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Abstract

As the perovskite solar cell (PSC) industry moves toward large-scale manufactur-
ing, production processes must enable high-throughput fabrication and simple process
integration. The hybrid two-step deposition route has emerged as a promising method
for achieving conformal coatings on micron-scale textures, a critical feature for per-
ovskite/silicon tandem photovoltaics. In this work, we present a fully sequential route,
wherein the inorganic materials CsCl and PbI2 are deposited separately, allowing for
facile industrial implementation as compared to the commonly co-deposited inorganic
scaffold. Microstructural analysis reveals a change in preferred crystal orientation of
the PbI2 platelets with co-deposition resulting in horizontal growth, whereas sequen-
tial deposition promotes vertical growth with a secondary tilted orientation. Further
analysis of the elemental distribution in the final perovskite film reveals significant
ion diffusivity for Cs, formamidinium and I, which are distributed homogeneously
throughout the final perovskite absorber. Contrary, Pb and Cl ions exhibit a lower
ion diffusivity, with spatial distributions largely retained from the initial inorganic
scaffold. For PSCs with 1.69 eV bandgap, PCEs of 19.3% and 18.7% are achieved
for co-deposition and sequential deposition, respectively, underscoring the potential of
fully sequential hybrid deposition as a viable route toward industrial PSC production.
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1 Introduction

Perovskite solar cells (PSCs) have demonstrated an unprecedented progress in achieved
power conversion efficiency (PCE) over the past decade. Since their first report in 2009
with a PCE of 3.8%, single-junction PSCs approach an efficiency of 27% today, positioning
them as strong future competitor to established silicon (Si) photovoltaic technologies.[1, 2]
In particular, inverted PSCs (p-i-n architecture) have attracted significant interest due to
their compatibility with p-type Si bottom cells in monolithic tandem configuration. Per-
ovskite/silicon tandem solar cells (TSCs) have already surpassed the theoretical efficiency
limit of single-junction Si solar cells,[3] achieving record efficiencies exceeding 34%,[2] and
are considered as promising candidates for next-generation, high-efficiency photovoltaic
modules[4–9] – given that remaining stability challenges are resolved.[10]
Commercial Si bottom cells typically feature random pyramidal textures (2-5 µm in
height), exhibiting enhanced light-harvesting properties compared to planar or polished
surfaces.[11–16] However, depositing uniform, high-quality perovskite layers on such tex-
tured surfaces remains challenging – a critical requirement for industrial-scale monolithic
tandem integration.[4] Conventional solution-based methods struggle to provide conformal
coating on micron-scale textures, often resulting in poor surface coverage and reduced de-
vice performance.[17, 18] Alternatively, vacuum-based deposition methods offer conformal
coating on textured substrates as well as the possibility for large-scale deposition.[19–22]
A major drawback is the notoriously difficult control of the volatile organic components,
suffering from poor process repeatability.[23–28] Additionally, vacuum-based deposition
of organic precursor materials can pose a critical bottleneck for the achievable deposition
rates, limiting fabrication throughput.[29] To address these challenges, hybrid two-step
deposition routes have emerged, combining conformal vacuum-based deposition of the
inorganic precursors with a subsequent solution-based deposition of the organic cations.
This method allows for enhanced compositional flexibility, facile introduction of addi-
tives and the exclusive usage of green solvents.[17, 30–34] Several studies have extended
the knowledge on perovskite film formation using the hybrid two-step deposition route
in both single-junction[33, 35–39] and tandem configuration, for which PCEs above 31%
have been demonstrated on micron-scale textured Si bottom cells.[40, 41] A first study
on a large area perovskite/silicon TSC reached a promising PCE of close to 28% using
blade-coating as a scalable solution-based deposition method.[42]
While scalable coating techniques are essential, a major challenge for the industrial adap-
tation of PSCs is the need for high-throughput fabrication. In a previous work, we demon-
strated that in case of vacuum deposition, the sequential deposition of all precursor ma-
terials is desired for high-throughput solar cell fabrication, allowing for the maximum de-
position rates of the individual sources thus offering the highest process effectiveness.[29]
In contrast, co-deposition requires precise control over the relative sublimation rates of
multiple materials, complicating process metrology and limiting throughput.[29] To the
best of our knowledge, current studies using the hybrid two-step route rely exclusively
on co-deposition of the inorganic scaffold, whereby sequential deposition has not yet been
reported, which may hinder direct transfer to industrial production.
In this work, we present a fully sequential vacuum-based deposition route of the inorganic
scaffold for the hybrid two-step deposition route for wide-bandgap single-junction PSCs.
We benchmark the sequential deposition route against the conventional co-deposition route
and demonstrate comparable PCEs of 19.3% and 18.7% for co- and sequential deposition,
respectively. Despite the comparable device performance, the sequential deposition route
has prospects in simplifying process integration and scalability, making it a more favorable
option for the industrial fabrication of PSCs. Detailed structural analysis reveals distinct
differences in the morphology and crystal orientation of the inorganic scaffolds. Further,
a strong influence of the elemental distribution depending on the deposition route is in-
dicated, highlighting a pronounced layer structure in the sequentially deposited inorganic
scaffold. In summary, our findings underscore the material-level impact of the deposition
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route already at a fundamental level.

