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ABSTRACT
As the perovskite solar cell (PSC) industry moves toward large-scale manufacturing, 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 perovskite/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 codeposited inorganic scaffold. Microstructural analysis reveals a

change in preferred crystal orientation of the PbI2 platelets with codeposition resulting in horizontal growth, whereas sequential

deposition promotes vertical growth with a secondary tilted orientation. Elemental mapping of the final perovskite absorber

shows homogeneous distribution of Cs, formamidinium, and I, while Pb and Cl largely retain their initial scaffold positions.

PSCs fabricated via sequential deposition of the inorganic scaffold demonstrate improved process repeatability and reach an

efficiency of 20.3%, ranking among the highest reported efficiencies for wide-bandgap hybrid two-step processed PSCs. These

findings underscore the potential of fully sequential hybrid deposition as a viable route toward industrial PSC production.

1 | Introduction

Perovskite solar cells (PSCs) have demonstrated an unprece-
dented 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 (SJ) PSCs approach an efficiency
of 27% today, positioning them as strong future competitor to
established silicon (Si) photovoltaic technologies [1, 2]. In partic-
ular, inverted PSCs (p–i–n architecture) have attracted signifi-
cant interest due to their compatibility with p-type Si bottom
cells in monolithic tandem configuration. Perovskite/Si tandem

solar cells (TSCs) have already surpassed the theoretical effi-
ciency limit of SJ 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 textured surfaces remains challenging—a critical
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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 device performance [17, 18].
Alternatively, vapor deposition methods offer conformal coating
on textured substrates as well as the possibility for large-scale
deposition [19–23]. As highlighted by Abzieher et al., vapor depo-
sition represents a promising pathway toward commercializa-
tion, combining scalability, uniformity, and compatibility with
industrial requirements [19]. A major drawback is the notori-
ously difficult control of the volatile organic components, suffer-
ing from poor process repeatability [24–29]. Additionally, vapor
deposition of organic precursor materials can pose a critical bot-
tleneck for the achievable deposition rates, limiting fabrication
throughput [30, 31]. To address these challenges, hybrid two-step
deposition routes have emerged, combining conformal vapor
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 additives and the exclusive usage of green solvents [17, 32–36].
Several studies have extended the knowledge on perovskite film
formation using the hybrid two-step deposition route in both SJ
[35, 37–41] and tandem configuration, for which PCEs above 31%
have been demonstrated on micron-scale textured Si bottom cells
[42, 43]. A first study on a large area perovskite/Si TSC reached a
promising PCE of close to 28% using blade coating as a scalable
solution-based deposition method [44].

A key factor for industrial scalability is the choice of solution
deposition technique, with scalable methods such as blade coat-
ing, slot-die coating, spray coating, or inkjet printing being of par-
ticular interest. Several research groups have demonstrated
scalable solution deposition methods for SJ devices [45–49].
While scalable coating techniques are essential, a major chal-
lenge for the industrial adaptation of PSCs is the need for
high-throughput fabrication. In a previous work by Petry et al.
[30], we demonstrated that in case of vapor deposition, the
sequential deposition of all precursor materials is desired for
high-throughput solar cell fabrication. This approach allows each
source to operate at its maximum deposition rate, thereby offer-
ing the highest process effectiveness. In contrast, codeposition

requires precise control over the relative sublimation rates of
multiple materials, complicating process metrology and limiting
throughput [30]. So far, most studies using the hybrid two-step
deposition route rely on codeposition of the inorganic scaffold,
leaving sequential deposition largely unexplored. A thorough
comparison of both deposition routes is lacking, which may hin-
der direct transfer to industrial production.

In this work, we present a fully sequential vapor deposition route
of the inorganic scaffold for the hybrid two-step deposition route
for wide-bandgap SJ PSCs. We benchmark the sequential depo-
sition route against the conventional codeposition route, demon-
strating superior process repeatability and a PCE of 20.3% with a
bandgap of 1.70 eV for sequential deposition, ranking among the
highest reported PCEs for wide-bandgap hybrid two-step proc-
essed SJ PSCs [33–35, 38, 43, 45, 50–62]. Beyond device perfor-
mance, the sequential deposition route offers clear advantages in
simplifying process integration and enhancing scalability, making
it a more favorable option for the industrial fabrication of PSCs.
Detailed structural analysis reveals distinct differences in the mor-
phology and crystal orientation of the inorganic scaffolds. Further,
a strong influence of the elemental distribution depending on the
deposition route is indicated, highlighting a pronounced layer
structure in the sequentially deposited inorganic scaffold. In sum-
mary, our findings underscore the material-level impact of the
deposition route already at a fundamental level.

2 | Results and Discussion

The hybrid two-step deposition route encompasses the vapor depo-
sition of the inorganic precursors, followed by a solution-based
deposition of the organic precursors. The schematics for both code-
position (Figure 1A, labeled as Co) and sequential deposition
(Figure 1B, 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 improve crystalli-
zation and enhance the overall quality of the resulting perovskite
film [63]. In codeposition, both inorganic precursor materials are
sublimated simultaneously. For sequential deposition, CsCl is
deposited first, followed by a subsequent deposition of PbI2.

