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Abstract

Inverted perovskite solar cells (PSCs) are promising top-cell candidates for 2T per-
ovskite/silicon tandem devices; however, achieving uniform and defect-free perovskite
coverage on industrially relevant textured silicon bottom cells remains a major chal-
lenge for conventional solution-based perovskite deposition. Here, we introduce a
vapor-deposited CsCl seed layer at the hole transport layer/perovskite interface in a
solution-based two-step deposition method. This strategy promotes nucleation and
improves perovskite film formation, particularly in regions where solution processing
alone is insufficient. When implemented in wide-bandgap (Eg = 1.67 eV) p-i-n PSCs,
the approach significantly enhances device performance and long-term operational sta-
bility, achieving power conversion efficiencies of 19% and retaining 83% of initial device
performance after 1000 h of continuous illumination at 25 ◦C in a nitrogen atmosphere.
In 2T perovskite/silicon tandem architectures, the CsCl seed layer strategy markedly
enhances process repeatability and fabrication yield – particularly on textured silicon
bottom cells – achieving yields exceeding 70% across different silicon bottom cell sur-
face structures. These findings demonstrate a simple and scalable strategy to improve
the reliability of perovskite film formation, supporting the industrial implementation
of 2T perovskite/silicon tandem solar cells.
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1 Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have emerged as promising candi-
dates for next-generation photovoltaics (PV), with power conversion efficiencies (PCEs)
increasing from 3.8% in 2009 to 27.3% today, approaching those of state-of-the-art silicon
(Si) solar cells. [1,2] In particular, inverted PSCs (p-i-n architecture) are highly attractive
for 2T perovskite/Si tandem solar cells (TSCs), enabling efficiencies beyond the practical
crystalline single-junction Si limit of 29% [3] and reaching record values of up to 35%. [2]

Commercial Si bottom cells typically feature micrometer-scale random pyramidal tex-
tures (≈ 2 to 5 µm in height), which enhance light incoupling and reduce reflection losses
compared to planar surfaces. [4–9] However, achieving uniform and defect-free perovskite
coverage on such pronounced textures remains a major challenge for conventional solution-
based deposition methods. Incomplete film coverage can lead to thickness inhomogeneities
and shunting pathways, severely degrading device performance and fabrication yield. [10,11]

Vapor-phase deposition methods offer conformal coverage, but often suffer from limited
device performance and poor process repeatability due to the complexity of multi-source
deposition and the volatile nature of organic components. [12–17]

Among various deposition techniques, the solution-based two-step deposition method –
comprising the subsequent deposition of the Pb-containing precursor materials and the
organic cations – has emerged as a promising route to process uniform and high-quality per-
ovskite thin films. [18–21] This method is compatible with large-area deposition techniques
such as vapor-phase deposition, [22] slot-die coating [23] and ink-jet printing [24,25], as well
as hybrid deposition routes that combine vapor- and solution-based deposition. [10,26–31]

In a previous work, we demonstrated the general compatibility of the solution-based two-
step method with different textured Si bottom cells. [21] Nevertheless, incomplete coverage
and limited process repeatability persist, highlighting the need for additional strategies to
control nucleation and perovskite film formation on complex surface topographies.
One promising strategy to improve perovskite film formation is the incorporation of alkali
halides such as CsCl into the inorganic scaffold, which can promote crystallization and en-
hance perovskite film quality. [32] However, the poor solubility of CsCl in commonly used
solvents (DMF/DMSO) hinders its direct incorporation into solution-based precursors.
As an alternative, CsCl can be introduced via vapor-phase deposition as a seed layer at
the hole transport layer (HTL)/perovskite interface. Previous studies have demonstrated
that CsBr seed layers can improve perovskite film formation and reduce residual PbI2 in
hybrid-deposited perovskite films for textured 2T perovskite/Si TSCs, [27] while CsCl seed
layers in co-sublimated perovskite films have shown beneficial effects on crystallization and
bandgap control for single-junction and tandem devices. [33,34] However, the role of a CsCl
seed layer in solution-processed wide-bandgap PSCs – particularly regarding fabrication
yield on textured Si bottom cells – remains unexplored.
In this study, a solution-based two-step method is used to fabricate wide-bandgap (Eg

= 1.67 eV) single-junction PSCs in the p-i-n architecture. A 5 nm CsCl seed layer is
introduced at the HTL/perovskite interface and subtly modifies perovskite film morphol-
ogy and crystallization, resulting in a champion power conversion efficiency (PCE) of 19%
with significantly improved fill factor (FF) and enhanced operational long-term stability.
After 1000 h of continuous light exposure at 25 ◦C in a nitrogen atmosphere the devices
retain 84% of their initial device performance. Importantly, the CsCl seed layer signifi-
cantly improves process repeatability and fabrication yield on textured Si bottom cells,
underscoring its potential for scalable and industrially relevant fabrication of PSCs and
2T perovskite/Si TSCs.
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2 Results and Discussion

The solution-based two-step deposition method used to fabricate the perovskite thin films
in this study is schematically illustrated in Figure 1. The sequential deposition of the
inorganic precursors and the organic precursors as well as the double-cation (DC) per-
ovskite composition, Cs0.16FA0.84Pb(I0.79Br0.21)3, with a bandgap of 1.67 eV are adopted
from a previous study [21] and the corresponding devices are labeled as reference (Ref, blue
frame in Figure 1). Introducing a vapor-deposited CsCl seed layer before the inorganic
scaffold deposition leads to the devices labeled as CsCl (orange frame in Figure 1). Both
– Ref and CsCl PSCs – use a combination of propane-1,3-diammonium iodide (PDAI2)
and n-butylammonium iodide (BAI) as bulk and surface passivation. The device architec-
ture (p-i-n) of the PSCs consists of the layer stack ITO/NiOx/2PACz/(CsCl)/perovskite/
PDAI2+BAI/C60/SnO2/Ag and is presented in Figure 2a. The NiOx/2PACz bilayer serves
as the p-selective contact, which has been shown to improve both hole extraction and per-
ovskite film quality compared to devices using 2PACz alone. [35] Further details on the
fabrication method of the PSCs are described in the Experimental Section.

70 °C

PbI +PbBr +CsI2 2

Inorganic LayerSeed Layer

CsCl

DC+PDAI +BAI2

150 °C

Ambient Air
RH=20-50%

Organic Layer

CsCl Ref

Figure 1: Schematic illustration of the solution-based two-step deposition method used
in this study to fabricate perovskite films. Reference (Ref) devices follow an established
route adapted from a previous work, [21] while CsCl devices include a 5 nm thin CsCl
seed layer (introduced via vapor deposition) at the hole transport layer/perovskite inter-
face. The organic cation solution is based on a previously established double-cation (DC)
recipe [21] with FAI, FABr and MACl. Propane-1,3-diammonium iodide (PDAI2) and n-
butylammonium iodide (BAI) are used as bulk and surface passivation.

