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Single-Source Vapor-Deposition of MA;_,FA,Pbl; Perovskite

Absorbers for Solar Cells

Tatiana Soto-Montero,* Suzana Kralj, Wiria Soltanpoor, Junia S. Solomon,
Jennifer S. Gémez, Kassio P. S. Zanoni, Abhyuday Paliwal, Henk J. Bolink,
Christoph Baeumer, Arno P. M. Kentgens, and Monica Morales-Masis*

Vapor deposition of halide perovskites presents high potential for scalability
and industrial processing of perovskite solar cells. It prevents the use of toxic
solvents, allows thickness control, and yields conformal and uniform coating
over large areas. However, the distinct volatility of the perovskite organic and
inorganic components currently requires the use of multiple thermal sources
or two-step deposition to achieve the perovskite phase. In this work, single-
source, single-step MA,_,FA Pbl; thin film deposition with tunable stoichi-
ometry by pulsed laser deposition is demostrated. By controlling the laser
ablation of a solid target containing adjustable MAI:FAI:Pbl, ratios, the room
temperature formation of cubic a-phase MA,_FA,Pbl; thin films is demon-
strated. The target-to-film transfer of the ablated species, including the integ-
rity of the organic molecules and the desired MA*:FA? ratio, is confirmed by
x-ray photoelectron spectroscopy and solid-state NMR. Photoluminescence
analysis further confirms the shift of the bandgap with varying the MA*:FA*
ratio. Finally, proof-of-concept n-i-p solar cells with 14% efficiency are
demonstrated with as-deposited non-passivated pulsed laser deposition
(PLD)-MA,_,FA,Pbl;. This study opens the path for future developments in

1. Introduction

Thin-film emerging photovoltaic tech-
nologies such as perovskite solar cells are
one of the most attractive options for top
cell integration in monolithic perovskite/
silicon tandem solar cells.!! For this, fabri-
cation methods that fulfill next-generation
photovoltaic requirements, for instance,
conformal deposition on textured sur-
faces and thickness control, are of utmost
importance. Further, control over film
stoichiometry and structural polymorphs
of complex perovskite compositions by
employing reproducible and scalable pro-
cesses is highly desired. Some approaches
to comply with the previous requirements
utilize hybrid vapor-solution or co-evap-
oration methods for depositing the top
hybrid halide perovskite absorber.3l The
advantages of vapor-based over solution-
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based methods include most of the pre-
viously mentioned requirements and the
viability of heterostructures while avoiding
toxic solvents.! Co-evaporation has been
successfully applied to fabricate large-
area single-junction devices containing methylammonium lead
iodide (MAPDI;) as an absorber layer with power conversion
efficiencies (PCE) exceeding 18% in minimodules (21 cm? active
area).’l However, complex compositions as needed for wide-
bandgap!®! halide perovskites or to enhance the structural or
thermal stability of the materials require an increasing number
of thermal evaporation sources (> 2), resulting in challenges to
control film stoichiometry.'% Regarding structural stability, the
incorporation of MA* into FAPDI; has been demonstrated to
stabilize the cubic o-phase of MA;_FA,PbI; perovskites due to
the smaller ionic radius of the MA* cation (2.70 A) compared
to the FA* cation (2.79 A); i.e., reducing the octahedral strain
that causes the transition of FAPDbI; from the cubic o-phase
to a non-perovskite yellow &phase.2l The vast majority of
approaches to grow MA,_,FA Pbl; perovskites have been solu-
tion-based methods,3™ but vacuum-based methods have also
been reported. Co-evaporation of MA, FA Pbl; was demon-
strated,™® showing promising single junctions with PCEs up to
18.8% and later on incorporated on tandems reaching a PCE of
24.6%.! Yet, as mentioned above, thin film formation with this
double A-site cation composition requires three independent
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thermal evaporation sources, which could pose a challenge for
scalability and stoichiometry control.

Regarding pulsed laser deposition (PLD), single-source
vapor deposition of halide perovskite films has been reported
for CsSnl;,l'%) CsPbBr3,I”! double perovskite Cs,AgBiBr,'®l and
MAPDbI; films on flat substrates and textured silicon wafers.[%20
Previous studies on PLD-based perovskite absorbers reported
solar cell efficiencies of 10.9% for MAPDBI;12% (and later of 12.2%
by RIR-MAPLE?Y), 766% for MAPb(I,Cl,.)3,?? and 6.3% for
CsPbBr;."

In this work, we demonstrate PLD of halide perovskites
containing both, MA* (NH;-CH;3)* and FA* ((NH,),-CH)*
organic cations, resulting in the formation of MA, FA,PbI;
(x = 0.22-0.55) perovskite films with tunable stoichiometry
from a single dry source. The first steps toward scalability of
the method are furthermore demonstrated by investigating the
formation and composition of the films grown by scanning the
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www.afm-journal.de

substrate during PLD deposition. The proof-of-concept solar
cells showed an improved PCE of up to 14% without any pas-
sivation or contact optimization. The benefits of PLD as an
all-dry process!?>% and the possibility of wafer-scale deposi-
tions and conformal growth of thin films over textured surfaces
make PLD an appealing method for further device optimization
and future incorporation in, e.g., tandem solar cells.?*%’]

2. Results and Discussion

2.1. Stoichiometry Control of Thin Films by PLD

The PLD process is carried out in a vacuum system in which
the deposition pressure is controlled by introducing an inert
gas.”® Figure 1a illustrates the PLD process, where a pulsed
UV laser (248 nm) is used as a direct energy source that ablates
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Figure 1. a) Schematics of the PLD process in the stationary mode. b) Dependence of the MA;_,FAPbl; film phases on the deposition pressure and
laser fluence during stationary PLD. c¢) XRD patterns of films grown using different laser fluences at a constant pressure of 0.030 mbar from a 37% FA*
target, d) thin films grown at the optimized fluence of 0.31 ] cm™2 from targets containing different FA™ ratios (from 0 to 50%) and e) influence of the
deposition pressure on the formation of Pbl, rich phases as indicated by XRD (film grown from a FA* = 37% target).