A B C

FIGURE 1 | Schematic of the two hybrid two-step deposition routes studied in this work: (A) codeposition (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.
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Conversion to the final perovskite absorber is realized by deposit-
ing the organic cation solution via spin coating, based on an estab-
lished recipe introduced by Li et al. [33] and Er-raji et al. [35],
followed by thermal annealing under ambient conditions
(Figure 1C).We adapt a NiOx/2PACz bilayer as p-selective contact,
which was found to improve hole extraction and perovskite crystal
quality, compared to the reference with only 2PACz [61]. The
resulting half-stack devices comprise the layer sequence glass/
ITO/NiOx/2PACz/perovskite. In this study, the perovskite
absorber has a nominal composition of Cs0.18FA0.82Pb(I0.76Br0.18
Cl0.06)3 with a target bandgap of 1.68–1.70 eV (Figure S1).
Further details on the fabrication method of the PSCs are
described in the Experimental Section.

2.1 | Photovoltaic Performance of PSCs

Despite the fundamentally different process sequences, PSCs fab-
ricated via both codeposition and sequential deposition of the
inorganic scaffold exhibit comparable device performance.

To enable a fair comparison of the two deposition routes, conver-
sion of the inorganic scaffold into the perovskite absorber is opti-
mized by varying the molarity of the organic cation solution.
Specifically, formamidinium iodide (FAI)/formamidinium bro-
mide (FABr) solutions in the range of 0.65–0.90 M are used with
10 mol% methylammonium chloride (MACl) as an additive.

To assess the repeatability of both deposition routes, six conse-
cutive batches are fabricated for both co- and sequential deposi-
tion. For each batch, Figure 2A displays the median PCE, with
symbol colors indicating the molarity that yielded the highest
PCE within that batch. Two key observations are obtained:
First, codeposition shows pronounced batch-to-batch variability,
whereas sequential deposition delivers more consistent perfor-
mance across multiple batches. Second, both deposition routes
can achieve comparable device performances. However, the

codeposition route exhibits a strong variation in the optimal
organic cation solution molarity, which can result in substan-
tially reduced PCE. Consistent with this observation, the optimal
organic cation molarity for codeposition is observed to shift
between 0.65 and 0.90 M across batches, whereas a narrower
optimum of 0.70–0.80M is retained for the sequential deposition
route. A complete overview of the PCE trends for each batch is
provided in Figure S2A,B. We note that the final quartz crystal
microbalance (QCM) film thicknesses are monitored for each
batch, and only minor variations in the measured CsCl QCM
thickness are observed for codeposition (30± 1 nm), ruling out
significant changes in the nominal inorganic scaffold composi-
tion (Table S1). The champion device obtained from the sequen-
tial deposition route is shown in Figure 2B, for which a maxi-
mum PCE of 20.3% is achieved with a VOC of 1.23 V, a JSC of
20.5 mA/cm2, and a FF of 80.7 % with a bandgap of 1.70 eV
(Figure S3B). This device performance ranks among the highest
reported PCEs for the hybrid two-step deposition route with a
remarkable high VOC approaching 90% of the detailed balance
limit (DB limit) for this bandgap (Figure 2C,D with all values
given in Table S2), positioning sequential deposition of the inor-
ganic scaffold as a promising deposition route for the fabrication
of highly efficient PSCs. Maximum power point (MPP) tracking
shows stable device performance for 4000 s (Figure S3C).

In an initial device stability analysis under ISOS-L1 test condi-
tions (100 mW cm−2, 25°C, MPP tracking), the optimal and
second-best molarities are examined for codeposition (Figure
S4) and sequential deposition (Figure S5). The results in
Figure S6 indicate a strong dependence of device stability on
organic cation molarity for both deposition routes. Fractional
deviations in perovskite stoichiometry are ascribed to influence
device stability, highlighting the need for further optimizations
and more detailed stability investigations in future studies [64].

Deposition rates of 1 Å s−1 for PbI2 and 0.1 Å s−1 for CsCl are
selected based on literature reports on codeposition of the

A

C D

B

FIGURE 2 | (A) Comparison of process repeatability of PSCs with median PCEs fabricated for co- (Co) and sequential (Seq) deposition of the inorganic

scaffold. For each individual batch, Co and Seq PSCs were fabricated in parallel. Symbol colors correspond to the molarity of the organic cation solution

resulting in the highest PCE. (B) Champion PSC fabricated with sequential deposited inorganic scaffold with an optimal organic cation molarity of 0.75M.

HI= hysteresis index. (C) PCE versus bandgap and (D) VOC versus bandgap for wide-bandgap (>1.60 eV) hybrid two-step processed PSCs.
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inorganic scaffold [33, 35]. These rates are increased using both
vertical scale-up (higher rate per source) and horizontal scale-
out (multiple sources) strategies [30]. No impact on device perfor-
mance is observed when the CsCl rate is increased from 0.1 to
0.8 Å s−1 (Figure S7) or the PbI2 rate from 1 to 3 Å s−1 (Figure S8).
Subsequently, two PbI2 sources are operated in parallel at 3+
3 Å s−1 to further increase throughput, again yielding comparable
device performance (Figure S9). Here, it should be noted that the
process window is more prone to shifts, as thickness control is less
precise when monitoring two sources simultaneously. Overall,
these results demonstrate the compatibility of the sequential inor-
ganic scaffold deposition route with high-throughput PSC
fabrication.