2.1 Photovoltaic Performance of Perovskite Solar Cells

Introducing a 5 nm CsCl seed layer at the HTL/perovskite interface proves to be an ef-
fective strategy for high-performance p-i-n type PSCs.
A pronounced increase in FF and a reduced hysteresis are observed for CsCl devices in the
current density-voltage (J–V ) characteristics and PV parameters of the best-performing
cells (Figure 2b, Table S1, and Figure S1b). The improvement in FF is primarily at-
tributed to an increase in shunt resistance, likely resulting from the insulating nature of
the thin CsCl interlayer, which suppresses shunt pathways. A similar FF enhancement
was previously reported by Li et al. [27] using a CsBr seed layer in a hybrid two-step de-
position method. As a result, CsCl devices achieve a champion performance of 19.0%
in the backward scan (18.0% in the forward scan) with an open-circuit voltage (VOC) of
1.20 (1.20) V, a short-current density (JSC) of 19.7 (19.7) mA/cm2, and a FF of 80.4%
(76.4%). Statistical analysis based on Welch’s t-test [36] confirms that the FF improve-
ment, and thus the PCE improvement, is statistically significant (Table S2).
The statistical PV performance in the backward scan (Figure 2c) indicates a slight increase
in JSC for CsCl devices, although this trend is not reflected in the external quantum effi-
ciency (EQE) spectra (Figure S1c). The small amount of Cl introduced by the CsCl seed
layer does not lead to measurable bandgap changes (Figure S1d), and the absorption spec-
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Figure 2: a) Schematic of the perovskite solar cell (PSC) architecture (p-i-n architecture).
b) Current density versus voltage (J–V ) characteristics and c) statistical distribution (in
total 22 devices) of the open-circuit voltage (VOC), fill factor (FF), short-circuit current
density (JSC) and power conversion efficiency (PCE) of opaque PSCs without any further
modification (Ref) and with 5 nm CsCl seed layer (CsCl).

tra remain comparable for both devices (Figure S1e). These observations suggest small
improvements in charge-carrier extraction rather than changes in optical properties.
Despite the improved charge-carrier extraction and enhanced FF, the VOC decreases by
≈ 9 mV compared to Ref PSCs. Possible reasons for this reduction are discussed in the
following section.

2.2 Material Characteristics

The morphology and microstructure of both the inorganic scaffold and the final perovskite
film are largely unaffected by the introduction of a CsCl seed layer, showing only minor,
but beneficial, differences.
The surface morphology of the inorganic scaffolds and perovskite films is characterized by
scanning electron microscopy (SEM) and atomic force microscopy (AFM) (Figure 3a-d,
Figure S2, Figure S3 and Figure S4). SEM images show that both inorganic scaffolds
exhibit a porous structure with visible pinholes. However, the introduction of a CsCl seed
layer markedly reduces the pinhole density by approximately a factor of two, accompa-
nied by a shift from large, interconnected voids to smaller and more isolated pinholes.
This observation is in agreement with the slightly reduced root-mean-square (RMS) sur-
face roughness measured by AFM compared to the Ref inorganic scaffold (Figure S4). A
porous inorganic scaffold can be beneficial as it facilitates infiltration of the organic pre-
cursor solution and promotes complete conversion to the perovskite phase. [24] However, a
lower pinhole density reduces the number of possible defect sites in the final perovskite
film. The resulting perovskite films retain a similar surface morphology, but show a modest
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grain size increase – from 364 nm for Ref to 396 nm for CsCl perovskite films (Figure S3).
This is consistent with a small reduction in the full width at half maximum (FWHM) of
the (100) perovskite diffraction peak (Figure S5b), suggesting improved crystallinity of
the CsCl perovskite film.
X-ray diffraction (XRD) measurements (Figure 3e/f and Figure S5a) confirm that Ref
and CsCl inorganic scaffolds and perovskite films exhibit the same diffraction peaks and
comparable residual PbI2 content in the final perovskite film, though CsCl perovskite films
display a slightly more pronounced (111) crystal orientation. A dominant (111) crystal
orientation has been previously linked to enhanced long-term stability, [37] which will be
elaborated in more detail in the subsequent discussion. For the CsCl inorganic scaffold,
no diffraction peak associated with CsCl is detected, indicating that the CsCl seed layer
does not form a separate crystalline phase within the inorganic scaffold or is likely too thin
to be detected by XRD. This suggests that CsCl acts primarily as an interfacial modifier
rather than contributing to the crystalline structure of the inorganic scaffold.

a)

1 µm 1 µm

1 µm 1 µm

Inorganic

200 nm

200 nm 200 nm

c)

e) f)

Ref

Perovskite
Ref

Inorganic
CsCl

Perovskite
CsCl

200 nm

b)

d)

N
o
rm

. 
in

te
n
s
ity

 [
a
rb

. 
u
.]

CsCl

Ref

10 30252015
2θ [°]

♦

(100)

(110) (111)

(200)

Perovskite

(100)/
PbI2

(100)/
(110)

(100)/
(111)

(100)/
(200)

P
e

a
k 

a
re

a
 r

a
tio

 [
a

rb
. 

u
.]

0

Ref
CsCl

1

2 Perovskite

Figure 3: Representative top-view scanning electron microscopy (SEM) images of a/b)
inorganic scaffolds and c/d) perovskite films without any further modification (Ref) and
with 5 nm CsCl seed layer (CsCl). c) X-ray diffraction (XRD) pattern (♦ denotes the (001)
PbI2 phase) and d) peak area ratios of the XRD patterns for Ref and CsCl perovskite films.
The inorganic scaffolds and perovskite films are prepared on ITO/NiOx/2PACz substrates.
The perovskite films are without surface passivation.
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Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements of the inorganic
scaffolds and perovskite films corroborate the XRD results and support the assumption of
a comparable crystal orientation for both Ref and CsCl configurations (Figure S6). The
(001) PbI2 crystal plane in the inorganic scaffold is unaffected by the CsCl seed layer
(Figure S7a). Both Ref and CsCl inorganic scaffolds exhibit a selective out-of-plane ori-
entation, corresponding to a horizontal layer growth of PbI2 platelets. This growth mode
represents the intrinsic growth mode of pure PbI2 deposited via spin coating. [38] The (100)
perovskite peak in CsCl perovskite films exhibits a narrower scattering distribution at 60◦

compared to Ref perovskite films (Figure S7b), indicating a more uniform crystal orienta-
tion. This suggests that the CsCl seed layer promotes controlled nucleation and reduces
orientation disorder within the perovskite film.
To probe the qualitative elemental distribution as a function of depth, a series of time-of-
flight secondary ion mass spectrometry (ToF-SIMS) depth profiles are conducted. Char-
acteristic negatively charged secondary ions of the relevant species for the final PSCs are
displayed in Figure S8. Both PSCs – Ref and CsCl – show a nearly identical elemen-
tal distribution throughout the whole layer stack. Interestingly, Cl is present in both
perovskite films, highlighting that Cl introduced via MACl not only acts as an additive
during perovskite film formation, but incorporates into the perovskite bulk. The ToF-
SIMS measurements do not clearly indicate whether MA is present in the final perovskite
film, as CN is a fragment of both FA and MA.
Photoluminescence quantum yield (PLQY) measurements (Figure S9) provide insights
into the VOC loss of CsCl devices observed in the PV parameters (Figure 2c). CsCl per-
ovskite films without a C60 electron transport layer (ETL) exhibit a reduced PLQY and
implied VOC (VOC−imp), accompanied by an increased ideality factor (nid, 1.29 for CsCl
vs. 1.20 for Ref), indicating less favorable bulk properties. Upon introducing the C60 ETL,
both PLQY and VOC−imp values exceed those of Ref perovskite films, suggesting improved
interfacial quality at the perovskite/C60 interface. Together with the reduced hysteresis,
this indicates that CsCl primarily enhances interfacial properties. However, the further
increase in nid (1.35 for CsCl vs. 1.20 for Ref) points to persistent bulk non-radiative
recombination losses.
Altogether, materials characterization demonstrates that the CsCl seed layer preserves
perovskite film quality while subtly influencing microstructural features in a beneficial
manner.

