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Template-Assisted Growth of Cs, FA,_ Pbl; with Pulsed Laser
Deposition for Single Junction Perovskite Solar Cells

Suzana Kralj, Kerem Artuk, Alexander Wieczorek, Nikolai Orlov, Zeinab Eftekhari,
Rebecca Saive, Erik Garnett, Sebastian Siol, Christian M. Wolff,

and Monica Morales-Masis*

Cesium-formamidinium lead iodide (Cs,FA, ,Pbl;) perovskites are a promising
methylammonium-free alternative for efficient single-junction solar cells.
However, they have not been fully explored by vapor-phase deposition tech-
niques. Herein, a template-assisted approach is demonstrated for the growth
of Cs, FA, ,Pbl; perovskite films using pulsed laser deposition (PLD) from

a single-source target of mixed precursors. Implementing a lead iodide (Pbl,)
+ Cs, FA, ,Pbl; tailored template, phase-pure Cs,FA, ,Pbl; films with uniform
coverage on both planar and textured substrates are achieved. Compositional
analysis via X-ray fluorescence confirms near-stoichiometric transfer of

the inorganic cations (Cs/Pb), with identical Cs, ,FA, 3Pbl; composition and a
bandgap of 1.58 eV achieved in templated and non-templated films. However,
the presence of the template proves essential for attaining phase-pure films in
the photoactive cubic (a-) phase. Proof-of-concept solar cells fabricated with
templated-PLD a-Cs, FA, , Pbl; achieve an efficiency exceeding 12.9% on 0.1
cm? area devices without the employment of passivation approaches. Addition-
ally, increasing deposition rates does not alter the phase, morphology, or opto-
electronic properties of the templated films on textured substrates, indicating
the robustness of this methodology. The compositional control of PLD for Cs-
FA-based perovskites is showcased, and template-assisted growth is demon-
strated as a reliable pathway to high-quality reproducible perovskite films.

cell applications, with the initial fo-
cus on methylammonium lead iodide
(MAPDIL,)."! However, MAPDI,’s suscep-
tibility to moisture and thermal degrada-
tion spurred the exploration of alterna-
tive compositions with improved stabil-
ity. Among these, formamidinium lead
iodide (FAPbI;) emerged as a promis-
ing candidate due to its increased ther-
mal stability characteristics and an opti-
mal bandgap of 1.48 eV, which is near
to the theoretical maximum power con-
version efficiency for a single-junction
device.?%1 One of the material’s draw-
backs, are the observed structural insta-
bility and polymorphism, where solid-
solid phase transitions near room tem-
perature cause shifting the preferred pho-
toactive cubic (a-) phases to photoinac-
tive (6-) phases.”) To further enhance
phase stability and bandgap tuning, re-
searchers have alloyed formamidinium
(FA)-based compounds with the smaller
cesium (Cs*) cation, resulting in mixed

1. Introduction

Since their introduction, metal halide perovskites (MHPs) gar-
nered significant interest of the scientific community for solar