As shown in our previous work by Pesch et al. [50], the sequential
deposition route is compatible with scalable deposition techni-
ques, such as inkjet printing of the organic cation solution.
Using sequential deposition of CsBr and PbI2 for the inorganic
scaffold, SJ PSCs with an efficiency of 19.8% were fabricated.
The scalability of the approach was validated on a large-area sub-
strate (6.4 × 6.4 cm2), yielding a uniform thin film and high PCE
homogeneity across the entire substrate. Film homogeneity in
our system is primarily governed by source emission character-
istics and geometry rather than the deposition route itself [65].

These results highlight an improved process repeatability for the
sequential deposition route, both in terms of maximum achievable
PCE and a more consistent optimal process window.

All following analysis is conducted with Batch A, also using the
respective optimal organic cation solution molarities for the
perovskite conversion—0.65 M for codeposition and 0.75M for
sequential deposition—to allow for a fair comparison on a rep-
resentative cell performance. Detailed photovoltaic performances
for Batch A are shown in Figure S10 (Co PSCs) and Figure S11
(Seq PSCs), with the champion PSCs from that batch displayed in
Figure S12. Both codeposition and sequential deposition yield a
low hysteresis index (HI) below 5%. This minimal hysteresis is
considered favorable for p–i–n PSCs and indicates reliable device
operation. The external quantum efficiency (EQE) spectra and
respective optical bandgaps are provided in Figure S1 and the
absorptance spectra in Figure S13.

2.2 | Layer Morphology and Microstructure

The morphology and microstructure of the inorganic scaffold
exhibit pronounced and systematic differences depending on
the deposition route used. These differences are readily apparent
upon visual inspection: Codeposition of the inorganic scaffold
yields a smooth surface appearance, while sequential deposition
produces a distinctly rougher surface (Figure S14). This change in
morphology motivates a more detailed investigation using scan-
ning electron microscopy (SEM) and atomic force microscopy
(AFM), as shown in Figure 3.

A

B

C

D

FIGURE 3 | Scanning electron microscopy (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) sequen-

tial (Seq) deposition of the inorganic scaffold. For the perovskite films, the optimal molarity of the organic cation solution from Batch A is used.
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SEM analysis reveals pronounced morphological differences in
the inorganic scaffolds (Figure 3A,B), correlating the macro-
scopic surface appearance with microstructural characteristics.
The codeposited inorganic scaffold exhibits a dense, uniform
morphology with a smooth surface and a thickness of approxi-
mately 330 nm, consistent with QCM measurements and surface
profilometry (Figure S15). Individual PbI2 platelets are not
discernible in this case. In contrast, the sequentially deposited
inorganic scaffold displays a markedly irregular surface structure,
making precise 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 codeposited inorganic scaffold exhibits
an order of magnitude 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 [49]. To assess this, surface
structure analysis of a 50 picoliter droplet dispensed on the inor-
ganic scaffold is conducted via confocal scanning microscopy
(Figure S16). On the codeposited inorganic scaffold, residual
crystalline organic salts accumulate at the center of the dried
droplet, indicating limited droplet absorption. In contrast, the
sequentially deposited inorganic 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 sig-
nificant difference in thin-film morphology between both depo-
sition routes (Figure 3C,D). Top-view and cross-section SEM
images reveal a comparable microstructure, supported by
AFM analysis indicating similar RMS surface roughness values
of 29.6± 0.7 and 26.8± 0.3 nm for codeposition and sequential
deposition, respectively. Interestingly, surface profilometry
reveals a substantially higher perovskite layer thickness for the
sequential deposition route, increasing from 524± 4 nm for the
codeposition route to 682± 5 nm (Figure S15). The expansion
coefficients (thicknessperovskite/thicknessinorganic) for codeposition
and sequential deposition are 1.62 and 1.67, respectively, indicat-
ing a slightly increased uptake of organic cations in the case of
sequentially deposited inorganic scaffolds.

Initial tests of the compatibility of the sequential deposition route
with differently textured surfaces are conducted and compared to
the codeposition route. To investigate, if the substrate texturing
has an impact on layer morphology and microstructure, 550 nm
inorganic scaffolds are deposited on planar, nanotextured, and
microtextured Si substrates with optical photographies and
SEM images of the inorganic scaffolds presented in Figures
S17 and S18, respectively. A pronounced change in layer mor-
phology is observed in case of codeposited inorganic scaffolds
with a compact inorganic scaffold on planar and a columnar
growth on microtextured surfaces. An irregular intermediate
inorganic scaffold morphology is observed for nanotextured

surfaces. Conversely, in case of sequential deposition, the mor-
phology is independent of the surface texture. Our group has
demonstrated that using the sequential deposition route for
the inorganic scaffold combined with a scalable deposition tech-
nique (inkjet printing) of the organic cation solution enables effi-
ciencies of 27.4% for perovskite/Si TSCs on micron-textured Si
bottom cells, underscoring the suitability of this route for tandem
integration [50].