Adv. Funct. Mater. 2024, 34, 2300588 2300588 (2 of 12)

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U801 SUOWILLOD 3A1TE.1D) 3|qedt[dde auy Aq peusenob afe saole YO ‘88N J0 S9INJ 10§ Akeid1 T 8UIIUO /8|1 UO (SUONIPUCD-PUR-SLLIBY WO A8 | 1M A1 1 pUI|UO//STIY) SUORIPUOD Pue SWB | 3y} 89S *[520z/c0/S2] Uo Ariqi]auliuo AB|IM eousie A 8 BeIsIBAIuN Aq 885005202 WIPR/Z00T OT/10p/Luoo A3 1M AR.q Ul UO"peoUeApe//:Sdny Wo) papeojumod ‘05 ‘120z ‘820E9T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a small volume of the target containing the material of interest,
which is transferred in a confined (forward-directed) plasma
plume (material flux) towards the substrate for evaporative film
growth. The inert gas promotes the thermalization of the spe-
cies ablated from the target at high-process pressure regimes
(> 10~ mbar).2% This deposition pressure also plays a crucial
role in the element distribution in the plasma plume and in
the final film morphology.’ For hybrid halide perovskites film
growth, the inert gas used is argon (Ar).

The choice of the laser energy density (or fluence) is related
to the PLD target composition. The laser energies are chosen to
reach an ablation threshold that results in ablation independent
of the vapor pressures of the target constituents.*”l The target
quality also impacts film growth, stoichiometry, and particulate
density. In general, the phase of the targets does not need to be
the same as that of the desired film but should be highly dense
to guarantee uniform ablation.?”l Here we employ an all-dry
mechanochemical synthesis approach to prepare hybrid halide
perovskite PLD targets as previously reported (Experimental
Section and Figures S1 and S2, Supporting Information).[1¢]
The latter enables us to change the target composition, e.g.,
cation ratio, based on the desired thin-film stoichiometry under
specific PLD deposition parameters.

From the lessons learned regarding the growth of the arche-
typical hybrid halide perovskite MAPbLI; by PLD,!! in this
study, we employed targets with an excess of 8:1 organics:
inorganics (MA; FA,)LI:PbI, (x = 0.12-0.50) to compensate for
the dissimilar atomic masses and volatilities of the target con-
stituents (metal halide and organohalides). Moreover, to keep
the integrity of the organic molecules, a low fluence regime
is preferred. To find the optimal growth conditions that allow
reproducible growth of MA,_FA, Pbl; thin films, we investigate
a fluence range going from 0.2 up to 0.6 ] cm™ and deposition
pressures from 0.01 up to 0.05 mbar.

2.1.1. Stationary PLD Mode

To study the transfer of elements from target to film, we first
performed PLD in stationary mode, i.e., with the target and sub-
strate facing each other constantly during the film formation.
Figure 1b presents the relation between fluence and deposition
pressure on the different film phases experimentally obtained
(see also Figure S2, Supporting Information for the individual
XRD patterns measured). The graph shows that there is a spe-
cific parameter window for growing MA,_FA,Pbl; perovskites
at RT where the photoactive cubic o-phase can be stabilized.
We found that films grown at pressures > 0.035 mbar tend to
be porous, with excess organics or amorphous (no diffraction
peaks detected), while films grown at pressures in the range of
0.025 and 0.035 mbar are dense, but the pure perovskite phase
formation depends on the fluence. Here 0.31 ] cm™ laser flu-
ence leads to pure MA, FA,PDbI; perovskite films, as will be
discussed in the following sessions. Films grown at even lower
pressures (< 0.02 mbar) or higher fluences (> 0.4 ] cm™) tend
to be Pbl,-rich or amorphous, depending on the laser energy.
In the case of hybrid halide perovskites, these low-pressure
regimes promote the scattering of lighter elements; thus, fewer
organic species landing on the substrate.

Adv. Funct. Mater. 2024, 34, 2300588 2300588 (3 of 12)

Figure 1c shows the XRD patterns of films grown employing
different laser fluences for a constant pressure of 0.03 mbar.
Films grown at 0.37 ] cm™2, present an excess of Pbl, and the
non-perovskite &-phase of FAPDI; as seen from the diffraction
peak at 26 = 12.6° and 11.7°, respectively. On the other hand,
films grown at 0.25 ] cm™ showed no presence of Pbl, but
6-FAPDI;. The indication of Pbl, excess observed for the films
grown with a fluence above 0.31 ] cm™ could be related to par-
tial decomposition of the organic components when increasing
fluence or to changes in the composition (e.g., elemental dis-
tribution) of the plasma plume. To draw a conclusion on this,
dedicated experiments of in situ plasma monitoring would
be required.?’! We found that when growing films using
0.31 ] cm™, no visible Pbl, or &FAPbI; peaks appear in the
XRD patterns, and only the diffraction peaks corresponding
to the cubic MA; FA,PbI; phase are observed. This suggests
near-stoichiometric transfer from target to film, as confirmed
by XPS and NMR (vide infra).