cation Cs-FA compounds.’"1% These
cesium-formamidinium-based absorbers
(Cs,FA,,Pbl;) exhibit shifted bandgap values, falling between
the 1.48 eV of FAPDbI, and 1.77 eV of cesium lead iodide
(CsPblL,]), depending on the cesium content (x).}] Furthermore,
they show a great potential for efficient and stable single-junction
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perovskite solar cells. Devices based on solution-processed
Cs,FA,Pbl, have recently achieved over 26% efficiency on a lab-
oratory scale, approaching the current record efficiency for single
junction devices.!'"12] Vapor-phase deposition methods for MHP
films are also interesting as solvent-free approaches. Yet, the sto-
ichiometric control of complex compositions such as deposited
Cs,FA, PbI, presents challenges for vapor-phase growth.[1314]
Vapor-phase deposition methods allow for conformal cover-
age, avoid the use of toxic solvents and several vapor deposition
methods have the potential for scalability.['*] The state-of-the-art
vapor-phase deposited Cs,FA,  Pbl; are summarized in Table S1
(Supporting Information). Most commonly, these processes em-
ploy multi-source deposition methods, which include either the
simultaneous deposition of multiple individual precursors (co-
evaporation),l>%] or are based on the sequential deposition ap-
proach where first inorganic layer is deposited followed by the
organic salt deposition.['#20-22] An alternative process includes
a single-source evaporation of MHPs. This has been reported
for Cs,FA,,Pbl, powders synthesized by solution process and
subsequently evaporated via thermal evaporation on flash source
evaporation.[?>?*] Single-source deposition methods have been
highlighted as an approach to simplify the deposition process.['*]
Achieving precise control over Cs and FA stoichiometry, while
stabilizing the photoactive cubic (a-) phase, remains a significant
challenge in optimizing Cs,FA, ,Pbl, absorbers.!'*?>2%] Solution
processing methods have addressed these issues by controlling
crystallization dynamics, using additives in the precursor solu-
tion, and employing passivation techniques, enabling improve-
ments in composition uniformity and stability.[1*'?] To sup-
press the §-phase formation, a common approach both in solu-
tion and vapor deposition is to incorporate excess of formami-
dinium iodide (FAI) in the source.[*1>1928-30] However, using a
large excess of organics has been shown to negatively impact de-
vice performance.l®3!l Vapor phase deposition methods intro-
duce an additional complexity due to the significant influence
of substrate surface properties on composition and bulk film
characteristics.[2>31-3] For instance, Olthof and Meerholz demon-
strated that, during vacuum deposition, the substrate can signif-
icantly impact film formation, even initiating interfacial chemi-
cal reactions that delay perovskite growth.[*?] Rog et al. showed
the dependence of the substrate temperature and hole-transport
layer on the morphology, composition, and performance of ab-
sorber layers and devices. Later, Abzieher et al. extended the re-
search on a variety of commonly used hole-selective layers and re-
ported that substrate characteristics influence not only the mor-
phology but also the integration of organohalides into the per-
ovskite framework. This effect, in turn, alters the crystallographic
orientation, morphological properties, and composition, poten-
tially leading to deviations from stoichiometry. They further cor-
related these changes with the polarity of the substrate surface.l**]
Even substrates of the same type can exhibit significant vari-
ability in film properties due to surface interactions, as demon-
strated in recent studies on a phosphonic acid carbazole-based
self-assembled monolayer (PACz SAM) transport layers and co-
evaporated perovskite interactions.[1>252¢] Feeney et al. noted that
SAMs can affect FA content within the film due to exposed
phosphonic acids (PA), which form hydrogen bonds and intro-
duce an energy barrier, inhibiting the conversion from a- to 6-
phase.[*®] Similarly, Castro-Mendez et al. observed PA diffusion
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during growth, attributing it to a mechanism that stabilizes the
a-phase.[]

The impact of substrate interactions on perovskite film prop-
erties in vapor-phase deposition methods has led to the devel-
opment of alternative growth strategies. To address composi-
tional imbalances, and phase stability, strategies such as using
excess organohalide precursors,!?] or adjusting precursors evap-
oration rates,[*] have shown promise. However, to effectively de-
couple nucleation and growth from substrate-dependent variabil-
ity, more robust approaches are needed. These include introduc-
ing inorganic seeding layers,!'834 or the use of templating ap-
proach to direct the growth.[163°] Latter strategies typically start
with the deposition of a thin inorganic precursor layer, followed
by a thin organic precursor layer, often coupled with an annealing
step prior to completing the full perovskite absorber layer. This
sequential method, pioneered by S. Yan et al.,['®l has proven as an
effective strategy in obtaining identical optoelectronic properties,
morphology, and structure of co-evaporated perovskite regardless
of the substrate choice.*]

Motivated by the recent developments in the field of Cs-
FA-based perovskites, in this work, we evaluate the poten-
tial of pulsed laser deposition (PLD) as a dry, single-source
method for the growth of Cs,FA, Pbl, perovskites. This fully
solvent-free approach is achievable when combined with synthe-
sis methods like mechanochemical preparation of the starting
material.l**38] The main benefit is that PLD allows the transfer
of multi-elemental materials in a near-stoichiometric and con-
trolled manner.*®! This is achieved through the unique thermal
and non-equilibrium processes that occur during the laser abla-
tion of the target.’*#%l Those processes provide distinct advan-
tages of PLD over other vapor deposition methods. Specifically,
they enable precise incorporation of the Cs and FA components
in the perovskite structure without damage to the organic com-
pounds, while also eliminating the dependency on the volatility of
the precursor materials.3#!l Additionally, the deposition occurs
from a plasma plume, which further ensures the controlled de-
livery of material pulse-by-pulse,[**) homogenous and conformal
coverage.[**3] Previous studies on MHP PLD absorbers have fo-
cused on either fully inorganic compositions, such as CsSnl;,[*]
Cs,AgBiBr,*] CsPbBr,[“*8] or absorbers containing only or-
ganic A-site cations, such as MAPDI,,[*2#1 and MA FA,  Pbl;, in-
cluding Cl~ and 2D-passivated MA FA,  Pbl; films.[*1435% Here
we take a step further to showcase the compositional control of
PLD for Cs-FA-based perovskites with in-depth material analysis
and the functionality with some proof-of concept solar cells. Fur-
thermore, to reduce substrate-to-substrate variability, to avoid the
dependence on substrate properties and formation of photoinac-
tive phases, we employ the approach of template-assisted growth,
as introduced in earlier works.[15:16:3]

2. Results and Discussion

The template-assisted growth process using PLD is illustrated in
Figure 1. In the initial step (a), a lead iodide (Pbl,) film of ~20
nm is deposited onto a glass/ITO/MeO-2PACz substrate using
a stoichiometric Pbl, target. This seeding layer acts as a tem-
plate base, reducing substrate-dependent variability during per-
ovskite growth and improving adhesion of organic molecules to
the substrate at later stages of growth. In the second step (b), a
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Figure 1. Schematics of the template-assisted growth of Cs, FA,,Pbl; by PLD at room temperature. Deposition of A) ~20 nm of a Pbl, layer, B) 20 nm
Cs,FA,Pbl; layer on top of Pbl, to form the template, and C) ~650 nm of the complete Cs,FA;,Pbl; perovskite (PVK) films, either on the prepared

template or directly on the substrate without a template.