2 Results and Discussion
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Figure 1: Schematic of the two hybrid two-step deposition routes studied in this work:
A co-deposition (Co) and B sequential deposition (Seq) routes of the inorganic precursors
CsCl and PbI2, with the corresponding layer sequence depicted below each process. C
Schematic illustration of the final perovskite thin film obtained after deposition of the
organic cation solution and subsequent thermal annealing under ambient conditions.

The hybrid two-step deposition route encompasses the vacuum-based deposition of the
inorganic precursors, followed by a solution-based deposition of the organic precursors.
The schematics for both co-deposition (Figure 1 A, labeled as Co) and sequential depo-
sition (Figure 1 B, labeled as Seq) of the inorganic precursor materials PbI2 and CsCl
are illustrated in Figure 1. The incorporation of CsCl into the inorganic scaffold was
shown to promote crystallization and enhance the overall quality of the resulting per-
ovskite film.[43] In co-deposition, both inorganic precursor materials are sublimated si-
multaneously. For sequential deposition, CsCl is deposited first, followed by a subsequent
deposition of PbI2. Conversion to the final perovskite absorber is realized by depositing
the organic cation solution via spin-coating, based on an established recipe introduced
by Li et al.[31] and Er-raji et al.[33], followed by thermal annealing under ambient con-
ditions (Figure 1 C). We adapt a NiOx/2PACz bilayer as p-selective contact, which was
found to improve hole extraction and perovskite crystal quality, compared to the refer-
ence with only 2PACz.[44] The resulting half-stack devices comprise the layer sequence
glass/ITO/NiOx/2PACz/perovskite. In this study, the perovskite absorber has a nom-
inal composition of Cs0.18FA0.82Pb(I0.76Br0.18Cl0.06)3 with a target bandgap of 1.69 eV
(Figure S1). Further details on the fabrication method of the PSCs are described in the
Experimental Section.

2.1 Photovoltaic Performance of Perovskite Solar Cells

Despite the very different process sequence, comparable device performances are observed
for PSCs fabricated with both co- (Co) and sequential (Seq) deposition of the inorganic
scaffold.
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Figure 2: Statistical distribution of the power conversion efficiency (PCE) for perovskite
solar cells (PSCs) with A co- (Co) and B sequential (Seq) deposition of the inorganic
scaffold for different molarities of the organic cation solution. C Current density versus
voltage (J-V ) characteristics and D external quantum efficiency (EQE) spectra, along
with the corresponding integrated short-circuit current density (JSC), for the champion
devices fabricated with co- or sequential deposited inorganic scaffold (optimal molarity of
the organic cation solution).

In order to allow a fair comparison of optimal thin film conversion for both deposition
routes, the conversion of the inorganic scaffold to the perovskite absorber is optimized
by varying the molarity of the organic cation solutions in a range of 0.65 M to 0.85 M of
formamidinium iodide (FAI)/formamidinium bromide (FABr) with 10 mol% of methylam-
monium chloride (MACl) as an additive. The statistical results are shown in Figure 2 A/B
and in Figure S2 and Figure S3. At the optimal organic cation molarity, champion PCEs
of 19.3% in the backward scan (19.0% in the forward scan) and 18.7% (17.9%) are achieved
for co-deposition (0.65 M) and sequential deposition (0.75 M), respectively (Figure 2 C,
Figure S4 and Table S1). These results are comparable to the highest reported in literature
for a bandgap of 1.69 eV.[32, 39, 40, 45] Welch’s t-test confirms that VOC and JSC do not
differ significantly between the two deposition routes, indicating a comparable efficiency
in photogeneration and charge separation (Table S2).
Since both the device architecture and absorption spectra (Figure S5) are consistent across
all devices, similar charge carrier extraction can be assumed. This is further corroborated
by external quantum efficiency (EQE) measurements, showing a similar spectral response
with integrated short-circuit current densities of 19.1 and 18.8 mA/cm2 for co-deposition
and sequential deposition, respectively.