2.3 Long-Term Operational Stability

In order to understand the degradation mechanisms triggered by different stress fac-
tors, three standardized tests are chosen for understanding the role of light (ISOS-L1:
100 mW/cm2, 25 ◦C, MPP tracking), dark storage (ISOS-D1: dark, 25 ◦C, intermittent
J-V ) and elevated temperatures (ISOS-D2: dark, 85 ◦C, intermittent J-V ) on PSCs. [39]

Semitransparent devices with the layer stack glass/ITO/NiOx/2PACz/(CsCl)/perovskite/
PDAI2+BAI/C60/SnOx/IZO/Au are exposed to the test conditions.
To examine the effect of dark storage on stability, semitransparent devices are stored under
ISOS-D1 test conditions for 1000 h. The normalized PCE from intermittent J–V mea-
surements for Ref and CsCl PSCs is shown in Figure 4a and the PV parameters before
and after the measurement are listed in Table S3. Both – Ref and CsCl – show stable
performance over 1000 h. Ref devices retain 94.1% of their initial efficiency, while CsCl
devices maintain 99.8%. As shown in Figure S10 the small efficiency loss in Ref devices is
mainly due to a decrease in FF and JSC, with VOC remaining stable in both cases.
Accelerated aging under ISOS-D2 test conditions for 1000 h reveals a strong thermal
degradation effect (Figure 4b, Table S4), with both device configurations reaching T80

within the first 100 h. After 1000 h, Ref devices retain only 14.4% of their initial effi-
ciency, and CsCl devices 15.6%. Considering the remaining device parameters, Figure S11
reveals that the decrease in FF and JSC is the primary cause of PCE loss, while the VOC
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declines by less than 10%. Literature reports link prolonged high-temperature exposure
(> 500 h) to increased non-radiative recombination within the perovskite layer or at the
charge transport layer interfaces, ultimately lowering FF and VOC.

[40–42]

To evaluate the operational stability of the PSCs not only under dark storage conditions
but also under light exposure, the semitransparent PSCs are subjected to ISOS-L1 test
conditions for 1000 h (Figure 4c, Table S5). CsCl devices display the most stable per-
formance, retaining 83% of their initial device performance after 1000 h, outperforming
Ref devices. The Ref devices reach T80 after 670 h before stabilizing near this value and
retain 78% of their initial device performance after 1000 h. Both device configurations
show a light-soaking effect during the first 2 h. Analyzing the remaining device parameters
(Figure S12) indicates that efficiency loss is primarily driven by reduced JSC, with VOC

remaining largely unaffected.
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Figure 4: Normalized power conversion efficiency (PCE) from J–V measurements of semi-
transparent perovskite solar cells (PSCs) without any further modification (Ref) and with
5 nm CsCl seed layer (CsCl) under a) ISOS-D1 testing conditions (dark, intermittent J–V),
and under b) ISOS-D2 testing conditions (dark, 85 ◦C, intermittent J–V) for 1000 h. Mean
values and standard deviations based on twelve devices per parameter are provided. c)
Normalized PCE at the maximum power point (MPP) tracking of semitransparent Ref
and CsCl PSCs under ISOS-L1 test conditions (100 mW/cm2, 25 ◦C, MPP tracking) for
1000 h. Mean values and standard deviations based on 10-14 devices per parameter are
provided. // indicates brief periods when the solar simulator lamp was turned off, while
* marks a short interruption in the measurement. To account for these pauses, the mea-
surement duration was extended, ensuring a total exposure time of 1000 h.

In summary, the degradation mechanisms observed under various stress conditions reveal
that devices with CsCl seed layer exhibit an improved long-term stability, particularly
under dark storage and light exposure. Significant degradation at elevated temperatures
highlights the need for further optimization.
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2.4 2T Tandem Devices

Building on the successful implementation of the CsCl seed layer in single-junction PSCs,
the strategy is extended to Si bottom cells for the fabrication of 2T perovskite/Si TSCs.
The 2T perovskite/Si TSC architecture consists of the layer stack Si/ITO/NiOx/2PACz/
(CsCl)/perovskite/PDAI2+BAI/C60/SnOx/IZO/Ag/MgF2 with an active area of 1.0 cm2.
The compatibility of the fully solution-based two-step deposition method with textured
Si surfaces has been demonstrated previously, [21] although large industrial textures (≈ 2-
5 µm) increase the risk of incomplete coverage and shunting, which can severely impact
fabrication yield. The thin CsCl seed layer is therefore investigated as a strategy to im-
prove perovskite coverage and process reliability.
For small-textured Si bottom cells (0.5-1 µm pyramid height), a cross-sectional SEM image
reveals that the inorganic scaffold can fully cover the pyramidal structure (Figure S13a).
Top-view SEM images show a comparable porous morphology for both Ref and CsCl
inorganic scaffolds, consistent with observations on glass substrates (Figure S13b/c). GI-
WAXS measurements confirm that inorganic scaffold formation is not affected by the
substrate morphology (Figure S14a/b). After perovskite conversion, both Ref and CsCl
perovskite films form a homogeneous layer with complete coverage of the surface texture
(Figure 5a/b). Top-view SEM images show increased grain sizes compared to the inor-
ganic scaffolds on glass substrates, with a slight enlargement for CsCl perovskite films
(Figure S13d/e and Figure S15). GIWAXS analysis further reveals a reorientation of the
(100) perovskite phase toward lower in-plane scattering angles compared to perovskite
films on planar substrates, indicating a tendency toward more horizontally oriented crys-
tal growth on textured surfaces (Figure S14c/d).
In contrast, for large-textured Si bottom cells (2-5 µm pyramid height), SEM images
show incomplete coverage of the inorganic scaffold for both configurations, with par-
tially exposed pyramid tips (Figure S16a-d). However, the introduction of a CsCl seed
layer promotes a thin coating over the pyramidal tips, effectively acting as an insulating
(wide-bandgap) interlayer that reduces shunt currents and improves coverage. Supple-
mentary GIWAXS measurements indicate that the overall inorganic scaffold structure
remains largely unaffected by the substrate texture (Figure S17a/b). After perovskite
conversion, Ref perovskite films exhibit persistent uncovered regions, whereas the CsCl
seed layer strategy improves perovskite film coverage with reduced exposed pyramidal
tips (Figure 5c/d). Despite these differences in coverage, grain sizes remain comparable
(Figure S18), and GIWAXS measurements show a similar texture-induced crystal reori-
entation as observed for small-textured substrates (Figure S17c/d).
Finally, 2T perovskite/Si TSCs are fabricated. A statistical analysis across two fabrica-
tion batches – six TSCs per bottom cell type and parameter in total (three TSCs per
batch) – demonstrates that introducing a CsCl seed layer substantially improves the fab-
rication yield of 2T perovskite/Si TSCs (Figure 5e and Table S6/S7/S8). For planar Si
bottom cells, the fabrication yield increases from 66% (Ref) to 83% (CsCl). The effect
is even more pronounced for textured substrates, with fabrication yields increasing from
16% to 71% for small-textured Si bottom cells, and from 50% to 100% for large-textured
Si bottom cells. This significant improvement highlights the effectiveness of the CsCl seed
layer strategy at the HTL/perovskite interface in mitigating shunt formation and enabling
reliable device fabrication, particularly on challenging textured surfaces.
High fabrication yield is a critical requirement for industrial PV manufacturing, where pro-
duction yields typically need to exceed ∼95-98% to ensure economic viability. [43] Against
this background, the observed yield improvements represent a significant step toward the
scalable integration of 2T perovskite/Si TSCs, although further optimization is still re-
quired to reach industrial benchmarks.