Knowing the deposition parameters (pressure and fluence)
that could lead to the near stoichiometric transfer, the next
step focused on demonstrating the control of the MA*: FA*
cation ratio in the films. Taking into account previous studies
of bulk perovskites,?*3! physical vapor methods,*™ and solu-
tion processes®2%3 that have shown the critical role of the MA*:
FA™ ratio on the stabilization of the cubic phase and optimum
optoelectronic properties, we dedicated our study on FA*
molar content between 25-50%. Consequently, we prepared
and tested three PLD targets with the compositional ratio of
(MA;FA))I: PbI, = 8:1 where x = 0.25, 0.37, 0.50, representing
the 25, 37, and 50% FA* molar content in the targets. Figure 1d
displays the XRD patterns of highly oriented (100) and (111)
MA_FAPDI; films grown on glass/ITO/SnO,/PCBM sub-
strates. For comparison, a film from a MAPDI; target (0% FA)
is presented to distinguish the shift of the main XRD peaks at
=14°, =24.5°, and =28° toward lower 20 correlated to the incorpo-
ration of the bigger FA* cation into the lattice. Consequently, lat-
tice parameter values of 6.307, 6.321, and 6.339 A were obtained
from films grown from the PLD targets with 25, 37, and 50%
FA* molar content, respectively (Table S1, Supporting Informa-
tion). We also tested PLD targets containing 75% and 100% FA*
(Figure S4, Supporting Information). Films containing > 75%
FA* molar content showed the coexistence of the MA,_,FA,PbI;
cubic o~phase and the non-perovskite é-phase of FAPbI;.

For the optimized composition of 37% FA* molar content
in the target, we demonstrate the possibility of having a slight
excess of Pbl, (26 = 12.6°) while avoiding the presence of the
S-phase (26 = 11.7°) through modest changes in the deposition
pressure as shown in Figure 1d. As previously reported, a slight
excess of Pbl, could be beneficial for the performance of solar
cells.B+36l

2.1.2. Scanning PLD Mode: Increasing the PLD Coating Area

Raster scanning of the substrate over the ablation plume
can produce uniform films over larger areas.’®¥] After
understanding the fluence-pressure relationships to grow
MA,_FA,PDbI; perovskites in stationary mode, we investigated
the coverage, structural, and stoichiometric changes of the film
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Figure 2. a) Schematics of the PLD process in the scanning mode, i.e., substrate scanning in the horizontal plane above the ablated plume to increase
the PLD coated area: b) XRD patterns of films grown from targets with two different MA*/FA* ratios (12.5% and 25% FA*) and, c) XRD patterns of films
grown with different scanning speed or step width, showing its impact on the growth orientation of the MA,_,FA,Pbl; films.

growth when the substrate is scanned in the x- and y-directions
following a raster pattern (Figure 2a,c). We tested a scan area
of 30 x 30 mm? to match typical lab-based solar cell substrates.

Films grown at 0.030 mbar showed small diffraction signals
at 20 = 10°, indicating the presence of a slight organic excess
contrary to the films grown employing the stationary mode
(Figure S5, Supporting Information). As the organic species
are lighter than the Pbl,, one may hypothesize that the edges
of the ablated plume are organic-rich.?’ During scanning, the
substrate has a higher exposure to these regions of the plume
as compared to the stationary case, therefore suggesting the
reason for the slight organic excess. This was confirmed with
an additional experiment where a pure PbI, thin film was left
exposed to the edges of the plasma plume, as will be described
in Section 2.3 and Figure S17 (Supporting Information). To
avoid this organic excess, the deposition pressure was further
reduced to 0.025 mbar.

Films grown at 0.025 mbar deposition pressure display the
formation of MA,_,FA,PbI; perovskite films with the textured
and stoichiometric cubic o~phase (see Figure 2b). Based on the
findings with the stationary PLD mode, lowering the pressure
led to slightly higher Pbl, incorporation, compensating for the
excess organic due to scanning. The cation ratio MA*: FA" is
also being modified by the scanning deposition, resulting in
more FA* molecules adhering onto the film, as confirmed by
X-ray photoelectron spectroscopy (XPS) (Section 2.2) and XRD
(Table S1, Supporting Information). From this, we conclude that
the cation ratio needed in the target for the scanning versus sta-
tionary mode should be optimized independently to control the
desired film stoichiometry.

Finally, Figure 2c reveals the role of the step width when
scanning the substrate. Step widths > 6 mm modified the

Adv. Funct. Mater. 2024, 34, 2300588 2300588 (4 of 12)

preferential (100) orientation of the thin films toward (111) ori-
entation. On the other hand, keeping the step width at 3 mm
and adjusting the speed does not seem to alter the structure
of the films. Note that the step width will also affect the thick-
ness uniformity along the substrate, therefore being an impor-
tant subject of study for upscaling to wafer-size areas. Here we
ensured that the 3 mm step width delivers uniform thickness
across the 30 x 30 mm? area.

