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An Integrated Deposition and Passivation Strategy for
Controlled Crystallization of 2D/3D Halide Perovskite Films

Tim Kodalle, Mahdi Malekshahi Byranvand,* Meredith Goudreau, Chittaranjan Das,
Rajarshi Roy, Matgorzata Kot, Simon Briesenick, Mohammadreza Zohdi, Monika Rai,
Nobumichi Tamura, Jan Ingo Flege, Wolfram Hempel, Carolin M. Sutter-Fella,*

and Michael Saliba*

1. Introduction

This work introduces a simplified deposition procedure for multidimensional

(2D/3D) perovskite thin films, integrating a phenethylammonium chloride
(PEACI)-treatment into the antisolvent step when forming the 3D perovskite.
This simultaneous deposition and passivation strategy reduces the number of
synthesis steps while simultaneously stabilizing the halide perovskite film and
improving the photovoltaic performance of resulting solar cell devices to
20.8%. Using a combination of multimodal in situ and additional ex situ
characterizations, it is demonstrated that the introduction of PEACI during the
perovskite film formation slows down the crystal growth process, which leads
to a larger average grain size and narrower grain size distribution, thus
reducing carrier recombination at grain boundaries and improving the
device’s performance and stability. The data suggests that during annealing of
the wet film, the PEACI diffuses to the surface of the film, forming
hydrophobic (quasi-)2D structures that protect the bulk of the perovskite film

from humidity-induced degradation.

Hybrid metal halide perovskites have gar-
nered significant interest in recent years
due to their impressive optical and elec-
trical properties, as well as their compo-
sitional variability and facile processing
pathways.['*] However, despite their po-
tential for high-efficiency solar cells, per-
ovskite thin films are prone to degrade in
ambient environments, especially in hu-
mid air.[>* The community is investigat-
ing several approaches to overcome these
stability issues and achieve higher efficien-
cies, for example the use of NiO, inter-
layers,>®l additives,[>!% or encapsulation
strategies.''12] Another effective approach
for improving the stability of perovskite
films is by intercalating large, bulky or-
ganic molecules into the surface area of
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Figure 1. Schematic comparing the “traditional” deposition and passivation processes (top row) and the integrated deposition and passivation strategy
to form 2D passivated 3D halide perovskite films (bottom row). a) With the traditional procedure, the 3D perovskite is first deposited using antisolvent-
assisted spin coating and subsequent annealing. Then, in a second step, the completed perovskite film is spin-coated again to deposit a bulky molecule,
that is, PEACI in IPA, before annealing a second time. b) Using the integrated deposition and passivation strategy, the PEACI is added to the antisolvent
and deposited onto the rotating wet film during the first (and only) spin coating process. The mixed 2D/3D film is then annealed on a hotplate. The inset
in the bottom right illustrates the crystal structure of a 2D/3D (n = 1) and a quasi-2D/3D (n > 1) film.