2.2 Layer Morphology and Microstructure

The morphology and microstructure of the inorganic scaffold exhibit pronounced and sys-
tematic differences depending on the deposition route used. These differences are readily
apparent upon visual inspection: co-deposition of the inorganic scaffold yields a smooth
surface appearance, while sequential deposition produces a distinctly rougher surface (Fig-
ure S6). This change in morphology motivates a more detailed investigation using scanning
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electron microscopy (SEM) and atomic force microscopy (AFM), as shown in Figure 3.
SEM analysis reveals pronounced morphological differences in the inorganic scaffolds (Fig-
ure 3 A/B), correlating the macroscopic surface appearance with microstructural charac-
teristics. The co-deposited inorganic scaffold exhibits a dense, uniform morphology with
a smooth surface and a thickness of approximately 330 nm, consistent with quartz crystal
microbalance (QCM) measurements and surface profilometry (Table S3 and Figure S7).
Individual PbI2 platelets are not discernible in this case. In contrast, the sequentially
deposited inorganic scaffold displays a markedly irregular surface structure, making pre-
cise thickness determination challenging. A higher average layer thickness of 409 ± 4 nm
is measured with surface profilometry. Sequential deposition of both precursor materials
leads to a highly textured microstructure with vertical alignment of PbI2 platelets, clearly
visible in both top-view and cross-section SEM images. Two predominant orientations –
either vertical or tilted with respect to the substrate – are apparent.
AFM measurements further support these findings, highlighting a significant difference in
surface roughness between the two deposition routes: the co-deposited inorganic scaffold
exhibits a ten times lower root-mean-square (RMS) surface roughness of 6.1 ± 0.1 nm
compared to 77.1 ± 0.4 nm for the sequentially deposited inorganic scaffold. The surface
roughness of the inorganic scaffold is an indication of the porosity of the layer, positively
impacting the absorption of the organic cation solution into the inorganic scaffold.[46]
To assess this, surface structure analysis of a picoliter drop dispensed on the inorganic
scaffold is conducted via confocal scanning microscopy (Figure S8). On the co-deposited
inorganic scaffold, residual crystalline organic salts accumulate at the center of the dried
droplet, indicating limited droplet absorption. In contrast, the sequentially deposited in-
organic scaffold shows improved droplet absorption, with less visible organic salt residue
remaining.
Despite the very different morphology of the inorganic scaffold, the final perovskite thin
films – fabricated by spin-coating the optimal molarity of the organic cation solution
– exhibit no significant difference in thin film morphological between both deposition
routes (Figure 3 C/D). Top-view and cross-section SEM images reveal a comparable mi-
crostructure, supported by AFM analysis indicating similar RMS surface roughness values
of 29.6 ± 0.7 nm and 26.8 ± 0.3 nm for co-deposition and sequential deposition, respec-
tively. Interestingly, surface profilometry reveals a substantially higher perovskite layer
thickness for the sequential deposition route, increasing from 524 ± 4 nm for the co-
deposition route to 682 ± 5 nm (Table S3 and Figure S7). The expansion coefficients
(thicknessperovskite/thicknessinorganic) for co-deposition and sequential deposition are 1.62
and 1.67, respectively, indicating a slightly increased uptake of organic cations in the case
of sequentially deposited inorganic scaffolds.
In summary, while the deposition route has a substantial impact on the morphology and
microstructure of the inorganic scaffold, the morphology of the resulting perovskite ab-
sorber layer remains comparable.
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Figure 3: Scanning electron microcopy (SEM) images (top-view and cross-section) and
atomic force microscopy (AFM) images of the inorganic scaffold deposited by A co- (Co)
and B sequential (Seq) deposition, as well as of the corresponding perovskite films with C
co- (Co) and D sequential (Seq) deposition of the inorganic scaffold. For the perovskite
films, the optimal molarity of the organic cation solution is used.

2.3 Crystal Orientation

The crystal growth orientation of the inorganic scaffold, and consequently the growth
behavior of the resulting perovskite absorber is influenced by the deposition route. To
further analyze the effect of the deposition route on the microstructural properties of the
inorganic scaffold as well as the final perovskite film, grazing-incidence wide-angle X-ray
scattering (GIWAXS) measurements are performed (Figure 4). GIWAXS provides insight
into the preferred growth direction and overall crystallinity of thin films.[47]
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Figure 4: Grazing-incidence wide-angle X-ray scattering (GIWAXS) patterns of the in-
organic scaffold deposited by A co- (Co) and B sequential (Seq) deposition, and of the
final perovskite films prepared using E co- (Co) and F sequential (Seq) deposition of the
inorganic scaffold. D Schematic illustration depicting the orientation of the PbI2 platelets
in the inorganic scaffold for co-deposition (I) and sequential deposition (II)/(III). Dis-
tribution of crystallite orientation of the (001) PbI2 plane in the inorganic scaffolds C and
(100) perovskite plane in the final perovskite films G. For the perovskite films, the optimal
molarity of the organic cation solution is used.