~20 nm cesium formamidinium lead iodide (Cs,FA, ,Pbl;) layer
is deposited directly on top of the Pbl, seeding layer and sub-
sequently annealed at 135 °C for 2 min, forming a crystalliza-
tion template for the final growth stage. In the final step (c),
the bulk Cs,FA, Pbl, perovskite (PVK) layer is deposited either
onto the prepared Pbl, — Cs,FA, Pbl; template, or, for com-
parison, directly onto the glass/ITO/MeO-2PACz substrate with-
out template. Post-deposition annealing is performed at 150 °C
for 5 min, followed by 135 °C for 25 min to finalize crystal-
lization dynamics. Further details of the experimental method-
ology and growth parameters are provided in the Experimental
section.

In the PLD process, achieving the optimal composition and
desired phase in the resulting films relies significantly on the
quality of the target material.l*’) We prepare PLD targets in-house
using a mechanochemical approach as reported in our previous
studies and described in the experimental section.[*434930] The
precursors, cesium iodide (CsI), formamidinium iodide (FAI)
and lead iodide (Pbl,), are mixed in a 0.15 : 0.85 : 1 molar ratio.
Following earlier studies, we add an eightfold excess of FAI pre-
cursor (relative to Pbl,) to compensate for potential iodide and
organic components loss during the PLD process, thus ensuring
the desired composition in the final film.[*!l Figure 2A presents
the X-ray diffraction (XRD) pattern of the Cs,FA, Pbl; PLD

A T T T T T T B Ly T — -l —
PLD Target g8l 2 ¢« § g E § PI|;E| grown film PVKion tempﬂlate
Cslg 45 : FAIO_%8 : Pbl, T T D et o #rbh
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. T A ) x * 3-FAPbI,
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Figure 2. Structural and microstructural properties: A) XRD pattern of a single-source (Csl)g 15 : (FAl)gg5® : Pbl, PLD target, with a photograph of the
target shown in the inset; B) XRD patterns of the inorganic Pbl, layer, Pbl, — Cs FA,,Pbl; template layer, perovskite layer (PVK) grown on the template
and perovskite film without a template (dashed lines indicate peak positions and orientations of the a-FAPbl; phase); C) Cross-sectional SEM images
with false coloring to distinguish distinct layers, and inset AFM topography images for the same samples (scale bars included for reference); D) Inverse
pole figure (IPF) with overlaid confidence index (Cl) map (top panel) and IPF showing grain orientations of PVK on template films, as indicated by the
orientation legend (bottom panel).
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target. Unlike previous reports where single-source Cs,FA, ,Pbl,
deposition was achieved using phase-pure powders as a starting
material,[*?* our PLD target consists of a mixture of phases, in-
cluding unreacted and excess precursors (see Table S2, Support-
ing Information for reference patterns details). This composition
indicates that during mechanosynthesis, a portion of the precur-
sors reacted to form the photoactive cubic («)-phase, while some
converted into the photoinactive hexagonal (§)-phase, and some
of them remained unreacted or in excess. For comparison, the
Pbl, PLD target, prepared directly from PbI, precursor, repre-
sents a compositionally pure system that exhibits a crystalline
structure in the hexagonal phase of Pbl, (Figure S1, Supporting
Information).>!)

