima was estimated by fitting a
double-Gaussian curve (see Figure S7). The positions of the
PL maxima are also indicated on the sensitive EQE spectra,
shown in Figure 2B, measured on finished cells (cf. Figure 3A),
demonstrating that the band gaps are in good agreement
between the two measurements. The extent of band gap shift is
surprising given that only 10 nm of seed layer was deposited
underneath an ~500 nm thick perovskite film. The photo-
luminescence quantum yield (PLQY) is also influenced by the
seed layer used, with the samples with CsI and CsCl seed
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layers showing the highest PLQY and quasi-Fermi level
splitting (QFLS) values (see non-normalized PL spectra in
Figure S8 and PLQY and QFLS values in Table S2). Full EQE
spectra (Figure 2C) show parasitic absorption at wavelengths
below 500 nm for a film with a PbCl, seed layer, which we
attribute to the excess Pbl,. PL and EQE spectra presented in
Figure 2A-C are discussed in greater detail in Supplementary
Note 4.

To determine the distribution of band gap values for
different films, we measured EQE spectra of ten or more PSCs
per variation in the narrow region of 850—650 nm around the
inflection point. EQE measurements used to calculate data
shown in Figure 2D are shown in Figure S9, together with PL
measurements for all measured samples. The distribution of
band gap values of films grown on different seed layers and
without a seed layer, all deposited within the same deposition
run, is shown in Figure 2D. Films grown without a seed layer
exhibit a large variation in the band gap values, whereas films
grown with a seed layer show narrow distributions. This
indicates that the seed layers can be used not only to regulate
the band gaps of the films but also to substantially reduce the
variability of their optoelectronic properties. It is important to
note that films grown atop of CsCl have a band gap of 1.68 €V,
the optimal value for perovskite-silicon tandem cell application.

Figure 3A shows the solar cell stack used in this work, and
Figure 3B shows the distribution of parameters extracted from
current voltage (J—V) measurements of PSCs on different seed
layers. We prepared the devices within the same deposition run
as for the samples shown in Figures 1 and 2. Although the
maximum efficiency of samples without and with CsCl seed
layer are comparable, there is much higher variation in the
values measured for the control samples. This is consistent
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Figure 3. Solar cell performance and stability measurements under simulated AM 1.5G illumination. (A) Schematic of the device stack. (B)
Statistical distribution of PCE, short-circuit current (Jsc), fill factor (FF), and open-circuit voltage (Vo) values. The presented data are
average values of the forward and reverse scans. QFLS values calculated from the high-energy tail fits of corresponding PL spectra are
represented in the V¢ panel as black stars. (C) J—V curve of a selected best-efficiency device with 30 nm CsCl seed layer, with a LiF
antireflection layer on the glass side. (D) PCE measured by constant MPPT during 1000 h of AM1.5-G-equivalent illumination at 25 °C in a
N, atmosphere. The rear (nonilluminated) surface of the devices was coated with a 30 nm thick AL,O; film prior to the stability
measurements. The initial and final PCE are labeled on the left and right sides of the Y axis, respectively.

with the variation in the band gap shown in Figure 2D, as well
as the differences in the morphology and composition
indicated in Figure 1. Devices without a seed layer that exhibit
high PCE also have high Js¢, consistent with the lower band
gap measured for some of these samples. However, the samples
without a seed layer have a lower Vi value compared to
samples grown on CsCl, resulting in similar PCE values.
Further, devices with CsCl have a higher band gap, which is
better suited for tandem application than for the single-
junction cells shown here. Devices with lead-based seed layers
have a lower Js and fill factor (FF), as well as a high spread in
Voc, which is consistent with the smaller size of apparent
grains, shown in Figure 1C,D, as well as the phase
heterogeneity visible in the PL and EQE spectra shown in
Figure 2A,C. It is important to note that we observed an
improvement in efficiencies for devices stored in N, with time.
The data in Figure 3B was measured 2 months after device
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fabrication on a subset of initially fabricated solar cells. Figure
S10 shows the efficiency of all the fabricated PSCs 1 day after
deposition.