the thin films.['>'] Some of the commonly used molecules
are phenethyl ammonium halides such as PEAI, PEABr, and
PEAC], thiophene methylammonium halides such as TMAI,
TMABT, and TMACI and others.['#1%] Interestingly, there seems
to be a trend that higher performing perovskite solar cells
can be achieved when using heavier halides.['®!°] The typical
synthesis involves the deposition of organic molecules onto
prefabricated 3D halide perovskite films. Exposing the surface
of the perovskite thin film to these bulky molecules leads to
2D or quasi-2D structures at the surface of the 3D film. During
this process, these hydrophilic molecules intercalate between
the octahedra of the perovskite crystal, creating (quasi-)2D
slabs that protect the bulk perovskite from humidity-induced
degradation (see Figure 1). Additionally, it has been reported
that the (quasi-)2D structures passivate point defects at the
perovskite surface, creating a tunneling junction with reduced
interface recombination and therefore increasing the power
conversion efficiency (PCE) of the resulting solar cells.['*2%] Typi-
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cally, these 2D/3D structures are fabricated in a two-step process
(Figure 1a). First, the bulk 3D perovskite layer is deposited by,
for example, an antisolvent-assisted spin coating procedure
followed by thermal annealing. The complete film is cooled
down to room temperature and then, in a second step, the bulky
molecules are deposited using spin coating and a second anneal-
ing step.*2122] Other approaches include the evaporation of the
bulky molecules onto the completed perovskite film.[2*] In either
case, the deposition of the molecules on top of the thin-film
leads to intercalation solely at the surface of the already finished
3D perovskite film and therefore formation of the (quasi-)2D
structures only at the surface.’*! Several groups have shown
that these procedures can lead to significant improvements in
device efficiency and stability using a variety of different bulky
molecules with optimized process conditions. However, the need
for a second deposition step increases process complexity and
duration, and therefore material and energy consumption of the
fabrication process. To simplify the deposition and fabrication
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steps, recently, some groups have reported processes for 2D/3D
formation by combining the deposition of bulky iodide-based
molecules with the dripping of the antisolvent.[?2°] Both studies
showed that integration of bulky molecules into the antisolvent
can be an effective way to improve efficiency and stability of
perovskite-based devices. However, it remains unclear how the
inclusion of the bulky molecules into the pre-annealed, wet film
influences the nucleation and subsequent crystallization of the
perovskite film. Therefore, the exact mechanisms of both the
efficiency- and stability-improvement need to be investigated in
detail in order to be able to optimize these simplified approaches.
For example, does the addition of the bulky molecule alter the
formation of the 3D perovskite layer (and how) or simply pas-
sivate it after its formation? And does the (quasi-)2D layer still
form solely at the surface of the 3D film or does the incorporation
of the molecules into the wet film lead to passivation in the bulk
of the 3D material as well?

Multimodal in situ characterization has been repeatedly
shown to be an excellent tool to study nucleation and crystalliza-
tion mechanisms and to provide a comprehensive understand-
ing of film formation both of 3D perovskite films,[272°! as well
as of the formation of 2D/3D structures.['*?3] Recently, we used
in situ grazing incidence wide angle X-ray scattering (GIWAXS)
to investigate the structural changes induced by adding 2D pas-
sivation to the formation process of tin-based perovskites.? In
the present study, we use in situ GIWAXS in combination with
in situ optical characterization in order to provide a complete
picture of the formation of the structural and opto-electronic
properties of the more commonly-used lead-based perovskite
films and how these are altered by adding bulky molecules
to the antisolvent step. To do so, we use a simplified fabrica-
tion approach combining the modified 2D/3D fabrication pro-
cess (Figure 1b) with the incorporation of large halides into the
2D/3D perovskite films, the integrated deposition and passiva-
tion strategy — exemplarily using PEACI as the organic molecule
dissolved in isopropyl alcohol (IPA). Our approach consists of
the deposition of the PEACL:IPA solution as the modified an-
tisolvent (AS) during the 3D halide perovskite thin film fab-
rication thereby integrating the passivation via 2D perovskites
into the deposition process of the 3D perovskite films. The ma-
jor difference of this strategy is that the PEACI molecules are
present during the crystallization of the perovskite films (here
we use triple cation Cs;;;FA g MA  (sPb(Iy4,B1(3); where FA
is formamidinium and MA is methylammonium), rather than
being added post synthesis of the solid 3D film. We investi-
gate the underlying changes in the crystallization pathways of
the integrated films and show that this strategy effectively im-
proves the nucleation and grain growth as well as the incor-
poration/intercalation of the PEACI into the 3D perovskite ma-
trix. Comparing the nucleation and crystal growth using multi-
modal in situ characterization, we find that the incorporation of
Cl in form of PEACI via the integrated deposition and passiva-
tion strategy stabilizes an intermediate solvate phase, retarding
the growth of perovskite crystallites at room temperature. Subse-
quently, the integrated deposition and passivation strategy leads
to larger average grain sizes and more homogeneous film mor-
phology. This in turn improves the optoelectronic properties of
the films and hence the performance and stability of resulting
devices.
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2. Results and Discussion