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 absorber layer
remains comparable. An initial test of the compatibility of the
sequential deposition route with textured surfaces demonstrates
texture independent layer morphology.

2.3 | Crystal Orientation

The crystal growth orientation of the inorganic scaffold and con-
sequently the growth behavior of the resulting perovskite
absorber are influenced by the deposition route. To further ana-
lyze 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 crystallin-
ity of thin films [66].

Considering the inorganic scaffold, a change in the preferred ori-
entation of the (001) PbI2 crystal plane is observed from selective
growth in the out-of-plane orientation for codeposition to pre-
ferred in-plane orientation for sequential deposition as shown
in Figure 4A,B. This change in orientation results in a horizontal
layer growth of PbI2 platelets for codeposition and a tendency
toward vertical layer growth for sequential deposition, aligning
with the observations from SEM analysis (Figure 3). The corre-
sponding distribution 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 4C. The
addition of CsCl in the codeposition route enforces an exclusive
horizontal alignment of the (a,b)-plane of PbI2 relative to the sub-
strate as illustrated in Figure 4D, which is defined as the horizon-
tal mode (I). A similar preferred orientation is found by Meng
et al. when depositing pure PbI2 via a spin-coating route [67].
In contrast, sequential deposition yields a preferred vertical
growth, with the (a,b)-plane of PbI2 vertical relative to the sub-
strate (vertical mode (II), Figure 4D), which appears to be the
intrinsic growth mode for pure PbI2 in vapor deposition pro-
cesses. We hypothesize that the PbI2 growth along the (a,b)-
plane is thermodynamically preferred, as impinging PbI2 mol-
ecules are bound through ionic forces, whereas the growth
along the c-axis is governed by weaker van der Waals forces
[68]. 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 (sec-
ondary mode (III), Figure 4D). This is consistent with findings
by Diercks et al., who compared the surface dependent growth
of pure PbI2 on different hole transport layer (HTL) systems
observing a similar secondary orientation at 40° for PTAA,
NiOx, and TaTm [69]. The exact growth mechanism resulting
in the surface dependent appearance of the secondary preferred
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growth direction remains elusive, requiring further investiga-
tion, which is beyond the scope of this study.

For the sequentially deposited inorganic scaffold, the GIWAXS
signal with scattering vector of q = 2.0 Å−1 aligns with the
expected signal of the (200) perovskite phase and is likewise
detected in the corresponding X-ray diffraction (XRD) measure-
ments at 27.6° (Figure S19). This suggests that interfacial reac-
tions between CsCl and PbI2 may initiate partial perovskite
formation. We hypothesize that the concentrations of CsCl
and PbI2 are insufficient in the codeposited inorganic scaffold
to initiate the formation of a perovskite phase.

The corresponding perovskite films are also analyzed by
GIWAXS measurements, revealing a subtle difference in the pre-
ferred crystal orientation of the (100) perovskite phase
(Figure 4E–G). Both perovskite films exhibit a discrete Bragg spot
around 70°, indicating that it is the intrinsic perovskite growth
mode. Interestingly, a secondary small-angle Bragg peak is
observed exclusively for the codeposition route (pole figure of
the (100) perovskite plane in Figure 4G). We hypothesize that
this is due to a templating effect from the horizontally aligned
PbI2 platelets of the inorganic scaffold, which likely undergo top-
otactic reaction—preserving the crystallographic orientation
from the precursor phase [70, 71].

Complementary XRD measurements of the inorganic layers con-
firm that the crystal orientation is strongly influenced by the
deposition route. Specifically, the (001) PbI2 diffraction peak is

more prominent in the codeposited inorganic layer, while the
(003) PbI2 peak is more pronounced in the sequentially deposited
inorganic layer (Figure S19). In the resulting perovskite films,
similar diffraction peaks with comparable peak intensities and
peak area ratios are observed for both deposition routes
(Figures S20 and S21). However, the (110) and (111) perovskite
peaks appear more pronounced relative to the (100) perovskite
peak in perovskite films derived from sequential deposition.
For both deposition routes, a small amount of unreacted PbI2
is observed, consistent with previous studies on two-step proc-
essed perovskite films [72, 73]. No diffraction peaks associated
with Cs-containing phases are detected, suggesting a complete
conversion of CsCl to the final perovskite phase and the absence
of secondary phases. Notably, the peak ratio of the (100) perov-
skite peak to the (001) PbI2 peak, as well as the full width at half
maximum of the (100) perovskite peak, correlates with the
molarity of the organic cation solution, highlighting the impor-
tance of optimizing the precursor ratio for best device perfor-
mance (Figures S20 and S21).

In summary, the deposition route has a profound influence on
the crystal growth orientation of the inorganic scaffold. These
orientation differences are partially preserved during conversion
to the perovskite phase, suggesting that the initial alignment of
the PbI2 platelets provides a templating effect during perovskite
formation. However, for both deposition routes, comparable
PCEs can be achieved, demonstrating that the slight differences
in crystal orientation do not severely affect device performance.

A

D

E F G

B C

FIGURE 4 | Grazing-incidence wide-angle X-ray scattering (GIWAXS) patterns of the inorganic 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). Distribution 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 from Batch A is used.
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2.4 | Elemental Distribution

The deposition route considerably influences the elemental dis-
tribution and inter diffusion behavior within the inorganic scaf-
fold 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 5A–D,
respectively.