In summary, when employing the stationary mode, near-
stoichiometric transfer of the target components can be
achieved; however, because of the directional nature of the PLD
plasma plume, only a small area of 10 x 10 mm? of homoge-
neous thickness and composition can be obtained. On the other
hand, the scanning mode allows increasing the deposition area,
here demonstrated on a 30 X 30 mm? area, due to the move-
ment of the substrates in the x- and y-direction following a
raster pattern in front of the plasma plume. This dynamic dep-
osition will be more sensitive to possible elemental distribution
in the plasma, e.g., higher organic content at the plasma edges,
resulting in films with richer organic content as compared to
films deposited in the stationary PLD mode. This is overcome
by independently tuning the targets’ composition specifically
for the static and scanning mode. While we demonstrated the
scanning mode on a 30 x 30 mm? areas, this approach can be
extended to wafer-scale as demonstrated previously for trans-
parent conducting oxides.[26:3]

From this study, we selected the best deposition parameters
to achieve pure phase MA; FA,PbI; thin films for the static
and scanning PLD modes, being a fluence of 0.31 ] cm™2 and a
pressure of 0.030 and 0.025 mbar, respectively. All films charac-
terized are =500 nm thick. These are the reference parameters
used for the rest of the analysis and solar cell fabrication.
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2.2. Thin-Film Compositional and Optoelectronic Analysis

XPS measurements were performed to study the surface chem-
ical environment of the PLD MA,_FA,Pbl; films.’%*4 Survey
spectra were measured for each sample (Figure S6, Supporting
Information), revealing the presence of lead (PD), iodine (I),
carbon (C), and nitrogen (N). The presence of oxygen (O,) is
due to the brief air exposure (< 1 min) of the films during the
transfer from the glovebox to the XPS. We focused on the main
chemical states corresponding to the MA;_FA,Pbl; perovskites,
i.e., Pb—I and N—C species from the MA* (NH;-CH3)" and FA*
((NH,),-CH)* cations. Figure 3a displays the high-resolution
spectrum of N 1s, Pb 4f, and I 3d species. Both the Pb and I
spectra were fitted in two contributions due to the spin-orbit
splitting centered at 138.2 £ 0.2; 143.1 £ 0.2 eV, and 618.9 £ 0.1;
630.4 £ 0.1 eV, respectively. These signals are attributed to
the lead bonding with iodine, Pb—I, ascribed to the presence
of [PbIg]* in the octahedron units of the perovskite frame.*!
No peak at =136.5 eV corresponding to metallic lead Pb° was
found, suggesting no degradation.[*043l

Moreover, the spectra exhibit symmetrical peaks of similar
width for all films, indicating a homogeneous surface com-
position (Table S3, Supporting Information). Similarly, the
N 1s spectrum was decomposed into two chemical species at
400.4 + 0.1 and 402.1+ 0.1 eV assigned to MA* (NH;-CH;)* and
FA* ((NH,),-CH)" cations, respectively.*"*4 The chemical
environment difference of the organic cations clearly iden-
tifies the individual binding energy components, while the
intensity variations are attributed to the different cation ratios
MA*: FA* within the studied films. To correlate the cation ratio
of the different thin films, we prepared and measured refer-
ence stoichiometric targets (1.5 mm thick) of MAPDI;, FAPDI;,
MAg75FAq,5Pbls, and MA(50FAg50Pbl; (Figure S6, Supporting
Information). We found that films deposited with the stationary
mode show a MA*: FA* ratio close to that of the PLD target,
which agrees with the 20 shift and the lattice parameter values
obtained by XRD. Films deposited employing the scanning
mode present a higher content of FA* compared to the molar
percentage of the PLD target. That is why modifying the PLD
target cation ratio is crucial to achieving stoichiometry control
of thin films during the scanning mode deposition. Also, the
C 1s signals display three distinguishable chemical species
that were decomposed into C-(C, H) at 284.85 eV attributed to
adventitious carbon and two carbon bonded to nitrogen signals
at 286.2 + 0.2 and 2879 £ 0.1 eV associated with the presence of
(NH;3-CH;)" (MA") and ((NH,),-CH)*, respectively (Figure S7,
Supporting Information).? The C 1s signals were analyzed
qualitatively but not considered for further analysis due to their
complexity, as suggested for the case of hybrid halide perov-
skites in literature.?*#l Other possible peaks corresponding to
dissociation or degradation of the organic molecules, such as
CHsl (285.3 eV) and CH;-NH,; (285.4 eV), were not identified
during the fitting; however, their absence is challenging to con-
firm due to the overlapping with other peaks at similar binding
energies.[*’]

Table S2 (Supporting Information) summarizes peak energy
values and other characteristics of the main core levels of the
studied MA;_FA,PbI; films. It has been shown previously that
the Pb, I, and N peak position of the halide perovskites vary
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from one deposition technique to another and for different
halide perovskite compositions, which could be one reason
for the small chemical shifts observed for the Pb 4f peak
family.*04] Further, changes in the quality of the contact layer
(SnO, np/PCBM) and reactions taking place at the contact/
perovskite interface could alter the final results.”) Besides, the
well-defined peaks of the N1s core levels give insights into the
integrity of the organic molecules in the film.