To investigate the effects of the integrated PEACl-drip on the for-
mation dynamics of the perovskite thin films, we carried out sev-
eral (multimodal) in situ experiments. Figure 2 shows the evo-
lution of the thin-films’ optical and structural properties dur-
ing spin coating and annealing as measured by in situ trans-
mission (UV-vis, Figure 2a,e), PL (Figure 2b,f), and GIWAXS
(Figure 2¢,g). Figure 2a—d shows the respective results for a con-
trol sample without PEACI (but only IPA as AS) and Figure 2e-h
for a sample using 3.0 mg mL~" of PEACI in IPA as AS. Addi-
tional measurements of samples with varied PEACI content are
shown in Figure S1, Supporting Information. Please note that
the UV-vis measurements were taken in a N,-fillled glove box,
while the PL and GIWAXS measurements were taken using a
N,-flushed, multimodal spin coating and annealing setup at the
Advanced Light Source (ALS). Details of the respective experi-
mental procedures and method of aligning both time axes can be
found in the Experimental Section.

Combining the results from these spectroscopic and diffrac-
tion measurements, we identify three growth stages in case of
the control and four stages in the case of the PEACl-treated sam-
ple as indicated at the bottom of each panel in Figure 2. Stage
I (prior to AS deposition) of the control sample shows a slight
reduction of the position of the absorbance edge along with the
absence of a PL signal and GIWAXS-peaks indicating the pres-
ence of a wet film that becomes slightly thinner during the spin
coating.

Upon dripping of the AS (beginning of Stage II), we observe
a continuous shift of the absorbance edge toward higher wave-
lengths (Figure 2a). The absorbance edge continues to shift until
the end of the spin coating and seems to reach a steady state there
before further shifting to the final position of the perovskite at the
end of Stage II. We attribute this shift of the absorption edge to
a combination of two factors. First, the absorption by an inter-
mediate phase (see below) appears to shift the main absorption
edge from ~450 to 500 nm and second, first perovskite nuclei
start absorbing in the range > 500 nm.

In good agreement with previous studies on MAPDI,,[2831] the
AS-drip induces the emergence of a bright PL-signal that is con-
siderably blue shifted compared to the bulk bandgap energy of
the triple cation perovskite — here to about 1.84 eV compared
to a final bulk bandgap energy of 1.64 eV. Following the argu-
mentation in Ref. [28], we attribute this signal and its subse-
quent fast red shift to first quantum-confined nucleation and
then growth of nano-crystallites. Upon heating, that is, at the end
of Stage II, the PL signal diminishes due to temperature-induced
quenching.

In situ GIWAXS shows the appearance of diffraction peaks at
0.47, 0.56, and 0.69 A~ immediately after the AS-drop. These
peaks are attributed to a solvate phase, presumably close to the
MAI-PbI,—~DMF phase (MA), Pb,I;-2DMF with reported peaks at
0.46, 0.57, and 0.68 A=1.321 Almost at the same time, we observe
the nucleation of perovskite crystallites, that is, the appearance of
a diffraction peak at 1.01 A~", which can be attributed to the (100)
diffraction peak of the cubic alpha phase perovskitel3*3* After
its fast emergence, the intensity of the (100)-peak stays mostly
unchanged during the remainder of the spin coating before it
further increases during heating of the sample at the end of Stage

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a,e) Time-correlated evolution of the absorbance, b,f) photoluminescence (PL)-emission, and c,g) GIWAXS during spin coating and annealing
(d,h show spin speed and temperature curves) of perovskite films. The left column shows the film formation of a control sample, the right column
shows the film formation of a sample treated with a mixed PEACI:IPA antisolvent with concentration of 3.0 mg mL~. Please note that the intensity on
the PL-panels is plotted logarithmically and that the PL-emission of the 2D phases corresponding to PEACI is outside the range of our measurement

setup (see Experimental Section for more details).