8



300 nm 300 nm

a) b)

Perovskite
Ref

Perovskite
CsCl

1 µm 1 µm

c) d)

Perovskite
Ref

Perovskite
CsCl

small texture small texture

large texture large texture

800 nm 800 nm

e)

F
a

b
ri
ca

tio
n

 y
ie

ld
 [

%
]

50

0

75

100

25

planar small texture large texture

CsCl
Ref

Figure 5: Representative cross-sectional scanning electron microscopy (SEM) images of
perovskite films a) without any further modification (Ref) and b) with 5 nm CsCl seed
layer (CsCl) deposited on small-textured (0.5-1 µm) Si bottom cells. Representative cross-
sectional SEM images of large-textured (2-5 µm) Si bottom cells for c) Ref and d) CsCl
perovskite films. Insets in c) and d) show corresponding top-view SEM images. The
perovskite films are without surface passivation. e) Fabrication yield of 2T perovskite/Si
tandem solar cells (TSCs) on planar, small-textured, and large-textured Si bottom cells.
The fabrication yield is evaluated over two fabrication batches comprising six cells per
bottom cell type and parameter. Only functional (not shunted) 2T perovskite/Si TSCs
are accounted for.

3 Conclusion

This work demonstrates that introducing a thin CsCl seed layer at the HTL/perovskite
interface provides a simple and highly effective strategy to enhance fabrication yield, de-
vice performance and stability of PSCs and 2T perovskite/Si TSCs in a solution-based
two-step deposition method. While the CsCl seed layer induces only minor changes in film
morphology and crystallization, it results in a significant improvement in FF and reduced
hysteresis, achieving a champion PCE of 19.0% for a 1.67 eV bandgap single-junction PSC.
In addition, CsCl seed layer devices exhibit enhanced operational long-term stability, re-
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taining 84% of their initial device performance after 1000 h of continuous illumination.
When transferred to 2T perovskite/Si TSCs, the CsCl seed layer proves particularly bene-
ficial for textured Si bottom cells. By improving perovskite coverage and reducing shunting
on submicron- and micron-scale textures, the strategy substantially increases fabrication
yield without requiring modifications to the established processing route. This compati-
bility with industrially relevant surface textures highlights the potential of the strategy for
industrially relevant tandem device fabrication. Beyond the specific system studied here,
these results establish a broader design principle: ultrathin seed layers can effectively
modulate nucleation and thin-film formation in solution-processed perovskites, bridging
the gap between solution-based and hybrid deposition methods. As such, CsCl seed layers
represent a practical pathway to improve fabrication yield, device performance, and long-
term operational stability in PSCs while enabling their successful integration into textured
tandem architectures.
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4 Experimental Section

Materials

2PACz (TCI, CAS: 20999-38-6), Lead iodide (PbI2: TCI, CAS: 10101-63-0), Lead bro-
mide (PbBr2: TCI, CAS: 10031-22-8), Formamidinium iodide (FAI: Greatcell solar ma-
terials, CAS: 879643-71-7), Formamidinium bromide (FABr: Dyenamo, CAS: 146958-06-
7), Methylammonium chloride (MACl: Dyenamo, CAS: 593-51-1), Cesium iodide (CsI:
TCI, CAS: 7647-17-8), Cesium chloride (CsCl: TCI, CAS: 7647-17-8), Fullerene-C60 (C60:
Sigma-Aldrich, CAS: 99685-96-8), n-Butylammonium iodide (BAI: Greatcell solar materi-
als, CAS: 36945-08-1), Propane-1,3-diammonium iodide (PDAI2: Greatcell solar materials,
CAS: 120675-53-8). All solvents including N,N-dimethylformamide, 99.8% (DMF, CAS:
68-12-2), Dimethyl sulfoxide anhydrous, ≥ 99.9% (DMSO, CAS: 67-68-5), 2-Propanol,
99.5%, (IPA, CAS: 67-63-0) and Ethanol absolute anhydrous, ≥ 99.8%, (EtOH, CAS:
64-17-5) were ordered from VWR Chemicals.

Device Fabrication

Single-Junction (SJ) Perovskite Solar Cells

The planar p-i-n PSCs with the layer stack glass/ITO/NiOx/2PACz/perovskite/
PDAI2+BAI/C60/SnO2/Ag were fabricated as follows.

Substrates and HTL: The glass substrates with 120 nm thick indium tin oxide (ITO)
coating (sheet resistance 15 Ωcm−2, Luminescence Technology, CAS: 50926-11-9) were
cut in 16 mm × 16 mm and cleaned in an ultrasonic bath with deionized (DI) water with
glass cleaner, acetone and IPA for 10 min each. This is followed by 3 min of oxygen plasma
treatment before the deposition of the hole transport (HTL) layer. For the HTL layer,
a 5 nm thick NiOx film was sputtered from a NiOx target (4 inch, 99.99% pure, Kurt J.
Lesker Company) using 100 W power (7.95 W in−2 power density) in a gas mixture of Ar
and O2 at 1 mTorr on the ITO substrate with a fixed flow rate of 0.2 sccm for O2 and
a variable flow rate of Ar to achieve the set pressure. Then, a thin layer of 2PACz was
deposited on the ITO/NiOx substrate by spin-coating at 3000 rpm for 30 s and subse-
quently annealed at 100 ◦C for 10 min. For the samples with CsCl seed layer, a washing
step was used to remove any unbound molecules. Here, 150 µL of pure EtOH was used
which was dynamically dispensed onto the substrate within 5 s at 3000 rpm for 30 s of
total rotation time. The substrates were then annealed at 100 ◦C for 10 minutes. The
2PACz precursor solution was prepared by dissolving 2PACz in anhydrous EtOH with a
concentration of 0.375 mg mL−1. The prepared solution was placed in an ultrasonic bath
for at least 20 min before use.

Perovskite solution: For the samples with CsCl seed layer, physical vapor deposition of
CsCl was performed in a PEROvap system (M.Braun Inertgas-Systeme GmbH Dresden)
integrated into a N2-filled glovebox. A cooling inner surface, surrounding all sublimation
sources, was set to −20 ◦C. Prior to the heating process, the system was evacuated, with
a standard base pressure at start of heating of < 3x10−6 mbar mbar. The substrate tem-
perature (18 ◦C) was kept constant for all experiments. Source to substrate setup uses
a 300 mm vertical distance and 165 mm lateral distance between the sublimation source
and the substrate. The final thickness of CsCl was 5 nm with a static deposition rate of
0.1 Å s−1. For all experiments, cylindrical 10 cm3 crucibles were used with material filling
of ≈ 5 g for CsCl.