The first layer of the template consisting of ~20 nm of
Pbl, deposited on glass/ITO/MeO-2PACz, also crystalizes in
the hexagonal phase (Figure 2B). Upon depositing ~20 nm of
Cs,FA,Pbl; on top of Pbl, and annealing at 135 °C, a template
is formed showing the presence of both Pbl, and a-FAPDI, phase
(Figure 2B). Finally, a thicker layer of Cs,FA, ,Pbl, perovskite ab-
sorber is deposited on top of the template layer, achieving the de-
sired thickness for device integration (%650 nm). This film was
annealed at 150 °C for 5 min and at 135 °C for 25 min.['*] De-
spite the template layer showing the presence of Pbl, phase, the
resulting perovskite film grown on template shows no trace of
excess of Pbl,, indicating a complete reaction between Pbl, and
the rest of the target precursors (Figure 2B). The formation of
the cubic a-FAPDI; phase in the template layer and the subse-
quent Cs,FA, Pbl, film grown on the template, can be further
corroborated with the photoluminescence spectra presenting a
primary emission peak at 1.58 eV (Figure S2, Supporting Infor-
mation). The presence of a single phase for the templated growth
suggests that the template provides a foundation that further nu-
cleates the growth of the subsequent perovskite layer, promot-
ing crystallization in the cubic (a)-phase. Conversely, films grown
directly on a glass/ITO/MeO-2PACz substrate, without the tem-
plate layer, resulted in a formation of mixed a- and §-phases in
the Cs,FA,Pbl; films (Figure 2B). This mixed-phase composi-
tion indicates that the absence of a templating layer leads to non-
uniform crystallization, as the substrate alone does not provide
sufficient structural support or nucleation sites to stabilize the
photoactive a-phase. Formation of photoinactive §-phase, likely
due to uneven nucleation and growth dynamics that favor phase
segregation at the A-site cation level (Cs* and FA*) is primarily at-
tributed to the non-uniform sticking of the organohalide salt dur-
ing deposition. In contrast, in the case of templated growth, this
issue is mitigated, as the template provides a consistent layer that
facilitates uniform adhesion and integration of the perovskite
components, similar to the sequential processes.l*?] Additionally,
the absence of the §-phase in the thinner films and its formation
in the thicker films is consistent with recent findings in the liter-
ature. DFT calculations by Feeney et al. suggest that the a-phase
of FAPDI, is favored during the early stages of growth, while the
5-phase becomes thermodynamically preferred after reaching a
critical thickness.'®! This phenomenon, along with its implica-
tions on the interplay of kinetic and thermodynamic stabiliza-
tion, will be discussed in greater detail later in the manuscript.
Although the PLD target contains multiple perovskite phases and
precursors, the resulting films, whether templated or not, show
only the perovskite phases, confirming that the PLD process fa-
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cilitates the integration of the perovskite components, as well as
the successful reaction at the growth front of the film between
the two types of A-site cations (Cs* and FA*) and the Pbl,. Based
on the XRD peak position of the perovskite phase at ~14° 20, the
expected Cs content in the films is ~0.2,/1!] as it will be confirmed
with compositional analysis below.

To evaluate film coverage, quality, and surface morphology, we
characterized the samples using scanning electron microscopy
(SEM) and atomic force microscopy (AFM) (Figure 2C). Cross-
sectional SEM images and AFM topography scans confirm the
formation of dense, compact layers for both the Pbl, seed layer
and the Cs FA, PDI; template layer. This contrasts with earlier
reports, where a thermally evaporated inorganic halide layers of
similar thickness exhibited island-like growth for the same sub-
strate configuration.3*] Phase imaging AFM scans in Figure S3
(Supporting Information) further confirm the complete coverage
achieved by PLD. In addition to the seed and template layers,
the thicker Cs,FA, ,PbI; perovskite films grown for device inte-
gration exhibit smooth, continuous surfaces without large voids,
indicative of high-quality film growth. The root mean square
(RMS) roughness of the films increases with layer thickness:
3 nm for the Pbl, film, 4.6 nm for the Cs,FA, Pbl; template,
and 10.5 nm for the final Cs ,FA, Pbl, perovskite film grown
on template. Notably, the Cs FA, Pbl; grown without the tem-
plate shows slightly higher RMS roughness (13.8 nm) compared
to the templated-grown film, indicating the template’s role in im-
proving surface smoothness and film uniformity. Furthermore,
X-ray photoelectron spectroscopy (XPS) survey measurements
of all prepared thin-films revealed no signals from the under-
lying ITO substrate (Figure S4, Supporting Information). This
confirms a completely pinhole-free and dense coverage, as any
photoelectron pathway from the substrate would result in de-
tectable signals. Electron backscatter diffraction (EBSD) analy-
sis of the PVK films grown on the template revealed the for-
mation of polycrystalline films with no preferential orientation.
Notably, EBSD measurements were only successful for the tem-
plated films, as the non-templated films did not provide sufficient
signal to detect crystalline orientations. The confidence index (CI)
mapping (Figure 2D, top panel) indicates that brighter grains
correspond to higher-quality EBSD patterns within the dataset.
These grains were identified as belonging to the {111} or {101}
family of planes, as determined from the inverse pole figure
(IPF) and the orientation legend (Figure 2D, bottom panel, Figure
S5A, Supporting Information). However, the primary peak ori-
entations acquired from XRD measurements of templated films
(Figure 2B) correspond to the {100} family of planes. We hy-
pothesize that this mismatch arises from the instability of {100}
grains of Cs-FA based MHPs under the electron beam. By the
time the EBSD signal is acquired, the {100} grains may have al-
ready degraded (Figure S5, Supporting Information). This insta-
bility could also explain why EBSD patterns could not be recorded
for non-templated PVK films, which exhibit preferential orien-
tation along the (100) plane. These findings open the door to
further investigations to validate this hypothesis and explore its
implications.