Considering the inorganic scaffold, a change in the preferred orientation of the (001)
PbI2 crystal plane is observed from selective growth in the out-of-plane orientation for
co-deposition to preferred in-plane orientation for sequential deposition as shown in Fig-
ure 4 A/B. This change in orientation results in a horizontal layer growth of PbI2 platelets
for co-deposition and a tendency towards vertical layer growth for sequential deposition,
aligning with the observations from SEM analysis (Figure 3). The corresponding distri-
bution of crystallite orientation with integrated intensity over the azimuth angle χ of the
(001) PbI2 crystal plane with a scattering vector of q=0.9 Å−1 is shown in Figure 4 C.
The addition of CsCl in the co-deposition route enforces an exclusive horizontal alignment
of the (a,b)-plane of PbI2 relative to the substrate as illustrated in Figure 4 D, which is
defined as the horizontal mode (I). A similar preferred orientation is found by Meng et
al. when depositing pure PbI2 via a spin-coating route.[48] In contrast, sequential depo-
sition yields a preferred vertical growth, with the (a,b)-plane of PbI2 vertical relative to
the substrate (vertical mode (II), Figure 4 D), which appears to be the intrinsic growth
mode for pure PbI2 in vacuum-based deposition processes. We hypothesize, that the PbI2
growth along the (a,b)-plane is thermodynamically preferred, as impinging PbI2 molecules
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are bound through ionic forces, whereas the growth along the c-axis is governed by weaker
van der Waals forces. Additionally, a secondary preferred growth mode is observed for
sequentially deposited inorganic layers with the (a,b)-plane oriented around 40° relative
to the substrate (secondary mode (III), Figure 4 D). This is consistent with findings by
Diercks et al., who compared the surface dependent growth of pure PbI2 on different HTL
systems observing a similar secondary orientation at 40° for PTAA, NiOx and TaTm.[49]
The exact growth mechanism resulting in the surface dependent appearance of the sec-
ondary preferred growth direction remains elusive, requiring further investigation, which
is beyond the scope of this study.
For the sequentially deposited inorganic scaffold, the GIWAXS signal with scattering vec-
tor of q=2.0 Å−1 aligns with the expected signal of the (200) perovskite phase and is like-
wise detected in the corresponding X-ray diffraction (XRD) measurements (Figure S9).
This suggests that interfacial reactions between CsCl and PbI2 may initiate partial per-
ovskite formation.
The corresponding perovskite films are also analyzed by GIWAXS measurements, reveal-
ing a subtle difference in the preferred crystal orientation of the (100) perovskite phase
(Figure 4 E/F/G). Both perovskite films exhibit a discrete Bragg spot around 70°, indi-
cating that it is the intrinsic perovskite growth mode. Interestingly, a secondary small
angle Bragg peak is observed exclusively for the co-deposition route (pole figure of the
(100) perovskite plane in Figure 4 G). We hypothesize that this is due to a templating
effect from the horizontally aligned PbI2 platelets of the inorganic scaffold, which likely
undergo topotactic reaction – preserving the crystallographic orientation from the precur-
sor phase.[50, 51]
Complementary XRD measurements of the inorganic layers confirm that the crystal orien-
tation is strongly influenced by the deposition route. Specifically, the (001) PbI2 diffraction
peak is more prominent in the co-deposited inorganic layer, while the (003) PbI2 peak is
more pronounced in the sequentially deposited inorganic layer (Figure S9). In the result-
ing perovskite films, similar diffraction peaks with comparable peak intensities and peak
area ratios are observed for both deposition routes (Figure S10 and S11). However, the
(110) and (111) perovskite peaks appear more pronounced relative to the (100) perovskite
peak in perovskite films derived from sequential deposition. Notably, the peak ratio of the
(100) perovskite peak to the (001) PbI2 peak, as well as the full width at half maximum
(FWHM) of the (100) perovskite peak, correlate with the molarity of the organic cation
solution, highlighting the importance of optimizing the precursor ratio for best device per-
formance (Figure S10 and S11).
In summary, the deposition route has a profound influence on the crystal growth orienta-
tion of the inorganic scaffold. These differences partially carry over to the perovskite thin
film, suggesting that the initial alignment of the PbI2 platelets plays a templating role
during perovskite formation.

2.4 Elemental Distribution

The deposition route considerably influences the elemental distribution and inter diffusion
behavior within the inorganic scaffold and the resulting perovskite absorber layer. 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. Characteristic
positively charged secondary ions of the relevant species for the inorganic scaffolds and
the final perovskite film are displayed in Figure 5 A/B and Figure 5 C/D, respectively.
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Figure 5: Normed time-of-flight secondary ion mass spectrometry (ToF-SIMS) measure-
ments (positive polarity) of the inorganic scaffold deposited byA co- (Co) andB sequential
(Seq) deposition, and of the final perovskite films prepared using C co- (Co) and D se-
quential (Seq) deposition of the inorganic scaffold. For the perovskite films, the optimal
molarity of the organic cation solution is used. The following fragments are displayed:
NiOx: Σ(58Ni+,60Ni+); PbI2: Σ(206PbI+,207 PbI+,208 PbI+); CsCl: Cs3Cl

+
2 ; CsI: CsI+;

FA: CH5N
+
2 ; MA: Σ(CH+

4 ,NH
+
4 ,CH2N

+,CH3N
+).