Even though XPS could be employed for quantitative anal-
ysis or correlation of cation ratios, it is a surface-sensitive tech-
nique focused on the first few nanometers of a thin film. For
bulk compositional analysis, solid-state NMR is a powerful
technique that provides insights about the local environment
of nuclei in a structure, for instance, proton 'H and carbon
13C, which are nuclei present in the organic molecules. These
local environments are represented in different signals in the
spectrum that can be employed to quantify the cation ratios
accurately.*-% Moreover, NMR techniques present an advan-
tage over XRD techniques due to the ability to distinguish
molecules in amorphous phases. The quantification of organic
cations employing liquid NMR has been reported.>>! How-
ever, the quantification of solid-state NMR spectra can be more
demanding either due to resolution issues or because of the
polarization transfer steps used. Therefore, in this study, we
implemented fast magic angle spinning (MAS) solid-state 'H
NMR, which leads to significantly improved spectral resolution
and allows for quantitation using straightforward single pulse
excitation. Although acquiring NMR spectra of bulk perovskite
is straightforward, a mass-limited sample is a drawback when
studying thin films because of the need to scrape several thin
films to get enough sample amount to fill in the rotor.’? As a
result, we carried out the 'H NMR analysis on thin films pre-
pared in the stationary mode from a representative target con-
taining 37% of FA™. Figure 3b displays the '"H NMR spectra of
MA,_FA,PDI; films with well-resolved peaks corresponding
to the CH3-NH; (MAcys, 349 ppm), CH;NH3 (MAys,
6.36 ppm), NH2-CH-NH2 (FAyy,, 750 ppm), and NH,-CH-
NH; (FAcy, 8.26 ppm) which are in agreement with the sig-
nals reported in the literature.3%3>3 However, extra peaks at
6.79 ppm, 785 ppm, 8.04 ppm, and 8.56 ppm were also identi-
fied, which could correspond to amorphous organic fractions,
within the film.’2%*>%] Unfortunately the low sample amount
prohibits ®C NMR analysis of the films which would be valu-
able to identify the origin.>®>’]

Consequently, 'H relaxation time experiments T; showed
no indication of phase segregation but shorter values than
expected when compared to bulk perovskites (in Table S4, Sup-
porting Information).’®! Yet, more experiments must be done
to clarify the extra signal observed and the difference in the T,
experiments. Peak integration was employed to quantify the
individual components. We find a cation ratio of 66: 34 MA™:
FA* nearly similar to the XPS cation ratio 63: 37 MA":FA*,
which confirms the near stoichiometric transfer of two distinct
organic cations (MA* and FAY) from a single source by PLD
with stationary mode.

Regarding the optical properties of the films and their corre-
lation with composition, Figure 4a shows the redshift in the PL
peak position with increasing the content of FA* on the films
grown with the PLD stationary mode. The PL peak position is
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Figure 3. a) N 1s, Pb 4f, and | 3d core levels spectra of MA;_,FAPbl; thin films grown from PLD targets with a FA* molar content between 12.5-50%
employing the stationary and scanning PLD modes.!l b) 'H one pulse spectrum of MA,_FAPbl; thin films from target 37% FA" in stationary mode
recorded at By =22.3 T with vz =40 kHz for the quantification of the cation ratio MA™: FA* on the thin-film bulk.

centered at 1.61 eV for 0% FA*' and moves up to 1.57 eV for
50% FAT, all in accordance with the literature.”” Figure 4b pre-
sents the comparison of the measured PL spectra for the films
containing 25% FA* (top) and 50% FA* (bottom), grown with
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the stationary and scanning PLD mode. The PL reference, con-
sisting of a powder sample (MA_,FA,PbI; with x = 25 and 50)
prepared via mechanosynthesis of the stoichiometric compo-
nents, shows good agreement between films and stoichiometric
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Figure 4. a) Photoluminescence spectra of MA,_,FAPbl; (x = 0-0.50) thin films grown by PLD with the stationary mode, showing a redshift with
increasing FA" content in the films. The absorbance plot for MA g3FAg 37Pbl; is shown with a solid green line. b) Photoluminescence spectra of films
grown with the stationary and scanning mode and comparison with reference stoichiometric powders containing 25% and 50% FA*. The ‘shoulders’
in the reference PL spectra could be related to photon reabsorption in the bulk of the pressed powder pellets.

references. Note that the ‘shoulders’ in the reference PL spectra
could be related to photon reabsorption due to internal reflec-
tions in the bulk of the pressed powder pellets.[®%

This confirms the stoichiometric control on the films by
both PLD modes discussed. The peak positions are at 1.60 eV
for 25% FA" and 1.57 eV for 50% FA"."’l There is a clear trend
for the optical bandgap values compared to the cation ratio esti-
mated from the N 1s core levels analysis (Figure S7, Supporting
Information) and the peak shift observed with FA* incorpora-
tion in the XRD data of Figures 1d and 2b.