To assess if the composition is the same for the templated and
non-templated growth, we conducted X-ray fluorescence (XRF)
measurements on both the PLD targets and the corresponding
deposited films. XRF analysis allowed for quantification of the
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Figure 3. Compositional and optical characterization: A) XRF compositional characterization of Pbl, and Cs,FA;,Pbl; PLD targets and thin-films: top
panel represents |/Pb atomic ratio, bottom panel Cs/Pb atomic ratio, points represent average values, while error bars include statistical and systematic
error (PVK stands for perovskite); B) Steady-state photoluminescence spectra of Cs,FA; ,Pbl; PVK films grown with and without template (transmittance,
reflectance and absorptance are presented in Figure S8, Supporting Information).

elemental ratios of elements with atomic number, Z > 11, en-
abling direct comparison between the nominal and achieved film
compositions.>3>*] Detailed composition values can be found
in Table S3 (Supporting Information). and are graphically pre-
sented in Figure 3A, with I/Pb and Cs/Pb atomic ratio presented
in top and bottom panel, respectively. The Pbl, target, prepared
from pure chemical, does not contain cesium, as reflected in
the Cs/Pb atomic ratio of 0 in Figure 3A (bottom left panel).
Nonetheless, traces of Cs were detected in the Pbl, seed films,
likely arising from the cross-contamination during sample ship-
ping or XRF measurement. The absence of significant Cs incor-
poration in the Pbl, seed layer can be further confirmed with the
XRD patterns (Figure S1, Supporting Information) and photo-
luminescence (PL) spectra (Figure S2, Supporting Information),
where no Cs-containing phases were observed. The I/Pb atomic
ratio for both the Pbl, target and the Pbl, films aligns closely
with the nominal value of 2, as shown in Figure 3A (top left
panel). On the other side, the PVK target, with a nominal com-
position of Csl; 5: (FAI45)%:(Pbl,) exhibits, as expected, a large
excess of iodine, with an I/Pb atomic ratio of ~12 due to the
eightfold excess of FAI used in target preparation. In contrast,
both templated and non-templated films, show a reduced I/Pb
ratio of ~3, aligning with the expected nominal stoichiometry of
the final perovskite phase (Figure 3A, top right panel). Similarly,
the Cs/Pb atomic ratio in the PVK target and deposited films is
~0.2, closely matching the nominal value of 0.15 within error
bars (Figure 3A, bottom right panel). The template layer com-
position lies between that of the Pbl, seed layer and the final
perovskite films, with an I/PD ratio of ~2 and a Cs/PD ratio of
~0.1. While no nominal reference value exists for the template,
its intermediate composition suggests partial conversion toward
the perovskite phase. This observation is supported by PL and
XRD measurements, which reveal the presence of a perovskite
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phase in the template layer (Figure 2B; Figure S2, Supporting
Information, respectively).

Notably, both templated and non-templated films display iden-
tical I/Pb and Cs/Pb atomic ratios, correlating with a shared
bandgap of 1.58 eV, as shown in Figure 3B. This suggests that
the template does not significantly influence the overall compo-
sition during PLD, as the transfer of elements from the target to
the substrate appears stable and consistent across both templated
and non-templated films. The results further demonstrate the
stoichiometric and controlled transfer of inorganic species from
the target to the films during PLD. Notably, the perovskite PLD
target remains compositionally unaltered even after multiple de-
position cycles, as evidenced in Figure S6 (Supporting Informa-
tion). This stability highlights a key advantage of the PLD process,
where the target composition remains robust over time, ensuring
reliable and reproducible film properties and reduced material
use. The surface photovoltage (SPV) data presented in Figure S7
(Supporting Information) show an evenly distributed photovolt-
age across the perovskite film grown on the template, further con-
firming the high quality and compositional homogeneity of the
fabricated templated Cs,FA, ,Pbl, perovskite film. Consequently,
while the template plays a role in crystallization control, it does
not impact the elemental composition, underscoring robustness
of PLD process in achieving controlled near-stoichiometric trans-
fer of the inorganic species. According to the XRF analysis, the
composition of our absorber approximates Csj,FA,Pbl,. As
confirmed by XRF, the composition of our perovskite absorber
is within FA-rich conditions (Cs content, x ~ 0.2), where both
a- and 5-phase formation are thermodynamically possible. This
explains the difference in crystallization observed for templated
and non-templated Cs,FA, Pbl; films.[''l The observed phase
behavior in templated versus non-templated Cs, FA, Pbl; films
reflects the interplay of kinetic and thermodynamic stabilization
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mechanisms in perovskite formation.l>>! Therefore, kinetic con-
siderations are equally critical for phase stabilization. Kinetic
trapping enables the stabilization of phases that may not be the
most thermodynamically favorable but arise due to slower nucle-
ation and growth kinetics.*®! For example, during the deposition
of Cs,FA, PbI, films on non-templated substrates, uneven nu-
cleation dynamics, and slower reaction rates can lead to the for-
mation of mixed phases or even a non-equilibrium §-phase.*"]
In contrast, the use of a template layer facilitates uniform nucle-
ation and accelerates the crystallization process. The crystalliza-
tion of templated films begins from the inorganic framework,
which plays a crucial role in enabling kinetic trapping of the cubic
a-phase.l'2055] This mechanism ensures optimized film compo-
sition and structure, even under deposition conditions that would
otherwise favor §-phase formation. These observations under-
score the critical importance of processing strategy in achieving
energetically favorable and stable phase conditions.[1%%7]