Pronounced differences in elemental distribution are observed when comparing the inor-
ganic scaffolds prepared via co-deposition (Figure 5 A) and sequential deposition (Fig-
ure 5 B). Ni (Σ(58Ni+,60Ni+)) fragments from the underlying NiOx HTL are detected in
both deposition routes and serve as a positional reference. In the co-deposited inorganic
scaffold, CsI (CsI+) and CsCl (Cs3Cl

+
2 ) fragments accumulate on the top surface and are

not homogeneously distributed throughout the inorganic layer. Sequentially deposited
inorganic scaffolds show the expected layering with CsCl located exclusively at the HTL
interface and PbI2-containing species (Σ(

206PbI+,207 PbI+,208 PbI+)) found predominantly
at the top surface, consistent with the process order. An additional signal of CsI at the
CsCl/PbI2 interface indicates a spontaneous inter diffusion process of iodide into the CsCl
layer. Similarly, PbI2-containing species accumulate both at the top and bottom of the
co-deposited inorganic scaffold, possibly due to the relatively high deposition rate of PbI2,
leading to initial substrate coverage.
Counterintuitively, upon conversion to the perovskite layer (Figure 5 C/D), Cs ions ap-
pear uniformly distributed throughout the layer for both deposition routes, implying a
high ionic diffusivity for Cs. The depth profiles of the PbI2 fragments show similar trends
to those observed in the initial inorganic scaffold for both deposition routes. In perovskite
layers with co-deposited inorganic scaffold PbI2 fragments tend to accumulate near the
HTL-site, whereas in layers with sequentially deposited inorganic scaffold they are more
concentrated at the top surface. Regardless of the deposition route, the organic frag-
ment of FA (CH5N

+
2 ) is homogeneously distributed throughout the perovskite layer, while

MA-related fragments (Σ(CH+
4 ,NH

+
4 ,CH2N

+,CH3N
+)) accumulate primarily at the top
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surface. This highlights that MACl not only acts as an additive but also incorporates into
the perovskite bulk, contrary to previous reports.[52–54]
To gain more insights into the distribution and diffusion of the halide components, addi-
tional measurements of the negatively charged secondary ions are performed (Figure S12).
Distinct differences emerge in the iodide (I−) and chloride (Cl−) ion distribution when
comparing the inorganic scaffolds. For the co-deposited inorganic scaffold, I ions are ho-
mogeneously distributed throughout the perovskite film. In contrast, a higher intensity
of I ions is measured at the HTL site for the sequentially deposited inorganic scaffold,
indicating significant ion diffusion of I into the CsCl layer, effectively forming CsI at the
interface. This aligns with the detection of CsI fragments at the interface in the positive
ion measurements. Cl ions tend to accumulate at both interfaces for the co-deposited
inorganic scaffold but only at the bottom interface for sequential deposition, indicating
reduced ion diffusion for Cl as compared to I ions. In the final perovskite films, the halide
distribution is comparable for both deposition routes. Notably, I ions are homogeneously
distributed throughout the layer, while Cl and Br (Br−) ions show modest accumulation
in the center of the perovskite layer.
These findings highlight that the deposition route plays a critical role in shaping the el-
emental distribution and ion diffusion behavior within both the inorganic scaffold and
the resulting perovskite absorber. Cs ions exhibit high ion diffusivity, becoming homoge-
neously distributed regardless of their initial position in the inorganic scaffold. In contrast,
Pb components show a lower ion diffusivity and tend to retain their original spatial dis-
tribution. The presence of CsI fragments even before thermal treatment implies a high
reactivity with spontaneous reaction of the inorganic precursors. Among halide species, a
lower diffusion tendency is identified for Cl and Br ions as compared to I ions.