II (see Figure 2). Note that the additional peak observed at 0.58
A" could not be assigned to either the solvate or the perovskite
phases.

The analysis of these complementary results suggests that the
AS-dripping triggers the formation of (MA),Pb,;I;-2DMF and si-
multaneously the nucleation of perovskite nanocrystals. While
the growth of these nanocrystals is initially rapid as evidenced by

Adv. Mater. 2024, 2309154 2309154 (4 of 12)

the quick PL shift and initial appearance of the (100) perovskite
peak in GIWAXS, further conversion to the perovskite phase is
inhibited at room temperature due to the relative stability of the
precursor-solvent complex.

After passing a critical temperature of about 80 °C (beginning
of Stage III), the precursor-solvent phase disintegrates leading to
its thermal decomposition and further solvent-evaporation, thus
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further conversion to the perovskite phase as seen by the com-
plete formation of the absorption edge of the perovskite in UV—
vis. Indeed, this process is accompanied by an increase of the
intensity of the (100) peak in GIWAXS. A few seconds into Stage
I11, an additional diffraction peak at 0.91 A~! attributable to PbI,
can be observed.

The case of the 2D-treated sample shows different dynamics
and phase evolution compared to the control sample. In the fol-
lowing, we will first present a qualitative comparison with the
control case, before we discuss an attempt to quantify the effects
of the PEACI-treatment using samples with varying concentra-
tions.

While the dynamics observed in Stage I follow the same pat-
tern for the PEACI sample as for the control sample, the forma-
tion dynamics after the initial nucleation of the perovskite illus-
trated in Stage IT occur much more slowly indicating a more grad-
ual growth. After an initial redshift, the absorption edge reaches
a plateau during the spin coating and does not further evolve
until thermal activation. However, the absorption >500 nm ap-
pears slightly less strong than in case of the control, indicating
weaker absorption by perovskite nuclei. During annealing, the
final evolution of the perovskite absorption edge occurs more
slowly for the sample prepared using AS with PEACI. In the PL
spectra, we find a comparably bright emission right after drop-
ping the AS at a similar position as in the case of the control
sample without PEACI in it, however, the following redshift is
significantly slower: it takes about 20 s as compared to 5 s in the
control sample case. Diffraction measurements confirm the re-
tarded growth, as the appearance of the (100)-diffraction peak af-
ter the AS with PEACI-drop is more gradual as compared to the
control sample without PEACI in AS. Additionally, the diffrac-
tion peaks of the precursor-solvent phase are shifted indicating
a decrease of the lattice parameter of the intermediate phase
compared to (MA),Pb,;1;-2DMF (peak positions for the PEACI
sample are 0.50, 0.58, and 0.68 A~'). While the exact composi-
tion of this intermediate phase remains unclear, we speculate
that the incorporation of the smaller halide Cl is responsible
for the observed lattice distortion. Overall, there is strong evi-
dence that the addition of PEACI to the AS retards the crystal
growth at room temperature, in turn providing improved growth
control.