The double-cation perovskite (Cs0.16FA0.84Pb(I0.79Br0.21)3) solution was prepared accord-
ing to our previous work [21]. Two different solutions were prepared. For the inorganic
solution, 1.275 M PbI2 and 0.225 M PbBr2 were dissolved in 1 mL DMF:DMSO (9:1
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volume ratio, v:v; less DMSO, since it was added with the CsI solution) and heated up
to 130 ◦C for 30 min to completely dissolve the materials. After cooling down, 70 µL
CsI solution (corresponds to 7 mol% CsI, 390 mg mL−1 CsI in DMSO) was added to the
inorganic solution. The organic cation solution was prepared by dissolving FAI (58.5 mg),
FABr (27.9 mg) and MACl (9 mg) in 1 mL IPA. The addition of MACl improves the crys-
tallization of the perovskite film but evaporates in the final annealing step. [44] For bulk
passivation, a bimolecular passivation containing 0.1 mg mL−1 PDAI2 and 0.1 mg mL−1

BAI dissolved in IPA was added to the organic cation solution.

Perovskite film fabrication: All perovskite absorber layers were deposited on the substrate
using the solution-based two-step deposition method. The first step was the deposition of
the inorganic PbI2 layer. This was achieved by dropping 60 µL of the inorganic solution
and spin-coating at 1500 rpm for 30 s. The films were subsequently annealed at 70 ◦C
for 1 min resulting in a yellow-transparent layer. The formation of the perovskite was
achieved by dropping 80 µL of the cation solution on top of the inorganic scaffold and
rapidly starting the spin-coating process at 2500 rpm for 30 s, which resulted in a red film.
This was followed by an annealing step at 150 ◦C for 15 min outside of the glovebox under
ambient conditions (at a relative humidity of 20-50%) converting it to the desired black
perovskite film. It has to be noted that the spin-coating process took place in a N2-filled
glovebox. For the second annealing step, a transport-box was used to transfer the samples
out of the glovebox in order to keep the samples in a nitrogen atmosphere right before
the annealing on a preheated plate (150 ◦C). As soon as the transport-box was opened,
the crystallization and phase-change process started and a rapid transfer to the hotplate
directly after opening the transport-box was beneficial for the cell performance. [45] Af-
ter annealing, 100 µL of a bimolecular passivation containing 1.25 mg mL−1 PDAI2 and
1.25 mg mL−1 BAI dissolved in IPA was dynamically spin-coated on the perovskite films
at 4500 rpm for 30 s, followed by annealing at 100 ◦C for 5 min.

ETL and Top Contact: As electron transport (ETL) layer, 20 nm of C60 were thermally
evaporated and deposited using an Angstrom evaporation system at an evaporation rate
of 0.1 - 0.2 Å s−1 at a pressure of around 10−6 mbar. A 20 nm SnO2 layer prepared by
atomic layer deposition (ALD) was used as buffer layer. Subsequently, 100 nm Ag was
thermally evaporated using a shadow mask to define the active area to 10.5 mm2 and
complete the PSCs with 4 pixels per substrate. For measuring with the solar simulator, a
shadow mask with an area of 7.84 mm2 was used.
For stability measurements, semitransparent devices with the layer stack glass/ITO/
NiOx/2PACz/perovskite/surface passivation/C60/SnOx/IZO/Au were prepared. The 20 nm
SnO2 layer is followed by 90 nm sputtered indium zinc oxide (IZO) and 75 nm thermally
evaporated Au (using a shadow mask). For measuring with the solar simulator, a shadow
mask with an area of 7.84 mm2 was used.

2T Perovskite/Silicon Tandem Devices

Before depositing the HTL layer, the silicon cells were cleaned with acetone and IPA in a
spin-coater process. For the HTL layer, a 15 nm thick NiOx film was sputtered from a NiOx

target (4 inch, 99.99% pure, Kurt J. Lesker Company) using 100 W power (7.95 W in−2

power density) in a gas mixture of Ar and O2 at 1 mTorr on the silicon bottom cell with
ITO layer with a fixed flow rate of 0.2 sccm for O2 and a variable flow rate of Ar to
achieve the set pressure. This was followed by a thin 2PACz layer deposited as mentioned
above with a higher concentrated 2PACz solution with 0.475 mg mL−1. For the samples
with CsCl seed layer, a washing step was used to remove any unbound molecules and
5 nm CsCl were vapor-deposited as described before. The perovskite absorber layer was
fabricated as previously described, using higher concentrated solutions of 1.7 M for small
textures and 1.9 M for large textures. Bulk passivation followed the same approach as for
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SJ cells but was adjusted to match the perovskite solution molarity. For small textures,
the concentration of the surface passivation was the same as in SJ cells. For large textures,
the concentration was reduced to 0.3 mg mL−1 for PDAI2 and 0.3 mg mL−1 for BAI. For
the ETL layer, 20 nm of C60 was thermally evaporated at an evaporation rate of 0.1 - 0.2
Å −1 at a pressure of around 10−6 mbar. A 20 nm SnO2 layer prepared by atomic layer
deposition (ALD) was used as buffer layer. Subsequently, 45 nm sputtered IZO was used
as a transparent electrode and the active area of 1.04 cm2 was defined by the thermally
evaporated Ag electrode (600 nm with 3x150 µm gridfingers). In order to reduce the
reflection losses, 100 nm MgF2 as an antireflection layer was evaporated on top of the Ag.
For measuring with the solar simulator, a shadow mask with an area of 1.0 cm2 was used.

Device Characterization

Current Density-Voltage (J–V) Measurements

The J–V characteristics of the SJ PSCs were measured with a class AAA xenon-lamp solar
simulator (Newport Oriel Sol3A) with a scan rate set at 0.6 V s−1 using a sourcemeter
(Keithley 2400) with an air-mass 1.5 global (AM1.5G) spectra (100 mW cm−2, Figure S19).
The solar simulator irradiation intensity was calibrated using a certified silicon solar cell
(Fraunhofer ISE, calibrated 2024) equipped with a KG5 band pass filter (Schott). The
maximum power point (MPP) tracking was performed under a class AAA LED-based
solar simulator (Wavelabs, LS-2), while the temperature of the devices was controlled at
25 ◦C. The spectrum was a close match to that of AM1.5G over the relevant spectral range
(98 mW cm−2). The measurement was performed in a N2-filled glovebox.
The J–V characteristics of the perovskite/Si TSCs were measured with a class AAA LED-
based solar simulator (Wavelabs, LS-2) with a scan rate set at 0.6 V −1 using a sourcemeter
(Keithley 2400) with an air-mass 1.5 global (AM1.5G) spectra (100 mW cm−2). The solar
simulator irradiation intensity was calibrated using a certified silicon solar cell (Fraunhofer
ISE). The measurement was performed in ambient atmosphere.

External Quantum Efficiency (EQE) Measurements

The EQE was measured using a PVE300 photovoltaic QE system (Bentham EQE system).
A chopping frequency in the range of 560 - 590 Hz with an integration time of 500 ms
(750 ms for 2T tandems) to acquire the spectra in a wavelength range from 300 to 850 nm
(300 to 1200 nm for 2T tandems) was used. An illumination spot (0.74 mm for SJ,
2.0 mm2 for 2T tandems) was utilized to obtain the average over possible variations in the
EQE spectra. The bandgap of all processed perovskite thin films is determined based on
the differential of the EQE curves near the absorption edge (maximum of d(EQE)/d(E))
according to Krückemeier et al. [46].

Scanning Electron Microscopy (SEM)

SEM analyses were carried out in a scanning electron microscope (Zeiss LEO1530) with an
in-lens detector and a aperture size of 20 - 30 µm. For cross-sectional analyses, the cross
sections were covered with a 3 nm thick platinum layer deposited by sputtering to prevent
charging. The applied acceleration voltages for surface and cross sectional analyses range
between 5 and 10 kV.