Pronounced differences in elemental distribution are observed
when comparing the inorganic scaffolds prepared via codeposi-
tion (Figure 5A) and sequential deposition (Figure 5B). Ni
(Σ(58Ni+,60Ni+)) fragments from the underlying NiOx HTL are
detected in both deposition routes and serve as a positional ref-
erence. In the codeposited inorganic scaffold, CsI (CsI+) and CsCl
(Cs3Cl2

+) 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+,207PbI+,208PbI+)) found
predominantly at the top surface, consistent with the process
order. An additional signal of CsI at the CsCl/PbI2 interface indi-
cates a spontaneous inter diffusion process of iodide into the CsCl
layer. Similarly, PbI2-containing species accumulate both at the
top and bottom of the codeposited 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 5C,D), Cs ions appear uniformly distributed throughout
the layer for both deposition routes, implying a high ionic diffu-
sivity 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 codeposited
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 fragment of FA
(CH5N2

+) is homogeneously distributed throughout the perov-
skite layer, while MA-related fragments (Σ(CH4

+,NH4
+,CH2N

+,
CH3N

+)) accumulate primarily at the top surface. This highlights
that MACl not only acts as an additive but also incorporates into
the perovskite bulk, contrary to previous reports [74–76].

To gain more insights into the distribution and diffusion of the
halide components, additional measurements of the negatively
charged secondary ions are performed (Figure S22). Distinct dif-
ferences emerge in the iodide (I−) and chloride (Cl−) ion distri-
bution when comparing the inorganic scaffolds. For the
codeposited inorganic scaffold, I ions are homogeneously distrib-
uted throughout the perovskite film. In contrast, a higher inten-
sity 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 codeposited 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 elemental distribution and ion diffusion
behavior within both the inorganic scaffold and the resulting

A B

C D

FIGURE 5 | Normed time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements (positive polarity) of the inorganic scaffold depos-

ited by (A) co- (Co) and (B) sequential (Seq) deposition and of the final perovskite films prepared using (C) co- (Co) and (D) sequential (Seq) deposition of

the inorganic scaffold. For the perovskite films, the optimal molarity of the organic cation solution from Batch A is used. The following fragments are

displayed: NiOx, Σ(58Ni+,60Ni+); PbI2, Σ(206PbI+,207PbI+,208PbI+); CsCl, Cs3Cl2+; CsI, CsI+; FA, CH5N2
+; and MA, Σ(CH4

+,NH4
+,CH2N

+,CH3N
+).
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perovskite absorber. Cs ions exhibit high ion diffusivity, becom-
ing homogeneously 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 dif-
fusion tendency is identified for Cl and Br ions as compared
to I ions.

Previous studies have shown that local differences in elemental
composition can influence energetic band alignment and, conse-
quently, device performance [77, 78]. However, in the present
work, the observed differences in vertical elemental distribution
appear to have a minor impact on device performance. While this
suggests a limited role of compositional inhomogeneities for the
investigated hybrid two-step deposition routes, further targeted
investigations are warranted in future work to fully substantiate
this conclusion.

3 | Conclusion

This work introduces a fully sequential hybrid two-step deposi-
tion route—comprising the sequential deposition of CsCl and
PbI2 for the inorganic scaffold—as a viable alternative to the
conventional codeposition route, achieving a PCE of 20.3% for
wide-bandgap PSCs and improved process repeatability.
Comprehensive analysis reveals distinct differences in the mor-
phology, crystal orientation, and elemental distribution of the
inorganic scaffold and perovskite thin film depending on the
deposition route. Codeposition results in a horizontal layer
growth of PbI2 platelets (out-of-plane orientation of the (001)
plane), whereas sequential 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 sur-
face roughness, reflecting its higher porosity compared to the
codeposited counterpart. Elemental distribution analysis reveals
a pronounced layer structure for the sequentially deposited inor-
ganic scaffold, indicating a strong dependence on the deposition
route. Despite these differences in the inorganic scaffold, the
resulting perovskite thin films display comparable surface mor-
phology and only subtle variations in crystal orientation, suggest-
ing 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 inor-
ganic scaffold. Overall, this work highlights the influence of
the deposition route on the inorganic scaffold in hybrid two-step
perovskite fabrication, providing fundamental insights at the
material level. As the first study to thoroughly investigate
sequential deposition of the inorganic scaffold for PSCs, it lays
the groundwork for future research studies aimed at deepening
the understanding of the interplay between morphology, crystal
growth orientation, and elemental diffusion. Our findings posi-
tion the sequential deposition route of the inorganic scaffold as a
viable route toward industrial PSC production.

4 | Experimental Section

4.1 | 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:
Dyenamo, 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
absolute anhydrous, ≥99.8% (EtOH, CAS: 64-17-5), was ordered
from VWR Chemicals.

4.2 | Device Fabrication

4.2.1 | SJ PSCs

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

4.2.1.1 | Sample Preparation and Cleaning. The glass
substrates with 120-nm-thick indium tin oxide (ITO) coating
(sheet resistance 15Ω cm−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 5min of oxygen plasma
treatment before the deposition of the HTL.