Stage III begins similarly as compared to the control sample
case, that is, with further growth of the perovskite crystallites
and the segregation of Pbl,. However, shortly after reaching the
maximum annealing temperature (Stage IV), the GIWAXS PbI,-
related peak vanishes for about 15 s before it re-appears. Inter-
estingly, the PbI, signal changes from a diffuse and incomplete
ring to a sharp arc indicating out-of-plane orientation (compare
Figure 3a,b). Additionally, diffraction peaks emerge at 0.53, 0.61,
0.79, and 1.06 A~'. We attribute these peaks to the n = 1 and
n = 2 phases of the layered 2D structures (see Figure 1b) sug-
gesting the intercalation of the PEACLI*>3%! In Figure 3a,b, 2D
GIWAXS frames taken at 120s after process begin, that is, dur-
ing Stage IV, are displayed. These frames show that the peaks
attributable to the n = 1 and n = 2 phases are strongly local-
ized around the g, = 0 plane indicating a strongly preferred ori-
entation of the corresponding lattice planes parallel to the sub-
strate. These plots indicate that the 2D molecules form 2D layers
which exhibit strongly pronounced crystal orientation similar to
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the cases in which PEA-based molecules have been deposited af-
ter the formation of the 3D perovskite layer.*”] For traditionally
deposited PEAI-layers, this has been explained by the fact that the
(quasi-)2D layers preferably form at the surface of the perovskite
film, exhibiting a strong preferential orientation parallel to the
substrate.[?* Surprisingly, the GIWAXS data shown in Figure 3
suggest a similar orientation following the integrated deposition
and passivation strategy. To investigate the depth distribution of
the (quasi-) 2D layers in samples prepared by the integrated de-
position and passivation strategy, we carried out X-ray photoelec-
tron spectroscopy (XPS, Figure 3c,d) and time of flight secondary
ion mass spectrometry (ToF-SIMS, Figure 3e and Figure S2, Sup-
porting Information) investigations. In the N 1s XPS spectra,
the PEACI addition to the antisolvent solution leads to the ap-
pearance of an additional peak at higher binding energy indi-
cating the presence of a C-NH, species at the surface.l}] We at-
tribute this additional contribution to the C-NH, group of PEA
and its presence therefore as an indicator for the formation of
the (quasi-)2D layers at the surface of the film. The presence of
an additional layer at the surface is supported by the fact that the
PEACl-containing films show a shift of the valence-band maxi-
mum (VBM) toward the Fermi level (VBM = 0.6 eV) as compared
to the control (VBM = 1.15 eV) sample, which is in a good agree-
ment with literature values for PEA-containing 2D/3D perovskite
films.[*8] Additionally, the SIMS depth profiles confirm the pres-
ence of PEA at the surface of the PEACI sample, and show that its
signal remains under the detection limit for regions past about
8% of the film thickness indicating that most (if not all) PEACI-
induced 2D-layers segregate to the surface of the film. Although
the PEACI is dropped during the 3D perovskite film formation,
the (quasi-)2D layer forms exclusively at the surface of the film in-
dicating diffusion of the PEACI toward the surface — presumably
during the annealing step since no 2D-related diffraction occurs
before Phase IV.

Comparing the formation dynamics of samples prepared us-
ing various concentrations of PEACI in IPA (see Figure S1, Sup-
porting Information), we find that the duration of the interrup-
tion of the Pbl,-signal is longer the higher the PEACI concentra-
tion. Therefore, we propose that the vanishing Pbl,-signal can be
attributed to the consumption of Pbl, during the reaction 2PbI,
+ PEACI — (PEA),Pb(L,Cl), forming the n = 1 2D-layer. As dis-
cussed above, this reaction only consumes part of the excess Pbl,,
and the remaining lead iodide re-crystallizes after the formation
of the 2D-layer, presumably in a layered structure. We speculate
that the layered 2D matrix now acts as a seed-layer for layered
growth of the PbI,. Thereby, higher concentrations of PEACI can
consume larger amounts of Pbl, explaining the longer disappear-
ance of the peak. This hypothesis is supported by the SIMS mea-
surements in Figure 3e. They clearly show an accumulation of Pb
at the very surface of the control sample indicating the presence
of Pbl, there, while no such accumulation is present at the sur-
face of the sample prepared with PEACI in the AS. Interestingly,
the n = 2 related peaks are not observed in the X-ray diffraction
(XRD) patterns of the completed films (see Figure 4d). Tracking
the evolution of these peaks for a longer period of time reveals
that they slowly disappear during annealing (see Figure S3, Sup-
porting Information). This behavior is in good agreement with
a recent study in which we showed that during annealing of TC-
perovskite/ PEAI-films the n > 1 phases convert to the n = 1 phase