2.3. Basic Growth Concept for MA,_FA,Pbl; Films by PLD

To compare the growth process with other PVD methods, e.g.
co-evaporation, we further studied the properties of the films
at different stages of growth. Figure 5a illustrates a simplified
interpretation of the different PLD MA,_ FA,PbI; growth steps
(see Figure 5c), primarily based on XRD patterns taken at dif-
ferent thickness stages of the films. Note that this does not con-
sider other possible contributions from potential decomposition
products of the organic molecules, surface diffusion, etc.0+-63]
From XRD patterns (Figure 5c), we note that the first 20 nm of
the growth indicates the formation of a PbI,-rich layer, as seen
by the prominent (002) peak of Pbl,. This is in agreement with
other PVD processes suggesting that the sticking of the organic
molecules starts to occur after the initial formation of a PbI,
seed layer.364661 At a thickness of =100 nm, the main perov-
skite diffraction peaks corresponding to the MA;_,FA,PbI; (100),
(111), and (200) orientations increase in intensity, and the PblI,
diffraction peak remains constant, indicating the coexistence of
the metal halide and the perovskite with probably more organo-
halides interdiffusion and reactions encouraging the perovskite
formation. The PbI, peak starts decreasing with thickness until
only the perovskite peaks are visible for the 500 nm thick films,
suggesting full conversion to perovskite. When employing the
stationary mode at these three growth stages, we notice a delay
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in the PbI, conversion, which could be related to fewer organic
molecules in the center of the plasma plume (Figure S16, Sup-
porting Information). Figure 5b displays AFM scans at the dif-
ferent thickness stages, showing the thin film evolution from
the contact layers to an MA_,FA,PbI; film containing a homo-
geneous distribution of small grains. Figure 5d,e displays the
morphology of narrow columnar grains that could be promoted
due to the limited coarsening of grains on a substrate kept at
RTI%! A strong link between the substrate surface energy to
achieve columnar grain growth has been reported for vapor-
based methods.[®

Finally, to test if an organic-rich atmosphere forms in the
chamber during PLD of the hybrid perovskites, as suggested for
co-evaporation, [ we prepared =100 nm PbI, thin films from a
pure Pbl, target and placed them next to the main process sub-
strate (Figure S17, Supporting Information). When the shutter
protected the Pbl, thin film, no perovskite transformation was
observed by XRD; however, when the shutter was left entirely
open, the XRD showed the perovskite peaks corresponding
to the transformation of the Pbl, thin film. This finding sug-
gests that there is an organicrich environment during the
growth of hybrid halide perovskite by PLD but still in a con-
fined region near the plasma plume. This is important when
performing deposition with the scanning mode, as discussed
in Section 2.1.2.

2.4. PLD perovskite absorbers incorporated in solar cells

Figure 6a,d shows the performance parameters of proof-of-con-
cept solar cells with the developed PLD-grown MA 5sFA 4sPbls
perovskite absorber. We performed RT depositions, and no
post-treatment, such as annealing or bulk or surface pas-
sivation, to test the intrinsic quality of the as-deposited PLD-
MA55FA4sPbl; films. The device stack was glass/ITO/
SnO,/PCBM/MA 5sFA( 4sPbl; (420 nm)/ Spiro MeOTAD/Au.
Figure 6a exhibits the current-voltage (J-V) characteristics of
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Figure 5. a) Schematic illustration of the PLD growth process of MA,_,FAPbl; films. A Pbl,-rich layer forms during the first nanometers of the growth,
implying a preferential sticking of the metal halides onto the substrates followed by the adhesion of the organic molecules involving possible interdif-
fusion and subsequent reactions to form the halide perovskite film. b) Atomic force microscopy images of the film at different thickness stages and
comparison with the contact layers stack (ITO/SnO,/PCBM) and final film topography (ITO/SnO,/PCBM/ MA;_,FA,Pbl;—500 nm). c) XRD patterns
of films at different growth stages (inset: photographs of the films). d,e): HR-SEM of a 500 nm MA,_FA,Pbl; perovskite film absorber grown on ITO/
SnO,/PCBM d) top view secondary electron image revealing a film with compact and grainy morphology with =100 nm average grain sizes, e) Cross
section of MA;_,FAPbl; thin film on contact layers demonstrating a homogeneous distribution of grains following a columnar growth.

the best-performing cell. The device generated a short circuit
current density (Ji) of almost 20 mA cm™2 but showed a lim-
ited open circuit voltage (V,) and fill factor (FF) of =1.00 V and
=~70%, respectively, thus giving a maximum PCE of =14%. There
are several reasons for the lower device performance when
compared to state-of-the-art perovskite cells. First, optimization
of the halide perovskite layer thickness is required to improve
the optics of the device, and therefore, J.”% Bulk and sur-
face passivation of the perovskite is known as critical steps for
improving V,. and FF losses, e.g., additives such as PbCl,,[1%
MACIP®71 in bulk or incorporating 2D passivation’>7! are all
important next steps for further device optimization. Another
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critical step is the optimization of contact layers (both ETL
and HTL) to ensure efficient carrier extraction and, with it,
improved FF and J. Finally, the observed hysteresis of the
devices, mainly affecting the FF as observed in Figure 6d, which
could be attributed to 1. non-optimized contacts, for instance,
unbalanced charge transport/extraction at the ETL and HTL,
particularly when employing doped-Spiro MeOTADM®! or, 2.
the double organic cation composition as suggested by Silver—
Hamill and co-authors.” which could be drastically reduced by
incorporating other cations, such as Cs* and Rb*."®!
All-vacuum deposited n-i-p devices incorporating the opti-
mized PLD-MA, 5sFA( 4sPbl; absorber and evaporated contacts
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Figure 6. a) J-V characteristics of proof-of-concept solar cells with MAg ssFA 45Pbl; absorber layer (420 nm thick) deposited by the scanning PLD mode.

b) Cross section Bright Field (BF) imaging of ITO/SnO, /PCBM/PLD-MA,
grains. ¢) STEM EDX map indicating a homogeneous element distribution
extracted from the reverse (V,.—/s) and forward (Joc— Vo) J-V scans.