3 Conclusion

This work introduces a fully sequential hybrid two-step deposition route – comprising the
sequential deposition of CsCl and PbI2 for the inorganic scaffold – as a viable alternative
to the conventional co-deposition route, achieving comparable PCEs of 18.7% and 19.3%
for wide-bandgap PSCs, respectively. While the fully sequential deposition route yields
slightly reduced PCEs, gains in process effectiveness and repeatability justify the modest
efficiency trade-off. Comprehensive analysis reveals distinct differences in the morphology,
crystal orientation, and elemental distribution of the inorganic scaffold and perovskite
thin film depending on the deposition route. Co-deposition results in a horizontal layer
growth of PbI2 platelets (out-of-plane orientation of the (001) plane), whereas sequen-
tial deposition promotes vertical growth and a secondary tilted orientation, corresponding
to a preferred in-plane crystal orientation of PbI2. The sequentially deposited inorganic
scaffold exhibits an order-of-magnitude increase in surface roughness, reflecting its higher
porosity compared to the co-deposited counterpart. Elemental distribution analysis reveals
a pronounced layer structure for the sequentially deposited inorganic scaffold, indicating
a strong dependence on the deposition route. Despite these differences in the inorganic
scaffold, the resulting perovskite thin films display comparable surface morphology and
only subtle variations in crystal orientation, suggesting that the initial alignment of the
PbI2 platelets plays a templating role during perovskite formation. Elemental distribu-
tion analysis indicates high ion diffusivity for Cs, I and FA ions, which are homogeneously
distributed throughout the final perovskite thin film. In contrast, Pb and Cl ions are
less diffusive, with spatial distributions largely retained from the initial inorganic scaffold.
Overall, this work reveals the influence of the deposition route on the inorganic scaffold in
hybrid two-step perovskite fabrication. A deeper understanding of the interplay between
morphology, crystal growth orientation and elemental diffusion is essential to further op-
timize process stability, film quality, and ultimately device performance. Our findings
position the sequential deposition route of the inorganic scaffold as a viable route toward
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industrial PSC production.
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4 Experimental Section

Materials

[2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz: TCI, CAS: 20999-38-6), Lead iodide
(PbI2: TCI, 99.99%, trace metals basis, CAS: 10101-63-0), Formamidinium iodide (FAI:
Greatcell solar materials, CAS: 879643-71-7), Formamidinium bromide (FABr: Dyen-
amo, CAS: 146958-06-7), Methylammonium chloride (MACl: Dyenamo, CAS: 593-51-1),
Cesium chloride (CsCl: TCI, ≥99.0% (titration), CAS: 7647-17-8), Fullerene-C60 (C60:
Sigma-Aldrich, CAS: 99685-96-8), Bathocuproine (BCP: Lumtec, CAS: 4733-39-5), n-
Butylammonium iodide (BAI: Greatcell solar materials, CAS: 36945-08-1), Propane-1,3-
diammonium iodide (PDAI2: Greatcell solar materials, CAS: 120675-53-8). Ethanol ab-
solute anhydrous, ≥ 99.8%, (EtOH, CAS: 64-17-5) was 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/BCP/Ag were fabricated as follows.

Sample preparation and cleaning: 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 subsequently cleaned in an ultrasonic bath with
acetone and isopropanol for 20 min each. This was followed by 5 min of oxygen plasma
treatment before the deposition of the hole transport (HTL) layer.

Hole transport layer (HTL): 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 sub-
strate 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 dispensing 75 µL 2PACz solution (0.5 mg mL−1 in anhydrous EtOH) on the substrate
with a resting time of 5 s followed by rotation at 3000 rpm for 30 s. The substrates were
then annealed at a temperature of 100 ◦C for 10 min. A second washing step was used to
remove any unbound molecules. Here, 150 µL of pure EtOH was used which was dynam-
ically dispensed onto the substrate within 2 s at 3000 rpm for 30 s of total rotation time.
The substrates were then annealed at 100 ◦C for 10 minutes.

Perovskite deposition: Vacuum-based deposition of perovskite precursor materials was
performed using a PEROvap system (M.Braun Inertgas-Systeme GmbH Dresden) inte-
grated into a nitrogen glovebox. Individual quartz crystal microbalances (QCMs) were
used to measure the rate of each material. A cooling inner surface, surrounding all subli-
mation 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. For each process,
the sublimation rates were kept constant in an automated process. 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. Static deposition rates of 1.0 and 0.1 Ås−1 of PbI2 and CsCl, respec-
tively, were used for both sequential and co-deposition of the inorganic scaffold. In the
case of co-deposition, a film thickness of 300 nm was set as the final film thickness for
PbI2, terminating the deposition. The final thickness of CsCl was 30± 2 nm. For sequen-
tial deposition, first 30 nm of CsCl were deposited, followed by 300 nm of PbI2. For all
experiments, cylindrical crucibles with a volume of 10 cm3 were used with material filling
of 5 g for PbI2 and CsCl.
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Organic cation solution deposition: Organic cation solution was deposited via a spin-
coating process. A solution of FAI (35%), FABr (65%) in anhydrous EtOH was prepared
with MACl added as an additive with a ratio of 10%mol relative to the total amount of
FA+.[31, 33] 100 µL of the organic cation solution was dispensed dynamically at a rotation
speed of 4000 rpm for 30 seconds. The substrates were then annealed at 150 ◦C for 20 min
under ambient conditions at a relative humidity of 30-40%. The spin-coating process took
place in a N2-filled glovebox.