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. a) 2D-GIWAXS frames of the perovskite films prepared without (control) and b) with the PEACI in the AS samples taken at 120 s after process
begin (intensity is given on a log scale). In the PEACI-treated sample, there are several, strongly oriented peaks attributable to the (quasi-) 2D phases.
c,d) show the fitted XPS spectra of the N 1s and the valence band (valence band maximum) regions of the perovskite prepared without PEACI in
the antisolvent solution (control) and with PEACI in the antisolvent solution. e) shows SIMS depth profiles for both samples — the control sample is
represented by solid lines, the sample with PEACI in the AS by dashed lines. Here we only show the near-surface region of the sample, the full dataset can
be found in Figure S2, Supporting Information. f) Shift of the PL peak position over time during the spin coating process (see Figure S4a, Supporting
Information for PL data). g) Relative growth rates during annealing as extracted from UV-vis. See Figure S4, Supporting Information for details of the
extraction of the growth rates. It can be clearly seen how a higher concentration of the PEACI steadily slows down the growth processes both during spin
coating (PL) and annealing (UV-vis).
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Figure 4. Ex situ characterization of PEACI-treated and control films. a,b) show top view scanning electron microscopy (SEM) images (left column), and
atomic force microscopy (AFM) images (right column) of the control and the PEACI-treated film, respectively. c) shows the distributions of the grain
sizes for each sample, d) XRD patterns (# is Pbl,, * is n = 1 phase), e) steady-state PL spectra, and f) time-resolved PL measurements of the films.

which seems to be more thermodynamically stable for these spe-
cific chemistries.'*]

In order to (semi-)quantify the slowing effect of PEACI on the
crystal growth of the perovskite film, we extracted growth rates
from the in situ measurements during spin coating and anneal-
ing for five different PEACI concentrations (Figure 3f,g). Due to
the high PL quantum yield of perovskites, even small volume
concentrations of perovskite embedded in amorphous precursor
and/or solvate phase can be detected by PL whereas UV-vis and
GIWAXS are not sensitive enough to detect a signal from the
perovskite given the short acquisition time and signal to noise
ratio.[?82] Therefore, we used the magnitude of the PL-shift, that
is, initial PL emission peak position minus bulk PL emission po-
sition, observed during the spin coating as an indicator of the
growth rate of quantum-confined nuclei at room temperature.
Figure 3g illustrates a decrease in growth rate with increasing
PEACI concentration in AS as extracted from the evolution of the
PL peak position during spin coating at room temperature.

Adv. Mater. 2024, 2309154 2309154 (7 of 12)

After reaching a critical crystal size, this initial growth stag-
nates (see stabilizing behavior at the end of Stage II in Figure 2)
and thermal activation is needed to continue the growth. We
then used the slope of the increase of the absorption at
740 nm from UV-vis measurements as a measure for the ther-
mally activated growth (see Figure 3g for the growth rates and
Figure S4, Supporting Information for more details). The growth
rates extracted from UV-vis show an exponential decrease with
increasing PEACl-concentration in AS. Interestingly, Cl-derived
perovskites from PbCl, have been reported in the past to crystal-
lize much slower than acetate or other halide-derived perovskite
films possibly due to relatively stable Cl-containing precursor
phases and/or a competing mechanism of MACl-formation and
-evaporation.[?**9 Accordingly, we propose that the incorpora-
tion of Cl significantly stabilizes the intermediate phase requir-
ing thermal energy to dissociate it and therefore slowing down
the perovskite growth. In order to test whether the PEA* ions
contribute to the retarding effect on the perovskite crystallization,

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. a) Photovoltaic parameters of devices based on the PEACI-treated and control films as well as b) current density — voltage (J-V) curves of
the best devices each and their stabilized PCE (inset in b). c) shows the reverse and forward J—V curve of the best device with PEACI-treatment. d) The
external quantum efficiency of champion devices and their corresponding calculated Jgc.

we compared the evolution of the PL signal during spin-coating
for a control sample and a sample with 3.0 mg mL~! of PEAI
(phenethyl ammonium iodide) in the anti-solvent. As shown in
Figure S5, Supporting Information, there is a much less pro-
nounced delay in the nucleation/crystallization visible in case of
the PEAIL. We therefore conclude that it is very likely that the CI
is the main cause for the delay in perovskite formation similar to
the argumentation in Ref. [39].