(Figure S21, Supporting Information) were also tested. While
the hysteresis was reduced, lower power conversion efficiencies
(9.9% best pixel) were obtained, possibly also related to non-
optimized perovskite thickness and because the substrates were
not freshly coated.

To corroborate the solar cell stack and the microstructure of
the perovskite, we performed cross-section STEM EDX maps
(see Figure 6b,c) displaying defined interfaces and a homoge-
neous distribution of elements. Mainly the absorber layer shows
a homogeneous composition through the film with columnar
grain width of =100 nm. Some of the features in the TEM
image of the perovskite are related to the FIB sample prepa-
ration. We moreover point out that the PLD-MA 5sFA( 45Pbls
films are sufficiently stable to carry out characterization in air
(e.g., PL, XRD, and AFM), and the integrated devices (also
measured in air and without encapsulation) could be measured
after two months of fabrication as shown in Figure S22 (Sup-
porting Information).

Finally, while the efficiencies of these proof-of-concept
devices are below state-of-the-art n-i-p cells, the potential of
the PLD-MA,ssFA,4sPbl; absorber, deposited at room tem-
perature, without any passivation, and from a single source
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ssFAg.45Pbl3/ Spiro-MeOTAD/Au showing defined interfaces and columnar
through the device stack. d) Device properties of the solar cell parameters

is demonstrated. Various optimization pathways, as indicated
above, are important next steps to enhance device efficiencies.

3. Conclusion

We reported the successful growth of MA|_,FA Pbl; films with
the photoactive cubic o-phase by PLD at room temperature.
This demonstrates that PLD allows the direct transfer of two
distinct organic cations, i.e., MA* and FA™, and the inorganic
components from a single solid source. Stoichiometry control
was furthermore demonstrated with stationary and scanning
PLD mode, representing an important step for the future
scalability of the method for large-area depositions. We fur-
thermore discussed the critical role of the target composition
and PLD parameters to achieve the desired thin film stoichi-
ometry. Additionally, the stoichiometry and integrity of the
organic molecules in the films were confirmed by XPS and
solid-state NMR. The presence of extra signals in the solid-
state NMR spectra suggests the need for further optimization
of the film quality. Finally, proof-of-concept solar cells with
room-temperature deposited MA, FA,Pbl; films with no
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further passivation nor post-treatment delivered promising
conversion efficiencies of 14% for the best cell. Future appli-
cations of PLD include wide-bandgap perovskites for mono-
lithic tandem devices, with PLD presenting the advantage of
stoichiometry control from a single source, together with the
intrinsic conformal coating and thickness control of vapor
deposition methods.

4. Experimental Section

PLD Targets: Methylammonium iodide (MAI, > 99.99% greatcell
solar), formamidinium iodide (FAI, > 99.99% greatcell solar), and lead
iodide (Pbl,, 99.999% Sigma-Aldrich) powders were weighted (analytical
balance, £ 0.01 mg) inside an N, filled glovebox. Non-stoichiometric
ratios of the inorganic to the organic components (Pbl,: MAI/FAI = 1:8)
were used as determined in previous optimization work.¥l The ratio
of organic components MAI:FAI was varied from 100:0 to 0:100 for the
different cation ratios. The powders were transferred to zirconia vials
and mixed using a homemade rotatory ball milling for 48 h with zirconia
balls. Subsequently, the mixed powders were uniaxially pressed at room
temperature employing 470 MPa into a 2.5 mm thick disc of 20 mm in
diameter. The PLD targets were pre-ablated before each deposition and
polished in between depositions.

Pulsed Laser Deposition (PLD): Pulsed Laser Deposition (PLD) was
performed using a Coherent KrF excimer laser (4 = 248 nm) to ablate
the solid target inside a customized (TSST Demcon) vacuum chamber
in an Ar atmosphere (working pressures: 0.01-0.05 mbar). Multiple
depositions from a single target were performed on a “fresh” ground
area of the target. A target-to-substrate distance of 55 mm was kept
constant for all the depositions. All depositions were performed at RT
(=25 °C). The laser fluence varied between 0.20-0.60 | cm~2 during the
optimization process and was kept at 0.31 m) cm=2 for the optimized
conditions. For all samples (unless otherwise stated), a frequency of
4 Hz, 12000 pulses (corresponding to 500 nm-thick films), and a spot
size of 2.33 mm? were used.

X-Ray Diffraction (XRD): Measurements were done in a symmetric
configuration using a PANalytical X'Pert PRO with a Cu anode X-ray
source both on films and PLD targets.

Optical Properties: A Perkin Elmer Lambda 950 S UV-vis—NIR
spectrophotometer with InGaAs integrating sphere was used to measure
transmittance and reflectance, to extract the absorbance of the films.

Photoluminescence (PL): Measurements were done in a home-built
setup consisting of a 520 nm laser Diode Module, 100 mW (Matchbox
series), and a StellarNetBLUE-Wave Spectrometer coupled with a fiber
optic.