Surface passivation: A solution of PDAI2 and BAI was prepared according to Pappen-
berger et al. by first dissolving 4 mg of PDAI2 under heating in anhydrous EtOH to
50 ◦C.[55] The solution was then transferred to a second vial containing 4 mg of BAI.
The solution was agitated using a vortex mixer to yield a stock solution of 1 mg mL−1

related to the content of PDAI2. The stock solution was diluted to a concentration of
0.3 mg mL−1 with addition of pure EtOH. For application of the surface passivation,
100 µL of the diluted solution was dispensed on the substrate with a resting time of 5 s
followed by rotation at 4500 rpm for 30 s. The substrates were then annealed at 100 ◦C
for 10 min.

Electron transport layer (ETL) and top contact: As electron transport (ETL) layer, 20 nm
of C60 and 5 nm of BCP were thermally evaporated and deposited using an Angstrom evap-
oration system at an evaporation rate of 0.1-0.2 Å s−1 at a pressure of around 10−6 mbar.
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.

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). The solar
simulator irradiation intensity was calibrated using a certified Si solar cell (Fraunhofer ISE,
calibrated 2025) equipped with a KG5 band pass filter (Schott). The device parameters
of the light-soaked PSCs were used for the results. The stabilized PCE of the PSCs was
determined by measuring the photocurrent at the maximum power point (MPP) for 300 s
by using a perturb and observing algorithm under continuous AM 1.5G illumination. The
measurement was performed in a N2-filled glovebox. No shadow mask was used for the
measurement.

External Quantum Efficiency (EQE)

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 was
used to acquire the spectra in a wavelength range from 300-850 nm. An illumination spot
(0.74 mm) 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.[56].

Scanning Electron Microscopy (SEM)

Field emission top-view SEM images were taken with a scanning electron microscope
(Zeiss LEO Gemini 1530) 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
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deposited by sputtering to prevent charging. The applied acceleration voltages for surface
and cross sectional analyses range between 5-10 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.

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.

Confocal Scanning Microscopy

Confocal scanning microscopy measurements were performed with a MarSurf3D system.

PicoDrop Deposition

Droplets of the organic cation solution were applied with the PicoDrop kit. Hereby,
cartridges which jet 30 pL droplets were used. The organic cation solution with optimal
molarity was used in each case.

X-Ray Diffraction (XRD)

X-Ray diffraction measurements of the inorganic scaffolds and perovskite thin-films were
performed using a Bruker D2 Phaser system with Cu-Kα radiation (λ = 1.5405 Å) in
Bragg–Brentano configuration using a LynxEye detector. The diffraction pattern was
measured for half-stacks with an architecture of glass/ITO/NiOx/2PACz/perovskite to
obtain comparable perovskite nucleation and crystallinity as in the actual device architec-
ture.

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.[57] For reshaping the experimentally acquired data into 2D diffractograms in
reciprocal space, the open-access software GIXSGUI was used.[58]

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 cluster primary ion
source and a reflectron type time-of-flight analyzer. 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 0.31 - 0.35 pA at 10 kHz repetition
rate. 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 200×200 µm2 field of view on the
sample, and 128×128 data points were recorded. Mass scale calibrations were based on
Li+, Na+, 204Pb+, 206Pb+, Cs+2 , and

37Cl−, PO−
2 , CsI

−
2 , PbI

−
2 , respectively. For depth
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profiling a dual beam analysis in interlaced mode was performed. For both secondary
ion polarities, the sputter gun for depth profiling was operated with Ar+1500 ions, 10 keV,
scanned over a concentric field of 500×500 µm2, (target current 7.4 - 7.5 nA). The applied
sputter ion fluence was used as an arbitrary measure for depth. Note, however, that this
scale might not be linear due to different erosions speeds of the different deposited lay-
ers. Secondary ion intensities are plotted normalized to their maximum intensities each,
yielding more noise for weaker absolute intensities. It was ensured that signals showing SI
detector saturation were omitted.

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 and is more reliable when the two
samples have unequal variances and possibly unequal sample sizes.[59–61] 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.[59]
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

, (1)

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

the sample sizes.
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Figure S1: EQE spectra for different molarities of the organic cation solution for A
co-deposition (Co) and C sequential deposition (Seq) of the inorganic scaffold. Optical
bandgap extracted from the inflection point of the EQE spectra for B co-deposition (Co)
and D sequential deposition (Seq) of the inorganic scaffold.
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Figure S2: A Statistical distribution (in total 47 devices) of the open-circuit voltage
(VOC), fill factor (FF), short-circuit current density (JSC) and power conversion effi-
ciency (PCE), B current density versus voltage (J-V ) characteristics and C maximum
power point (MPP) tracking for different molarities of the organic cation solution for co-
deposition (Co) of the inorganic scaffold.
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Figure S3: A Statistical distribution (in total 42 devices) of the open-circuit voltage
(VOC), fill factor (FF), short-circuit current density (JSC) and power conversion efficiency
(PCE), B current density versus voltage (J-V ) characteristics and C maximum power
point (MPP) tracking for different molarities of the organic cation solution for sequential
deposition (Seq) of the inorganic scaffold.
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Table S1: Photovoltaic parameters of the champion opaque PSCs with co-deposition (Co)
and sequential deposition (Seq) of the inorganic scaffold with optimal molarity of the
organic cation solution.