4.2.1.2 | Hole Transport Layer. For the HTL, a 5-nm-thick
NiOx film was sputtered from a NiOx target (4 inch, 99.99% pure,
Kurt J. Lesker Company) using 100W power (7.95W 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 dispensing
75 μL 2PACz solution (0.5 mgmL−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 tem-
perature 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 dynamically 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 min.

4.2.1.3 | Perovskite Deposition. Vapor deposition of perov-
skite precursor materials was performed using a PEROvap sys-
tem (M.Braun Inertgas-Systeme GmbH Dresden) integrated
into a nitrogen glovebox. Individual QCMs were used to measure
the rate of each material. A cooling inner surface, surrounding all
sublimation sources, was set to −20°C. Prior to the heating pro-
cess, the system was evacuated, with a standard base pressure at
start of heating of <3 × 10−6 mbar. For each process, the sublima-
tion rates were kept constant in an automated process. The sub-
strate temperature (18°C) was kept constant for all experiments.
Source to substrate setup uses a 300mm vertical distance and
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165mm lateral distance between the sublimation source and the
substrate. Static deposition rates of 1.0 and 0.1 Å s−1 of PbI2 and
CsCl, respectively, were used for both sequential and codeposi-
tion of the inorganic scaffold. In the case of codeposition, 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± 1 nm for all depositions. For sequential deposition, first
30 nm of CsCl was deposited, followed by 300 nm of PbI2. For
all experiments, cylindrical crucibles with a volume of 10 cm3

are used with material filling of ≃5 g for PbI2 and CsCl.

4.2.1.4 | Organic Cation Solution Deposition. Organic
cation solution was deposited via a spin-coating process. A solu-
tion of FAI (35%) and FABr (65%) in anhydrous EtOH was pre-
pared with MACl added as an additive with a ratio of 10%mol
relative to the total amount of FA+ [33, 35]. One hundred micro-
liters of the organic cation solution was dispensed dynamically at
a rotation speed of 4000 rpm for Batch A and at 5500 rpm for
Batches B–F for 30 s. The rotation speed shifted as a result of
PeroVap maintenance. The substrates were then annealed at
150°C for 20min under ambient conditions at a relative humidity
of 30%–40%. The spin-coating process took place in a N2-filled
glovebox.

4.2.1.5 | Surface Passivation. A solution of PDAI2 and BAI
was prepared according to Pappenberger et al. by first dissolving
4mg of PDAI2 under heating in anhydrous EtOH to 50°C [73]. The
solution was then transferred to a second vial containing 4mg of
BAI. The solution was agitated using a vortex mixer to yield a stock
solution of 1mgmL−1 related to the content of PDAI2. The stock
solution was diluted to a concentration of 0.3 mgmL−1 with the
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 5min.

4.2.1.6 | Electron Transport Layer (ETL) and Top
Contact. As ETL, 20 nm of C60 and 5 nm of BCP were ther-
mally sublimed and deposited using an Angstrom evaporation
system at an sublimation rate of 0.1–0.2 Å s−1 at a pressure of
around 10−6 mbar. Subsequently, 100 nm Ag was thermally evap-
orated using a shadow mask to define the active area to 10.5 mm2

and complete the PSCs with 4 pixels per substrate.

For stability measurements under ISOS-L1 test conditions, semi-
transparent devices were fabricated. There, BCP was replaced
with 20 nm SnO2 deposited via atomic layer deposition (ALD).
The SnOx layer was deposited using a glovebox-integrated show-
erhead ALD system (R-200 Advanced, Picosun). The TDMASn
source was heated to 70°C, while the TDMASn carrier line
was maintained at 125°C during operation. SnOx films were
deposited over 200 ALD cycles. The chamber temperature was
set to 90°C. Subsequently, 90 nm indium zinc oxide (IZO) was
sputtered from a IZO target (4 inch, In2O3/ZnO 90/10 wt%,
99.99% pure, Kurt J. Lesker Company) using 190W power
(15.10W in−2 power density) and a mixture of argon and oxygen
(1.3%) at a process pressure of 1.1 mTorr as transparent conduc-
tive layer. As top electrode, 75 nm Au 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.

4.3 | Device Characterization

4.3.1 | 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
S23). The solar simulator irradiation intensity was calibrated
using a certified Si solar cell (Fraunhofer ISE, calibrated 2024)
equipped with a KG5 band pass filter (Schott). The device param-
eters of the light-soaked PSCs were used for the results. The sta-
bilized PCE of the PSCs was determined by measuring the
photocurrent at the MPP for 300 s by using a perturb and observ-
ing algorithm under continuous AM 1.5G illumination. The mea-
surement was performed in a N2-filled glovebox. No shadow
mask was used for the measurement.

4.3.2 | 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 aver-
age 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 (maxi-
mum of d(EQE)/d(E)) according to Krückemeier et al. [79].

4.3.3 | SEM

Field emission top-view SEM images were taken with a scanning
electron microscope (Zeiss LEO Gemini 1530) with an in-lens
detector and an aperture size of 20–30 μm. For cross-sectional
analysis, the cross-sections were covered with a 3-nm-thick plat-
inum layer deposited by sputtering to prevent charging. The
applied acceleration voltages for surface and cross-sectional anal-
ysis range between 5 and 10 kV.