Additionally, we performed X-ray photoelectron spectroscopy
(XPS) analysis. However, based on complementary XRF mea-
surements of samples introduced and not introduced to the XPS
chamber, a degradation under the required ultra-high vacuum
(UHV) conditions was observed. UHV degradation is reported
to often occur for organo-halide metal perovskites even without
additional heating from the probe beam.[*®! As a result, the anal-
ysis was restricted to the qualitative discussion of the observed
elements presented in Figure S4 (Supporting Information).

As noted earlier, both templated and non-templated films have
identical bandgaps of ~1.58 eV, extracted from steady-state PL
spectra in Figure 3B. It is important to highlight that the tem-
plated films display a slight redshift in the PL peak compared to
the non-templated films. This small redshift may result from po-
tential compositional variations, as indicated by the error bars in
the XRF spectra, or from strain effects, which are known to alter
the bandgap of perovskite materials.[*>>] Figure S8 (Supporting
Information) presents the Urbach energy (E;) calculation from
the PL data.[®®) A decrease in Ej; from 16.6 to 14.7 meV for non-
templated and templated films, respectively, suggests improved
material quality, reflecting enhanced structural order and further
confirming observed structural differences (Figure 2B). Further-
more, templated PVK films exhibit enhanced optical absorptance
compared to the non-templated films, which can be attributed to
differences in film thickness (700 nm for PVK on template and
630 nm for PVK w/o template, Figure 2C) and improved struc-
tural characteristics induced by the template. For a comprehen-
sive analysis, the transmission, reflectance, and absorptance data
are provided in Figure S9 (Supporting Information).

Following a structural, compositional, and optical char-
acterization, we integrated the studied perovskite films
into a solar cell architecture consisting of an ITO/MeO-
2PACz/PVK/MgF, /C,,/BCP/Ag stack, where PVK designates
perovskite film without or with template layer. The photo-
voltaic parameters are summarized in Figure S10 (Supporting
Information). Although the absorbers demonstrated overall
good optoelectronic properties, devices fabricated from films
without template, were non-functional, likely due to the pres-
ence of the §-phase, which may have contributed to shunting
and prevented current extraction.'%¢!l Other potential causes
include an excess of organics (as suggested by Feeney et al.)l®?]
but in an amorphous state as they were not detected by XRD
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(Figure 2B). Thus, we focused on templated films, optimizing
devices, and scaling up their active area. Figure 4 summarizes
the performance of templated Cs,FA, ,PbI; solar cells fabricated
by PLD. A schematic representation of the device architecture,
detailing the stack layout and substrate dimensions is presented
in Figure 4A. The configuration includes ITO/MeO-2PACz/PVK
on template/MgF, /C,,/BCP/Ag for devices with an active area
of 0.01 cm? on a 2.0 cm X 1.5 ¢cm substrate, and ITO/MeO-
2PACz/PVK on template/Cg,/ALD-SnO, /Ag for 0.1 cm? devices
ona 2.5 cm X 2.5 cm substrate. The distribution of photovoltaic
(PV) parameters, including short-circuit current density (J),
open-circuit voltage (V. ), fill factor (FF), and power conversion
efficiency (PCE), is shown in panel Figure 4B. As expected, in-
creasing the device size led to a decrease in fill factor, likely due
to increased series resistance and current collection challenges
over larger areas. However, by replacing the thermally evaporated
MgF, /C,,/BCP/Ag (used for 0.01 cm?) with C,/ALD-SnO, /Ag
for the 0.1 cm? device, the average V,. improved by > 50 mV.
This improvement can be attributed to better energy band
alignment in the C,,/ALD-SnO, /Ag top-electrode stack. Repre-
sentative current density-voltage (J-V) curves of the champion
devices are shown in Figure 4C. The best-performing device
with an active area of 0.01 cm? achieved a PCE of 14.06%,
while the champion 0.1 cm? device demonstrated a comparable
performance of 12.91%. The PV parameters of the fabricated
devices summarized in Table S4 (Supporting Information), and
the representative external quantum efficiency (EQE) spectra
presented in Figure S11 (Supporting Information), confirm that
the short-circuit current density values are consistent with those
obtained from the J-V measurements. Additionally, the shelf-life
stability of the templated solar cells was monitored over time, as
shown in Figure S12 (Supporting Information). Notably, the PCE
remained stable for over 3000 h after fabrication, with the de-
vices stored under an N, atmosphere and measured in air under
ambient conditions. This demonstrates the excellent long-term
stability of the templated Cs ,FA, PbI; films under controlled
environment. Despite the overall good absorber properties and
low Urbach energy, the device performance remains moderate
compared to the state-of-the-art vapor deposited MHPs with
similar composition (as shown in Table S1, Supporting Infor-
mation). As noted in previous studies, low-E;; materials may
still contain energetically deep states due to localized defects at
interfaces and grain boundaries, which can lead to nonradiative
recombination and limit device performance.l®*%3] To explore
whether these factors were limiting our devices, we performed
light intensity-dependent V.. measurements and light-soaking
test (Figure S13, Supporting Information). Analysis of the
light intensity — V,. data, both before and after light soaking,
revealed an ideality factor of ~2, suggesting that recombination
is dominated by trap-assisted mechanisms within the bulk
material or at interfaces.[** Such recombination is indicative of
a significant density of defect states, a characteristic often seen
in vapor-deposited perovskites.!'*®] Based on these findings, we
attribute the moderate device performance primarily to defect
states within the absorber and at the interfaces. In addition,
short-term maximum power point (MPP) tracking (Figure S14,
Supporting Information) demonstrated that unencapsulated
cells remained operational but exhibited a gradual performance
decline over time. However, following prolonged light exposure
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Figure 4. Templated Cs,FA,,Pbl; PLD solar cells for A) Schematic representation and stack layout of devices with 0.01 and 0.1 cm? active area, B)