samples scan direction VOC [V] JSC [mA cm−2] FF [%] PCE [%] HI [%]a

Co 0.65 M
backward 1.20 20.28 79.74 19.33

1.91
forward 1.18 20.15 79.50 18.96

Seq 0.75 M
backward 1.22 19.83 77.64 18.70

4.28
forward 1.21 19.60 75.63 17.90

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

Table S2: Welch’s t test results for the backward PCE, VOC, JSC and FF parameters of
the opaque PSCs with co-deposition (Co) and sequential deposition (Seq) of the inorganic
scaffold with optimal molarity of the organic cation solution. The calculation was per-
formed using a t test calulator.[62]

parameter samples P-value interpretation difference

PCE Co and Seq 0.0296 statistically significant

VOC Co and Seq 0.2036 not statistically significant

JSC Co and Seq 0.3078 not statistically significant

FF Co and Seq 0.0262 statistically significant

Seq Inorganic 
Co Inorganic
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Figure S5: Absorptance spectra for the inorganic scaffold as well as the perovskite films
with optimal molarity of the organic cation solution fabricated with co-deposition (Co)
and sequential deposition (Seq) of the inorganic scaffold.
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Inorganic (Co) Inorganic (Seq)

Perovskite (Co) Perovskite (Seq)

Figure S6: Optical photographies of the inorganic scaffolds and the corresponding per-
ovskite films for co-deposition (Co) and sequential deposition (Seq). For the perovskite
films, the optimal molarity of the organic cation solution is used.

Table S3: Surface profilometry of the inorganic scaffold and final perovskite layers with
co-deposition (Co) and sequential deposition (Seq) of the inorganic scaffold. For the
perovskite films, the optimal molarity of the organic cation solution is used.

deposition route layer thickness [nm]

Co inorganic 325± 4

Seq inorganic 409± 4

Co perovskite 524± 4

Seq perovskite 682± 5
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Figure S7: Surface profilometry of A the inorganic scaffold and B the perovskite
film with optimal molarity of the organic cation solution for co-deposition (Co) and
sequential deposition (Seq) of the inorganic scaffold. The expansion coefficients
(thicknessperovskite/thicknessinorganic) of Co and Seq are 1.62 and 1.67, respectively, indi-
cating a slightly increased organic cation uptake in case of sequentially deposited inorganic
scaffolds.
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Figure S8: Surface structure analysis via confocal scanning microscopy forA co-deposition
(Co) and B sequential deposition (Seq) of the inorganic scaffold. For better visibility, a
10-fold height magnification is chosen for all images. For the perovskite films, the optimal
molarity of the organic cation solution is used.
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Figure S9: Normed X-ray diffraction (XRD) pattern for A the inorganic scaffold and B
the perovskite film with optimal molarity of the organic cation solution for co-deposition
(Co) and sequential deposition (Seq) of the inorganic scaffold. ♦ denotes the PbI2 phase,
# the perovskite phase and ∗ the indium tin oxide (ITO) phase.
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Figure S10: Normed X-ray diffraction (XRD) pattern for perovskite films with different
molarities of the organic cation solution for A co-deposition (Co) and B sequential deposi-
tion (Seq) of the inorganic scaffold. ♦ denotes the PbI2 phase, # the perovskite phase and
∗ the indium tin oxide (ITO) phase. Full width at half maximum (FWHM) of the (100)
perovskite peak perovskite films with different molarities of the organic cation solution for
C co-deposition (Co) and D sequential deposition (Seq) of the inorganic scaffold.
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Figure S11: Peak intensity ratios as well as peak area ratios of the X-ray diffraction (XRD)
pattern for perovskite films with different molarities of the organic cation solution for A,
C co-deposition (Co) and B, D sequential deposition (Seq) of the inorganic scaffold.
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Figure S12: Normed time-of-flight secondary ion mass spectrometry (ToF-SIMS) measure-
ments (negative polarity) of the inorganic scaffold deposited by A co-deposition (Co) and
B sequential deposition (Seq), as well as of the final perovskite films with C co-deposition
(Co) and D sequential deposition (Seq) of the inorganic scaffold. For the perovskite films,
the optimal molarity of the organic cation solution is used. The following fragments are
displayed: NiOx: NiO−

2 ; PO3: Σ(PO−
3 ,PO

−
2 ); PbI2:

207PbI−3 ; Cl: Cl−; I: I−; Br: Br−;
CN: CN−.
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