Atomic Force Microscopy (AFM)

AFM images were obtained using a Nano Wizard II (JPK Instruments). The scanning
area was 5 µm × 5 µm. For each parameter, 2 - 3 measurements were conducted, and the
average root-mean-square (RMS) value was determined.
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UV-Vis Spectrophotometry (UV)

Transmittance and reflectance spectra of the perovskite thin films were measured using a
PerkinElmer Lambda1050 spectrophotometry setup equipped with a double-monochromator
and a modulated source. A chopper frequency of 46 Hz was applied.

X-Ray Diffraction (XRD)

The crystal structure of the perovskite layers was carried out utilizing XRD (Bruker D2
Phaser system) with Cu-Kα radiation (λ = 1.5405 Å) in Bragg-Brentano configuration
using a LynxEye detector. The XRD was taken from the perovskite layer deposited
on the ITO/NiOx/2PACz substrate to obtain the same perovskite nucleation as well as
crystallization as in the solar cells. The crystallite size D depending on the FWHM can
be calculated according to the Scherrer equation

D =
Kλ

β cos(Θ)
, (1)

where K a constant, λ the X-ray wavelength, β the FWHM and Θ the diffraction an-
gle. [47,48]

Grazing-Incidence Wide-Angle X-Ray Scattering (GIWAXS)

The GIWAXS measurements were carried out on a Bruker D8 Advance equipped with a
Cu X-ray source (40 kV, 40 mA), a Goebel mirror, a 0.5 mm micro mask and a 0.3 mm
snout on the primary track and an Eiger2 R 500K 2D detector on the secondary track. The
incidence angle was fixed at 1.5◦. First, all acquired images were projected onto a virtual
detector directly behind the real goniometer circle using a home-developed program in
MATLAB. [49] For reshaping the experimentally acquired data into 2D diffractograms in
reciprocal space, the open-access software GIXSGUI was used. [50]

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

Time-of-Flight Secondary Ion Mass Spectrometry, (ToF-SIMS), was performed on a
TOF.SIMS5 instrument (ION-TOF GmbH, Münster, Germany) equipped with a Bi clus-
ter primary ion source and a reflectron type time-of-flight analyzer. Ultra-high vacuum
(UHV) base pressure during analysis was < 7×10−8 mbar. For high mass resolution the
Bi source was operated in the “high current bunched” mode providing short Bi+3 primary
ion pulses at 25 keV energy, a lateral resolution of approx. 4 µm, and a target current
of 0.1 pA. The short pulse length of 1.5 ns allowed for high mass resolution (6500 m/∆m
for 208Pb+). The primary ion beam was rastered across a 100×100 µm2 field of view on
the sample, and 64×64 data points were recorded. Mass scale calibrations were based
on 12C, 12C2,

35Cl, InO, I2, respectively. For depth profiling, a dual beam analysis in
non-interlaced mode (2 s sputter, 1 s pause, charge compensation) was performed. For
negative secondary ion polarity, the sputter gun for depth profiling was operated with
O+

2 ions, 1 keV, scanned over a concentric field of 250×250 µm2 (target current 257 nA).
The applied sputter ion fluence was used as an arbitrary measure for depth. Note, how-
ever, that this scale might not be linear due to different erosion speeds of the different
deposited layers. Secondary ion intensities are plotted normalized to their maximum in-
tensities each, yielding higher noise levels for weaker absolute intensities. It was ensured
that signals showing SI detector saturation were omitted.

Photoluminescence Quantum Yield (PLQY)

PLQY measurements were carried out using a LuQY Pro setup from QYB. The samples
were mounted inside an integrating sphere in ambient air and a green laser (λ = 532
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nm) was directed into the sphere via a small entrance port. The radiative limit of the
VOC (VOC−rad) and the implied VOC (VOC−imp) were determined from the (intensity-
dependent) PLQY measurements as described by Stolterfoht et al. [51] and Kirchartz et
al. [46] From the quasi-Fermi level splitting (QFLS, EF ) one can calculate the ‘implied
VOC’ via

VOC−imp =
∆EF

q
= VOC−rad +

kBT

q
ln

(
PLQY

JG
J0−rad

)
, (2)

where VOC−rad is the radiative limit, kB the Boltzmann constant, T the temperature, q the
elemental charge, JG the generation current density and J0−rad the radiative thermal re-
combination current density in the dark. The internal ideality factor (nid) was determined
from these measurements as a fit to the calculated VOC−imp.

[51,52]

Statistical Analysis

To check the deviation of the statistical results from each other, Welch’s t test was applied.
Welch’s t test is an adaption of the Student’s t test [36] and is more reliable when the two
samples have unequal variances and possibly unequal sample sizes. [53,54] These tests are
often referred to as ”independent samples” or ”unpaired” t tests because they are usually
applied when the statistics underlying the two samples being compared do not overlap.
It is assumed that the sample means for the two samples being compared are normally
distributed. [36]

The t statistic for testing whether the results differ from each other or not can be calculated
as follows:

t =
X − Y√
S2
x

nx
+

S2
y

ny

, (3)

whereas X and Y are the mean values, Sx and Sy the standard deviations and nx and ny

the sample sizes.
PSCs with a VOC below 0.8 V and a FF below 60% were excluded to filter out statistically
irrelevant data.

15



Acknowledgements

This work was partly carried out with the support of the Karlsruhe Nano Micro Fa-
cility (KNMFi, www.knmf.kit.edu), an Open Access Research Infrastructure within the
Karlsruhe High Technology Hub at the Karlsruhe Institute of Technology (KIT – The
University in the Helmholtz Association, www.kit.edu). Financial support by the Initi-
ating and Networking funding of the Helmholtz Association (Project Zeitenwende and
the Solar Technology Acceleration Platform (Solar TAP)), by the Ministry of Science
and Culture in the State of Lower Saxony through the program “zukunft.niedersachsen”
(project NextGenPV), by the program oriented funding IV of the Helmholtz Association
(Materials and Technologies for the Energy Transition, Topic 1: Photovoltaics and Wind
Energy, Code: 38.01.03), and the German Federal Ministry for Economic Affairs and
Energy (BMWE) through the SHAPE project (03EE1123 A-E) and the HYPER project
(03EE1222B) is greatly acknowledged. We acknowledge support by the Karlsruhe School
of Optics & Photonics (KSOP) and the Ministry of Science, Research and Arts of Baden-
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2T perovskite/Si TSCs

This study introduces a thin CsCl seed layer at the hole transport layer/perovskite in-
terface in a solution-based two-step process as a simple and effective strategy to improve
perovskite coverage on textured silicon surfaces. The CsCl seed layer strategy enhances
fabrication yield, device performance and stability, highlighting its potential for industri-
ally relevant perovskite/silicon tandem solar cell manufacturing.
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Supporting Information

Table S1: Photovoltaic parameters of the champion opaque perovskite solar cells (PSCs)
including the reference devices (Ref) and the devices with 5 nm CsCl (CsCl).

samples scan direction VOC [V] JSC [mA/cm2] FF [%] PCE [%] HI [%]a

Ref
backward 1.21 19.46 77.80 18.25

7.67
forward 1.20 19.40 72.49 16.85

CsCl
backward 1.20 19.71 80.38 19.03

5.47
forward 1.20 19.72 76.36 17.99

aNote: HI [%] = [(PCE at backward scan - PCE at forward scan)/PCE at backward scan] · 100.