Distribution of photovoltaic parameters, and C) Current density-voltage (/-

and subsequent dark recovery, -V, XRD, and PL measurements
indicate a recovery of PV performance to levels comparable to
pre-stress conditions (Figure S15A, Supporting Information).
The main loss in performance arises from the FF, indicating the
presence of increased non-ideal charge transport or recombina-
tion at interfaces under prolonged illumination. In contrast, V,
remains rather constant, indicating that the bulk properties of
the material and the overall band alignment are not significantly
affected by light stress. This was further corroborated by the
stability of the PL peak position throughout the light-soaking test
which indicated that the bandgap and emission characteristics
of the solar cells remained unaffected. Additionally, no evi-
dence of degradation-related secondary phases, such as §-phase
Cs,FA,Pbl;, orthorhombic phase transitions, or increased Pbl,
peaks, was observed. These findings confirm the compositional
homogeneity and robust stability of the templated Cs,FA,  Pbl,
films under extended light exposure (Figure S15B, Supporting
Information). While our templated approach preserves the
material’s integrity, bulk, and interface improvements are nec-
essary to minimize defect density and enhance performance
relative to the detailed balance limit of an absorber with the same
bandgap (Figure S16, Supporting Information).[%¢¢7] Strategies
to mitigate such defects in vapor-processed MHPs are the use of
chlorine-based compounds as crystallization agents or bulk and
surface passivation strategies.|?23+°0656869] However, this is yet
to be explored for templated PLD absorbers.

As the next step and to confirm the conformality of PLD, we de-
posited Cs FA, PbI, on textured silicon wafers coated with ITO
(Si-wafer) (Figure 5). The XRD patterns highlight the differences
between templated and non-templated films, which are even
more pronounced compared to planar substrates (Figure 5A).
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V) curves of champion devices.

Films deposited without a template exhibit a prominent peak
at 11.7° 20, corresponding to the §-phase and peaks between
24° and 28° 20, which correspond to kinematically forbidden re-
flections of the cubic phase.[17%] In contrast, the templating ap-
proach results in an a-phase Cs,FA,  Pbl, with minor presence
of unreacted Pbl, (peak at 12.6° 20). The PL spectra (Figure 5B)
follow the trend and conclusions made for planar substrates, with
films exhibiting the same bandgap (1.58 eV). Furthermore, a con-
formal coverage of the highly textured Si-wafer substrate was evi-
denced for both templated and non-templated films (Figure 5C).