4.3.4 | 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
RMS value was determined.

4.3.5 | UV–Vis Spectrophotometry (UV)

Transmittance and reflectance spectra of the perovskite thin
films were measured using a PerkinElmer Lambda 1050 spectro-
photometry setup equipped with a double-monochromator and a
modulated source. A chopper frequency of 46 Hz was applied.

4.3.6 | Confocal Scanning Microscopy

Confocal scanning microscopy measurements were performed
with a MarSurf3D system.

4.3.7 | Picoliter Droplet Deposition

Picoliter-sized droplets were dispensed using an optical contact
angle and drop contour analyzer (OCA 200, DataPhysics
Instruments GmbH) equipped with the picoliter dosing system
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(PDDS). Cartridges capable of jetting approximately 50 pL drop-
lets were utilized for this process. The organic cation solution in
ethanol with optimal molarity was used in each case.

4.3.8 | XRD

XRD 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 crys-
tallinity as in the actual device architecture.

4.3.9 | GIWAXS

The GIWAXS measurements were carried out on a Bruker D8
Advance equipped with a Cu X-ray source (40 kV, 40mA), 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 sec-
ondary 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 pro-
gram in MATLAB [80]. For reshaping the experimentally
acquired data into 2D diffractograms in reciprocal space, the
open-access software GIXSGUI was used [81].

4.3.10 | ToF-SIMS

ToF-SIMS was performed on a TOF.SIMS5 instrument (ION-
TOF GmbH, Münster, Germany) equipped with a Bi cluster pri-
mary 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/Δm 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+, and Cs+2 and 37Cl−, PO−

2 , CsI−2 , and
PbI−2 , respectively. For depth profiling, a dual-beam analysis
in interlaced mode was performed. For both secondary ion polar-
ities, the sputter gun for depth profiling was operated with
Ar+1500ions, 10 keV, scanned over a concentric field of
500 × 500μm2 (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 ero-
sion speeds of the different deposited layers. Secondary ion inten-
sities 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.