With these findings, we selected CsCl as the optimal seed
layer for further optimization and then varied the CsCl
thickness. Figure S11 shows top-view SEM images of 10, 20,
and 30 nm thick CsCl seed layers, as well as an estimate of the
fraction of the substrate covered by the seed layer. As the
thickness of the CsCl seed layer increases from 10 to 20 nm,
the fraction of the substrate covered by seed layer increases
from around 40 to 70%, with a change in the seed layer
morphology from islands to an interconnected perforated film.
30 nm thick film covers a similar fraction of the substrate as the
20 nm thick film; however, the CsCl domains are larger and
more well-defined. In addition to morphological differences,
increasing the thickness of CsCl introduces additional Cs* and
CI” ions, which are known to increase the band gap of the
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perovskite film.***” We noticed that seed layers thicker than 10
nm can be beneficial for reproducible band gap control while
not hindering the device efficiency. Figure S12 shows the
results of a deposition run where the thickness of the CsCl
layer was optimized. The devices with 30 nm thick CsClI layer
have on average the highest Vioc and FF but also a lower Jqc
than devices with 20 nm CsCl. While the PSCs with 20 nm
thick CsCl layer yielded on average the highest PCE, the
champion cell (Figure 3C) features a 30 nm CsCl layer and a
band gap of 1.69 eV. This device reaches an outstanding V¢
for coevaporated perovskites of 1.20 V, with a high FF of
~80% and low hysteresis, resulting in 19.6% and 19.1%
efficiency for the forward and reverse scan, respectively. EQE
spectrum of the champion cell is shown in Figure S13. Figure
S14 shows JV data from 3 different deposition runs for control
samples and samples with 20 nm CsCl. While there remains
some variation between deposition runs, CsCl regularly
reduces the variability of the control devices and increases
efficiency.

We measured the stability of PSCs without a seed layer, with
10 nm and 20 nm thick CsCl seed layer under maximum
power point tracking (MPPT) with continuous AM1.5-G-
equivalent illumination without a UV filter in a N, atmosphere.
Figure 3D shows the best-performing PSCs, while Figure S15
shows the statistical distribution. The cells’ rear side was
coated with 30 nm thick Al,Oj; layer as an encapsulant prior to
the stability measurements to prevent outgassing of the volatile
components.*”*" While the solar cell devices without seed
layer (Tgo = 790 h) and with 20 nm CsCl (T, = 1000 h) show
similar degradation behavior, devices with 10 nm CsCl show
no degradation during the MPP-tracking (PCE 1.2% higher at
the end compared with the beginning of the measurement). It
is important to note that in this deposition run the solar cell
devices without a seed layer featured a band gap of 1.63 eV,
increasing to 1.64 eV with 10 nm CsCl and 1.68 eV for 20 nm
thick CsCl layer. Possible causes for band gap variation are
discussed in Supplementary Note S. Overall, the thicker
templates, while beneficial for the device efliciency, might not
benefit device stability. It is also possible that this variation is a
result of statistical variation. The stability aspect needs further
investigation.

We measured MPPT on the same devices with a 10 nm
CsCl layer at an elevated temperature, 65 °C. Figure S16A
shows the best-performing PSC, while Figure S16B shows the
statistical distribution. The best-performing device had a Ty, of
1030 h. This exceptional stability is even more impressive
given that the PSCs had already undergone MPPT at 25 °C for
1000 h. The remarkable durability of our devices underscores
the potential of this technology for real-world application.

It becomes clear that one of the main challenges of
coevaporated perovskites is the bottom substrate. The layer
evaporated on top is crucial for the properties of the
consecutive layer. Herein, we establish a seed layer approach
with simple and commonly available salts: Pbl,, PbCl,, Csl,
and CsCl. Especially, CsI and CsCl (both cubic structures) as
seed layers yield perovskite films with large apparent grain size
and favor incorporation of the organic precursor FAIL In
contrast, films with Pbl, and PbCl, feature small apparent
grains and a low fraction of the organic precursor.
Furthermore, films without seed layer showed a strong
variation in the optoelectronic properties, likely caused by an
increased compositional variation during the initial phase of
film growth at the surface without a seed layer. The seed layers
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reduce these variations considerably and modify the film
growth and cation incorporation, which changes the band gap
of the material. Films with CsCl seed layer show a band gap of
1.68 €V, a value well-suited for PST application. In addition,
the samples with CsCl yield PSCs with a higher FF and Vi
compared to samples without a seed layer, with a comparable
Jsc despite a higher band gap. Upon increasing the CsCl
thickness to 30 nm, the PSC reached 19.6% PCE in p-i-n
architecture, with a band gap of 1.69 eV. PSCs with CsCl also
show superior stability compared to samples without a seed
layer, with no decrease in efficiency after 1000 h of MPP
tracking under constant AM1.5 G illumination at 25 °C in N,
atmosphere. Thus, we have demonstrated that a simple and
straightforward step decreases process variability and enhances
device efliciency and stability of coevaporated wide-band gap
perovskites for tandem application.
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