For MHPs to reach practical application potential, achiev-
ing high deposition rates, while maintaining the absorber qual-
ity are essential steps for scaling up the process and increas-
ing throughput.'*?27172] In PLD, the deposition rate can be
easily tuned by increasing the laser pulse repetition rate (i.e.,
frequency).?*#%73 Here, we varied the laser frequency from 4
Hz — 8 Hz — 16 Hz. The respective deposition rates achieved
were 4, 9, and 18 nm min~' according to the cross-sectional
SEM images of templated films grown with different frequen-
cies on the textured Si-wafers (Figure 5D). Thicknesses and de-
position time are summarized in Table S5 (Supporting Infor-
mation). Notably, increasing the deposition rates did not affect
the morphology, coverage, or overall quality of perovskite ab-
sorbers. Structural (Figure 5E) and optical (Figure 5F) analy-
ses further confirmed these findings, with the XRD pattern in-
dicating consistent absorber quality and orientation across all
tested deposition rates, with only a minor presence of Pbl, at
the highest deposition rate (18 nm min~!) which could be ben-
eficial for actual device configuration.”’ These results highlight
the efficacy of templated approach in achieving phase-pure, well-
oriented films, even on textured surfaces at high deposition rates.
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Figure 5. Structural, morphological, and optical characteristics of Cs,FA,, Pbl; films grown on textured silicon wafers (Si-wafer): A) XRD patterns, B) PL
spectra, and C) cross-sectional SEM images of perovskite films with and without template; D) cross-sectional SEM images, E) XRD pattern, and F) PL
spectra of templated perovskite grown at different laser frequencies, i.e. deposition rates.
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Additionally, bandgap values remain stable across rates, un-
derscoring the repeatability of this method. The insights
gained from PLD, particularly regarding stoichiometric transfer,
template-assisted growth, and controlled crystallization, can be
directly translated to other scalable vapor deposition techniques.
With this, we believe that PLD serves as a valuable platform for
advancing vapor deposition techniques of mixed cation MHPs.

3. Conclusion

In conclusion, our study demonstrates that template-assisted
PLD enables the controlled growth of high-quality Cs,,FA, 4Pbl,
perovskite films with uniform, dense coverage on both planar
and textured substrates. Compositional analysis confirms near-
stoichiometric transfer and stable Cs and FA ratios, with tem-
plated growth proving critical to obtaining phase-pure, photoac-
tive films. The template layer not only supports improved crys-
tallization but also enables preserving the high-quality film prop-
erties even at increased deposition rates. A proof-of-concept so-
lar cell achieved an efficiency above 14%, highlighting the effec-
tiveness of this approach in enhancing perovskite device perfor-
mance. With this method, we aim to contribute to ongoing efforts
to refine and optimize physical vapor deposition techniques.

4. Experimental Section

Target Preparation Process:  Csl (99.999%, abcr), FAl (>99.99%, Great-
cell Solar), and Pbl, (99.999%, Sigma-Aldrich) powders were weighed in
a nitrogen-filled glovebox and loaded into zirconia-coated vials (Retsch
GmbH) with zirconia beads. The precursor ratio for Csl : FAI : Pbl, was set
at0.15:0.85: 1, with FAl added in 8 times excess to account for its volatility
during the PLD process. The vials were sealed and mixed overnight using
an in-house built rotary ball miller. The powders were separated from the
beads and loaded into a 1-inch die for pressing. Pressing was conducted
in an Atlas Automatic Lab Press under applied pressure of 195 MPa for 30
min. A stoichiometric Pbl, target was prepared from high-purity Pbl, pow-
der, processed in a similar manner. The targets were then mounted on a
holder for the PLD chamber and used for multiple depositions.

Perovskite Film Growth with Pulsed Laser Deposition (PLD): PLD of
halide perovskites was films was carried out using a custom-made PLD
setup, developed by DEMCON Twente Solid State Technology. All depo-
sitions were performed at room temperature within a controlled, low-
pressure environment, with baseline pressures maintained in the 1077
mbar range. A 248 nm KrF excimer laser (Coherent COMPex) served as
the ablation source, with an output energy of 7.8 m) per pulse focused
onto a 2.41 mm? spot. To ensure uniform film coverage across the sub-
strate, the PLD setup employed a heater scanning option, enabling even
deposition over an area of 36 mm X 36 mm. The scanning was con-
ducted at a step size of 2 mm and a speed of 2 mm s~'. The deposi-
tion pressure was set to 261072 mbar (argon atmosphere), and film thick-
ness was controlled by adjusting the laser pulse frequency and the total
number of pulses. For the template layers, a 20 nm Pbl, and a ~20 nm
Cs,FAPbl; layer were each deposited with a pulse count of 730 and a
frequency of 2 Hz. Post-deposition, the films were transferred from the
deposition chamber to a glovebox and annealed at 135 °C for 2 min. Subse-
quently, the samples were reintroduced to the PLD chamber for the depo-
sition of a thicker Cs,FA,Pbl; layer. This layer was deposited with 18 000
pulses at a frequency of 8 Hz, resulting in a deposition time of 37.5 min
for a film thickness of 650 nm (all thicknesses determined from cross-
sectional SEM images). The film was then annealed at 150 °C for 5 min, fol-
lowed by 25 min at 135 °C.[162%:35] For depositions on textured silicon het-
erojunction cells, to account for geometrical differences, the pulse count
was increased to 1460 for the template layers and to 22 000 for the thick
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Cs,FA . Pbl; layer. To achieve different deposition rates, the frequency was
varied from 4, 8 to 16 Hz, while the rest of process parameters remained
the same.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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