X-ray  Photoelectron  Spectroscopy  (XPS): Measurements were
performed using an Omicron XM 1000 Al K& monochromated X-ray
source (1486.6 eV, FWHM = 0.26 eV) and an Omicron EA 125 energy
analyzer with a pass energy of 50 eV, at a photoemission angle 6 of 55°
and 5°. An electron neutralizer beam is used to minimize binding energy
shifts. During measurements, the pressure was < 3 x 107'° mbar. The
samples were fixed with a copper double-sided conductive adhesive tape
and analyzed as loaded. The spectra’ peak positions and width were
fitted using a Gaussian—Lorentzian function (GL). A Shirley background
was employed using the CasaXPS Software. During the fitting,
constraints of the peak position and peak area were employed based on
the reported data. Adventitious carbon was set at 484.85 for all samples.

MAS-ss-NMR: Magic angle spinning solid-state NMR experiments
were carried out on a Bruker AVANCE IIIHD spectrometer, By = 22.3 T
(Vo = 950.13 MHz for 'H) using a 1.3 mm HXY MAS probe employing
spinning speeds between 20 and 40 kHz. 'H chemical shifts were
referenced using a solid sample of adamantane (1H diso = 1.85 ppm).
Six thin films were scraped from the substrate (=50 mg of the sample),
packed into rotors in air, and processed immediately. '"H DEPTH was
employed to suppress the signals coming from the polymers present in
the cap of the rotors.

Adv. Funct. Mater. 2024, 34, 2300588 2300588 (10 of 12)

Atomic Force Microscopy (AFM): Images were taken using a Bruker
Icon Dimension in Tapping mode in air.

TEM Lamella: The lamella was cut at 30 kV and subsequently thinned
at 5, 2, and 1 kV employing a Thermo Fisher Helios 5 Dual Beam FIB

STEM Imaging: STEM Imaging was taken employing The Spectro
300 S/TEM (Thermo Fisher Scientific) using a high-angle angular dark-
field detector combined with EDX spectroscopy at an acceleration
voltage of 300 kV.

Secondary Electron SEM Images: Secondary Electron SEM Images
were acquired with acceleration voltages ranging from 0.75 to 1.5 kV
using a Zeiss MERLIN HR-SEM.

Device Preparation: ITO glass substrates (20 x 15 mm, Ossila)
were cleaned in ultrasonic baths of 2 v/v % solution of Hellmanex III,
deionized water, acetone, and 2-propanol for 10 min each, followed
by a 20 min Oxygen plasma treatment. As an electron transport layer,
20 nm SnO, nanoparticles were coated using a dynamically double-step
spin coating at 3500 rpm for 60 s and annealed at 150 °C for 10 and
30 min, respectively. Afterward, oxygen plasma treatment was performed
for 10 min. Subsequently, a solution of (6,6)-Phenyl C61 butyric acid
methyl ester (PCBM, 160848-22-6 Lumtec; 3 mg mL™") was prepared
in anhydrous chlorobenzene (108-90-7, Sigma Aldrich) and spin-coated
onto the SnO, in one step at 5000 rpm for 60 s. The freshly coated
contacts were transferred to the PLD chamber directly from the glovebox
(without exposure to air) for the perovskite absorber deposition. A
background pressure of < 7 x 10”7 mbar was utilized in the PLD for
all batches of samples. A customized PLD target was pre-ablated for
460 pulses at 4 Hz using a working pressure between 0.025-0.033 mbar
and a laser fluence of 0.31 m) cm~2 using a 248 nm UV laser. To deposit
450 nm thick film, 12000 and 13500 pulses were employed for the
stationary and scanning mode (30 X 30 mm?), respectively. All
depositions were performed at RT (25 °C). Next, the samples were
transferred through the load lock into the glove box. As a hole transport
layer, 200 nm doped Spiro-MeOTAD (50 mg, 207739-72-8, Sigma
Aldrich) in 498 uL of anhydrous chlorobenzene (108-90-7, Sigma Aldrich)
was coated onto the as-deposited PLD-grown absorbers at 3000 rpm
for 30 s. Spiro-MeOTAD additives are LiTFSI (10 uL, 90076-65-6, Sigma
Aldrich) from a stock solution of 520 mg mL™" in extra dry acetonitrile
(75-05-8, Sigma Aldrich) and 3-tert-Bytylpyridine (18 uL, TBP, 397881-2,
Sigma Aldrich). Finally, 90 nm of Au was sputtered using RF sputtering
in 2 steps (step one: control voltage =200 V, Ar flow: 99 mL min~', 0.08
mbar, t = 12.5 min; step two: control forward power 50 W, Ar flow:
20 mL min~!, 0.02 mbar, t =15 min).

Device Characterization: The |-V characteristics of the devices were
recorded using an Ossila Source-Measure Unit and LED solar simulator
SINUS-70 (Wavelabs) under a controlled ambient atmosphere (30-35%
humidity). J-V curves were measured under simulated AM 1.5G
illumination in both forward (Jc—V,.) and reverse (V,—Js.) directions
with a scan rate of 110 mVs™' employing a 1 mm? illumination mask.
The intensity was calibrated with monocrystalline silicon WPV N-type
broadband reference solar cell to match the global standard AM 1.5 G

spectrum with an intensity of 100 mW cm2.

Supporting Information

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