Table S2: Welch’s t test results for the backward power conversion efficiency (PCE), open-
circuit voltage (VOC), short-circuit current density (JSC) and fill factor (FF) parameters
of the opaque perovskite solar cells (PSCs) for the reference devices (Ref) and the devices
with 5 nm CsCl (CsCl). The calculation was performed using a t test calulator. [55]

parameter samples P-value interpretation difference

PCE Ref and CsCl 0.0178 statistically significant

VOC Ref and CsCl 0.0046 very statistically significant

JSC Ref and CsCl 0.3610 not statistically significant

FF Ref and CsCl < 0.0001 extremely statistically significant

Table S3: Photovoltaic parameters (backward direction) of the champion semitransparent
perovskite solar cells (PSCs) before and after 1000 h ISOS-D1 testing conditions for Ref
and CsCl devices.

samples scan direction VOC [V] JSC [mA/cm2] FF [%] PCE [%] HI [%]a

Ref
before 1.20 18.55 74.74 16.61 5.78
after 1.20 18.64 73.22 16.36 5.56

CsCl
before 1.19 18.94 72.41 16.27 5.90
after 1.16 18.53 69.92 15.08 3.85

aNote: HI [%] = [(PCE at backward scan - PCE at forward scan)/PCE at backward scan] · 100.
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Table S4: Photovoltaic parameters (backward direction) of the champion semitransparent
perovskite solar cells (PSCs) before and after 1000 h ISOS-D2 testing conditions for Ref
and CsCl devices.

samples scan direction VOC [V] JSC [mA/cm2] FF [%] PCE [%] HI [%]a

Ref
before 1.20 18.79 74.09 16.69 5.81
after 1.12 5.42 35.08 2.12 3.58

CsCl
before 1.19 19.33 74.95 17.19 5.24
after 1.10 5.98 35.51 2.33 0.43

aNote: HI [%] = [(PCE at backward scan - PCE at forward scan)/PCE at backward scan] · 100.

Table S5: Photovoltaic parameters (backward direction) of the champion semitransparent
perovskite solar cells (PSCs) before and after 1000 h ISOS-L1 testing conditions for Ref
and CsCl devices.

samples scan direction VOC [V] JSC [mA/cm2] FF [%] PCE [%] HI [%]a

Ref
before 1.19 18.23 78.11 16.96 6.43
after 1.14 18.44 77.93 16.39 8.54

CsCl
before 1.18 18.77 77.81 17.21 6.91
after 1.14 18.07 76.25 15.78 7.79

aNote: HI [%] = [(PCE at backward scan - PCE at forward scan)/PCE at backward scan] · 100.

Table S6: Statistical comparison of functional (not shunted) 2T perovskite/Si tandem solar
cells (TSCs) for Ref and CsCl devices, evaluated over two fabrication batches comprising
six cells per bottom cell type and parameter.

Si bottom cell Ref CsCl

planar 66% 83%

small texture 16% 71%

large texture 50% 100%

Table S7: Performance of 2T perovskite/Si tandem solar cells (TSCs) for Ref and CsCl
devices from Batch 1. Only the power conversion efficiency (PCE) in backward scan
direction is shown. The solution-based two-step process has not been optimized for tandem
integration and requires further refinement to improve device performance.

samples
Si bottom cell

planar small texture large texture

Ref
- 22.0% 21.2%

- - 20.9%

25.2% - -

CsCl
23.1% - 22.8%

26.8% 20.9% 14.9%

- - 22.8%
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Table S8: Performance of 2T perovskite/Si tandem solar cells (TSCs) for Ref and CsCl
devices from Batch 2. Only the power conversion efficiency (PCE) in backward scan
direction is shown. The solution-based two-step process has not been optimized for tandem
integration and requires further refinement to improve device performance.

samples
Si bottom cell

planar small texture large texture

Ref
21.0% - -

15.6% - 18.8%

21.0% - -

CsCl
21.0% 16.4% 14.4%

21.1% 17.0% 15.1%

19.8% 18.6% 13.2%
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Figure S1: Current density versus voltage (J–V ) characteristics of champion opaque per-
ovskite solar cells (PSCs) a) without any further modification (Ref) and b) with 5nm CsCl
seed layer (CsCl). c) External quantum efficiency (EQE) as well as the corresponding in-
tegrated JSC, d) optical bandgap extracted from the inflection point of the EQE spectra
and e) absorptance spectra for Ref and CsCl PSCs.
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Figure S2: Representative cross-sectional scanning electron microscopy (SEM) images of
an inorganic scaffold with 5nm CsCl seed layer (CsCl), and perovskite films b) without
any further modification (Ref) and c) with 5nm CsCl seed layer (CsCl). The inorganic
scaffolds and perovskite films are prepared on ITO/NiOx/2PACz substrates. The per-
ovskite films are without surface passivation. Unfortunately, it was not possible to focus
on the inorganic scaffold, which is why no image can be shown.
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Figure S3: Grain size analysis of scanning electron microscopy (SEM) images of perovskite
films a) without any further modification (Ref), and b) with 5nm CsCl seed layer (CsCl).
The perovskite films are without surface passivation. The grain sizes were determined
using an analysis software based on StarDist.

26



a) Ref

RMS: 34.6 nm 
Inorganic

Height [nm]

0

100

200

291

b)

Height [nm]

0

100

200

301
CsCl

RMS: 32.2 nm 
Inorganic

c)

0

100

200

217
Ref

RMS: 25.0 nm 
Perovskite

d)

0

100

171
CsCl

RMS: 23.4 nm 
Perovskite

Figure S4: Representative atomic force microscopy (AFM) analysis of inorganic scaffolds
a) without any further modification (Ref) and b) with 5nm CsCl seed layer (CsCl), and of
perovskite films c) without any further modification (Ref), and d) with 5nm CsCl seed layer
(CsCl). The inorganic scaffolds and perovskite films are prepared on ITO/NiOx/2PACz
substrates. The perovskite films are without surface passivation. The average root-mean-
square (RMS) value was determined from 2-3 measurements.
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Figure S5: a) X-ray diffraction (XRD) pattern of inorganic scaffolds without any fur-
ther modification (Ref) and with 5nm CsCl seed layer (CsCl) (♦ denotes the (001) PbI2
phase). b) Full width at half maximum (FWHM) of the (100) perovskite peak for Ref
and CsCl perovskite films. The inorganic scaffolds and perovskite films are prepared on
ITO/NiOx/2PACz substrates. The perovskite films are without surface passivation.
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Figure S6: Grazing-incidence wide-angle scattering (GIWAXS) patterns of a/b) inorganic
scaffolds and c/d) perovskite films without any further modification (Ref), and with 5nm
CsCl seed layer (CsCl). The inorganic scaffolds and perovskite films are prepared on
ITO/NiOx/2PACz substrates. The perovskite films are without surface passivation.
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Figure S7: Pole figure of the a) (001) PbI2 peak for inorganic scaffolds and b) (100)
perovskite peak for perovskite films without any further modification (Ref) and with 5nm
CsCl seed layer (CsCl). The inorganic scaffolds and perovskite films are prepared on
ITO/NiOx/2PACz substrates. The perovskite films are without surface passivation.
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Figure S9: a) Photoluminescence quantum yield (PLQY), b) the obtained implied VOC

(VOC−imp), and the ideality factor (nid) extracted from a fit to the VOC−imp (derived from
intensity-dependent PLQY measurements) measured a) without and b) with C60 electron
transport layer (ETL) of perovskite films without any further modification (Ref) and with
5 nm CsCl seed layer (CsCl) fabricated on glass/indium tin oxide (ITO)/NiOx/2PACz.
All perovskite films have PDAI2+BAI as surface passivation. PLQY is measured from
the hole transport layer (HTL) side. For each parameter, several perovskite films are
measured, and the corresponding mean and standard deviation are plotted.