4.3.11 | Statistical Analysis

PSCs with a VOC below 0.8 V were excluded to filter out statisti-
cally irrelevant data. The HI was calculated using HI [%]= [(PCE
at backward scan− PCE at forward scan)/PCE at backward
scan] ⋅ 100.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: EQE spectra for different
molarities of the organic cation solution for (A) codeposition (Co) and
(C) sequential deposition (Seq) of the inorganic scaffold. Optical bandgap
extracted from the inflection point of the EQE spectra for (B) codeposition
(Co) and (D) sequential deposition (Seq) of the inorganic scaffold from
Batch A. Supporting Fig. S2: Comparison of process repeatability of
PSCs fabricated with co- (Co) and sequential (Seq) deposition of the inor-
ganic scaffold. For each individual batch, Co and Seq PSCs were fabri-
cated in parallel. Each batch comprises 12 pixels per organic cation
molarity—for Co and Seq, respectively. The rotation speed for the organic
cation solution was increased from 4000 rpm in Batch A to 5500 rpm for
Batches B–F to compensate for changed organic cation uptake after
PeroVap maintenance. Supporting Fig. S3: (A) EQE spectrum as well
as the corresponding integrated JSC, (B) optical bandgap extracted from
the inflection point of the EQE spectrum, and (C) maximum power point
(MPP) tracking for the champion PSC fabricated with sequential deposi-
tion of the inorganic scaffold. Supporting Fig. S4: Statistical distribution
(in total 91 devices) of the open-circuit voltage (VOC), fill factor (FF),
short-circuit current density ( JSC), and power conversion efficiency
(PCE) of semitransparent PSCs for stability measurements under
ISOS-L1 test conditions for different molarities of the organic cation solu-
tion for codeposition (Co) of the inorganic scaffold. Supporting Fig. S5:
Statistical distribution (in total 77 devices) of the open-circuit voltage
(VOC), fill factor (FF), short-circuit current density ( JSC), and power con-
version efficiency (PCE) of semitransparent PSCs for stability measure-
ments under ISOS-L1 test conditions for different molarities of the
organic cation solution for sequential deposition (Seq) of the inorganic
scaffold. Supporting Fig. S6: Normalized VOC, JSC, and PCE at the maxi-
mum power point (MPP) tracking of semitransparent PSCs with codepo-
sition (Co) and sequential deposition (Seq) of the inorganic scaffold with
optimal molarity (best parameter) and second-best parameter under
ISOS-L1 test conditions (100 mW cm−2, 25°C, MPP tracking) for 500
h. Supporting Fig. S7: Statistical distribution (in total 66 devices) of
the open-circuit voltage (VOC), fill factor (FF), short-circuit current den-
sity ( JSC), and power conversion efficiency (PCE) for increasing deposi-
tion rates of CsCl. The molarity of the organic cation solution is 0.77M
and 1 nm of LiF is used as surface passivation. Supporting Fig. S8:
Statistical distribution (in total 49 devices) of the open-circuit voltage
(VOC), fill factor (FF), short-circuit current density ( JSC), and power con-
version efficiency (PCE) for increasing deposition rates of PbI2. For this
experiment, CsCl was deposited at 0.8 Å s−1. The molarity of the organic
cation solution is 0.77 M and 1 nm of LiF is used as surface passivation.
Supporting Fig. S9: Statistical distribution (in total 70 devices) of the
open-circuit voltage (VOC), fill factor (FF), short-circuit current density
( JSC), and power conversion efficiency (PCE) for horizontal scale-out
of the PbI2 deposition rate using 3+ 3 Å s−1. ne nanometer of LiF is used
as surface passivation. Supporting Fig. S10: (A) Statistical distribution
(in total 47 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 codeposition (Co) of the inorganic scaffold
from Batch A. Supporting Fig. S11: (A) Statistical distribution (in total
41 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 solu-
tion for sequential deposition (Seq) of the inorganic scaffold from Batch
A. Supporting Fig. S12: Current density versus voltage ( J–V ) character-
istics of the champion opaque PSCs with (A) codeposition (Co) and (B)
sequential deposition (Seq) of the inorganic scaffold with optimal molar-
ity of the organic cation solution from Batch A. HI = hysteresis index.
Supporting Fig. S13: Absorptance spectra for the inorganic scaffold
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as well as the perovskite films with optimal molarity of the organic cation
solution fabricated with codeposition (Co) and sequential deposition
(Seq) of the inorganic scaffold from Batch A. Supporting Fig. S14:
Optical photographies of the inorganic scaffolds and the corresponding
perovskite films for codeposition (Co) and sequential deposition (Seq).
For the perovskite films, the optimal molarity of the organic cation solu-
tion from Batch A is used. Supporting Fig. S15: Surface profilometry of
the inorganic scaffold and corresponding perovskite film with optimal
molarity of the organic cation solution for (A) codeposition (Co) and
and (B) sequential deposition (Seq) routes from Batch A. The expansion
coefficients (thicknessperovskite/thicknessinorganic) of Co and Seq are 1.62
and 1.67, respectively, indicating a slightly increased organic cation
uptake in case of sequentially deposited inorganic scaffolds.
Supporting Fig. S16: Surface structure analysis via confocal scanning
microscopy for (A) codeposition (Co) and (B) sequential deposition
(Seq) of the inorganic scaffold. For better visibility, a 10-fold height mag-
nification is chosen for all images. For films with a deposited droplet, the
interaction between a single ≈50 pL droplet and the inorganic thin film is
examined. For the perovskite films, the optimal molarity of the organic
cation solution from Batch A is used. Supporting Fig. S17: Optical pho-
tographies of the inorganic scaffold deposited by co- and sequential depo-
sition on different textured surfaces ((A/D) planar, (B/E) nanotextured,
and (C/F) microtextured). The same HTL stack composed of 15 nm of
NiOx and 2PACz (1mg/mL) is used and 50 nm CsCl and 500 nm PbI2
are codeposited or sequentially deposited. Supporting Fig. S18: SEM
images (cross-section) of the inorganic scaffold deposited by co- and
sequential deposition on different textured surfaces ((A/D) planar, (B/
E) nanotextured, and (C/F) microtextured). The same HTL stack com-
posed of 15 nm of NiOx and 2PACz (1mg/mL) is used and 50 nm
CsCl and 500 nm PbI2 are codeposited or sequentially deposited.
Supporting Fig. S19: 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 codeposition (Co) and sequential depo-
sition (Seq) of the inorganic scaffold. ♦ denotes the PbI2 phase, # the
perovskite phase, and ∗ the indium tin oxide (ITO) phase.
Supporting Fig. S20: Normed X-ray diffraction (XRD) pattern for perov-
skite films with different molarities of the organic cation solution for (A)
codeposition (Co) and (B) sequential deposition (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) codeposition (Co) and (D) sequential
deposition (Seq) of the inorganic scaffold. Supporting Fig. S21: 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) codeposition (Co) and (B,D) sequential deposi-
tion (Seq) of the inorganic scaffold. Supporting Fig. S22: Normed time-
of-flight secondary ion mass spectrometry (ToF-SIMS) measurements
(negative polarity) of the inorganic scaffold deposited by (A) codeposition
(Co) and (B) sequential deposition (Seq), as well as of the final perovskite
films with (C) codeposition (Co) and (D) sequential deposition (Seq) of
the inorganic scaffold. For the perovskite films, the optimal molarity of
the organic cation solution from Batch A is used. The following fragments
are displayed: NiOx, NiO�

2 ; PO3, Σ(PO�
3 , PO

�
3 ); PbI2,

267Pbl−3 ; Cl, Cl−; I,
I−; Br, Br−; and CN, CN−. Supporting Fig. S23: Spectrum of the class
AAA xenon-lamp solar simulator (Newport Oriel Sol3A) used to measure
J–V and MPP curves. Supporting Table S1: Final quartz crystal micro-
balance (QCM) thicknesses of CsCl and PbI2 for co- (Co) and sequential
(Seq) deposition over multiple batches. Supporting Table S2: Literature
overview for wide-bandgap PSCs based on hybrid two-step deposition.
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