29



a)

c) d)

b)

N
o
rm

. 
F

F
 [
a
rb

. 
u
.]

0.6

1.0

0.2

0 1000

Time [h]

250 500 750

Ref
CsCl

N
o
rm

. 
V

 [
a
rb

. 
u
.]

O
C 0.6

1.0

0.2

0 1000

Time [h]

250 500 750

Ref
CsCl

N
o
rm

. 
J

 [
a
rb

. 
u
.]

S
C 0.6

1.0

0.2

0 1000

Time [h]

250 500 750

Ref
CsCl

N
o
rm

. 
P

C
E

 [
a
rb

. 
u
.]

0.6

1.0

0.2

0 1000

Time [h]

250 500 750

Ref
CsCl

ISOS-D1

Figure S10: Normalized a) power conversion efficiency (PCE), b) fill factor (FF), c) open-
circuit voltage (VOC), and d) short-circuit current density (JSC) from J–V measurements
of semitransparent perovskite solar cells (PSCs) without any further modification (Ref)
and with 5nm CsCl seed layer (CsCl) under ISOS-D1 testing conditions (dark, intermit-
tent J–V) for 1000 h. Mean values and standard deviations based on twelve devices per
parameter are provided.
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Figure S11: Normalized a) power conversion efficiency (PCE), b) fill factor (FF), c) open-
circuit voltage (VOC), and d) short-circuit current density (JSC) from J–V measurements
of semitransparent perovskite solar cells (PSCs) without any further modification (Ref)
and with 5nm CsCl seed layer (CsCl) under ISOS-D2 testing conditions (dark, 85 ◦C,
intermittent J–V) for 1000 h. Mean values and standard deviations based on twelve
devices per parameter are provided.

31



N
o

rm
. 
J

 [
a

rb
. 

u
.]

S
C

0.8

1.0

0.2

0.6

0.4

// //

N
o

rm
. 
V

 [
a

rb
. 

u
.]

O
C

0.8

1.0

0.2

0.6

0.4

// //

Time [h]

N
o

rm
. 

P
C

E
 [

a
rb

. 
u

.]

0.8

1.0

0.2

0.6

0.4

0
0 1000200 400 800600

Ref
CsCl

// //// //
ISOS-L1

Figure S12: Normalized open-circuit voltage (VOC), short-circuit current density (JSC)
and power conversion efficiency (PCE) at the maximum power point (MPP) tracking of
semitransparent perovskite solar cells (PSCs) without any further modification (Ref) and
with 5nm CsCl seed layer (CsCl) under ISOS-L1 test conditions (100 mW/cm2, 25 ◦C,
MPP tracking) for 1000 h. Mean values and standard deviations based on 10-14 devices
per parameter are provided. The data fluctuations originate from the measurement setup.
// indicates brief periods when the solar simulator lamp was turned off, while * marks
a short interruption in the measurement. To account for these pauses, the measurement
duration was extended, ensuring a total exposure time of 1000 h.
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Figure S13: a) Representative cross-sectional scanning electron microscopy (SEM) image
of the inorganic scaffold with 5 nm CsCl seed layer (CsCl). Unfortunately, it was not
possible to focus on the Ref inorganic scaffold, which is why no image can be shown. Rep-
resentative top-view SEM images of inorganic scaffolds and perovskite films b/d) without
any further modification (Ref) and c/e) with 5 nm CsCl seed layer (CsCl) on small-
textured silicon (Si) bottom cells (pyramid height ≈ 0.5-1 µm). The inorganic scaffold
and perovskite films are prepared on Si/indium tin oxide (ITO)/NiOx/2PACz. The per-
ovskite films are without surface passivation.
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Figure S14: Grazing-incidence wide-angle scattering (GIWAXS) patterns of a) inorganic
scaffolds, and c) perovskite films, and the corresponding pole figures of the b) (100) PbI2
phase for inorganic scaffolds, and the d) (100) perovskite (PSK) phase for perovskite films
without any further modification (Ref) and with 5 nm CsCl seed layer (CsCl) on small-
textured silicon (Si) bottom cells (pyramid height ≈ 0.5-1 µm). The inorganic scaffolds and
perovskite films are prepared on Si/indium tin oxide (ITO)/NiOx/2PACz. The perovskite
films are without surface passivation.
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Figure S15: Grain size analysis of scanning electron microscopy (SEM) images of per-
ovskite films on small-textured silicon (Si) bottom cells (pyramid height ≈ 0.5-1 µm) a)
without any further modification (Ref), and b) with 5 nm CsCl seed layer (CsCl). The
perovskite films are without surface passivation. The grain sizes were determined using
an analysis software based on StarDist.

34



1 µm1 µm

b)a)

e) f)

d)c)

1 µm 1 µm

400 nm 400 nm

400 nm 400 nm

1 µm 1 µm

Inorganic
CsCl

Perovskite
CsCl

large texture

large texture

Inorganic
CsCl

large texture

Inorganic
Ref

Perovskite
Ref

large texture

large texture

Inorganic
Ref

large texture

Figure S16: Representative cross-sectional scanning electron microscopy (SEM) image
of the inorganic scaffold a) without any further modification (Ref) and b) with 5 nm
CsCl seed layer (CsCl). Representative top-view SEM images of inorganic scaffolds
and perovskite films b/d) without any further modification (Ref) and c/e) with 5 nm
CsCl seed layer (CsCl) on large-textured silicon (Si) bottom cells (pyramid height ≈ 2-
5 µm). The inorganic scaffold and perovskite films are prepared on Si/indium tin oxide
(ITO)/NiOx/2PACz. The perovskite films are without surface passivation.
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Figure S17: Grazing-incidence wide-angle scattering (GIWAXS) patterns of a) inorganic
scaffolds, and c) perovskite films, and the corresponding pole figures of the b) (100) PbI2
phase for inorganic scaffolds, and the d) (100) perovskite (PSK) phase for perovskite films
without any further modification (Ref) and with 5 nm CsCl seed layer (CsCl) on large-
textured silicon (Si) bottom cells (pyramid height ≈ 2-5 µm). The inorganic scaffolds and
perovskite films are prepared on Si/indium tin oxide (ITO)/NiOx/2PACz. The perovskite
films are without surface passivation.
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Figure S18: Grain size analysis of scanning electron microscopy (SEM) images of per-
ovskite films on large-textured silicon (Si) bottom cells (pyramid height ≈ 2-5 µm) a)
without any further modification (Ref) and b) with 5 nm CsCl seed layer (CsCl). The
perovskite films are without surface passivation. The grain sizes were determined using
an analysis software based on StarDist.
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Figure S19: Spectrum of the class AAA xenon-lamp solar simulator (Newport Oriel Sol3A)
used to measure J–V and maximum power point (MPP) curves.
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