In a next step, we carried out additional ex situ thin film and de-
vice characterizations. Figure 4 shows a comparison of the mor-
phology, roughness, structure, and optoelectronic properties of
thin films with and without the PEACl in AS. Addition of PEACI
to AS leads to smoother (RMS roughness of 14.7 nm vs 47.6 nm)
and more homogeneous films (Figure 4a,b). The SEM images as
well as a quantitative comparison of the grain size distribution
derived from the images (Figure 4c) reveal slightly more homo-
geneous and larger grain sizes for samples containing PEACI in
AS. Furthermore, we observe a strongly increased steady state PL
intensity (Figure 4e) and a longer carrier lifetime (time-resolved
PL measurements in Figure 4f, v .o = 29.3 ns and 7ppaq =
80.4 ns) for the samples prepared with PEACI in AS. Taking
into account the slower crystal growth in the presence of PEACI
in AS as discussed above, we propose that this slower crystal-
lization is more controlled leading to more homogeneous grain
growth.[*1*2] This in turn reduces the density of grain boundaries
in the film and subsequently the defect-assisted non-radiative re-
combination rate in the bulk of the film, increasing the charge
carrier lifetime. Although defect-assisted recombination at the
grain boundaries is not necessarily considered as the main re-
combination mechanism in perovskite-based solar cells, it does
contribute to limited device efficiency and stability.[****] Addition-
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ally, the presence of PEACI may directly passivate defects at the
surface.[??]

To better understand the film quality’s effect on the photo-
voltaic performance, we fabricated solar cells using perovskite
films with and without PEACI in the AS. Figure 5a illustrates
the statistical data of the photovoltaic parameters of PEACI- and
control-PSCs. The PEACI-PSCs show significantly improved de-
vice performance and reproducibility compared to the control-
PSCs. The control-PSCs show an average PCE of (18.69 + 0.39)
%, with an average Js. = (22.62 + 0.40) mA cm 2, Vo = (1.09 +
0.03) V, and FF = (71.73 + 1.30) %. Remarkably, for the PEACI
perovskite films the average PCE increases to (20.26 + 0.32) %,
with an average Jgc = (22.77 £ 0.21) mA cm™, Vo = (1.12
0.01) V, and FF = (78.96 + 0.82) %. These performance improve-
ments in PEACI perovskite films can be mainly explained by re-
duction of the non-radiative recombination rate (Figure 4e,f) and
improvement of the interface of perovskite/HTL due to lower sur-
face roughness (Figure 4a—c). Figure 5b compares the current—
voltage (J-V) curves of the champion devices of the control
and the PEACI batches, respectively. The champion PEACI-PSC
showed a Vo 0f 1.13V, a Jic 0£23.0 mA cm~2 and an FF 0 80.0%,
which resulted in a PCE of 20.9%, remarkably higher than that
(PCE = 19.0%) of the control-PSC (Vo = 1.10 V, Jic = 23.2 mA
cm~2, and FF = 73.2%). To verify the performance of the cham-
pion devices under real device operation conditions, the maxi-
mum power point (MPP) was measured under continuous illu-
mination at 25 °C for 2 min (inset in Figure 5b). The PEACI-
and control-PSCs showed stabilized PCE of ~20% and ~17%,
respectively. To explore the reason for low PCE deficient (PCE
of J-V measurement- stabilized PCE) of PEACI-PSCs (~1%),
we measured the J-V hysteresis. As shown in Figure 5c, the

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 6. a) Stabilized power output at the maximum power point voltage over time under continuous illumination at 25 °C, data normalized to the

initial value. b) Long term stability at 60% relative humidity in dark at 25
control and 61° for the PEACI-sample).

photovoltaic parameters do not change under different |-V di-
rection measurements, which is likely due to the overall re-
duced bulk defect density and suppressed recombination during
PEACI-PSC operation with better film quality and therefore con-
firming the achieved high stabilized PCE for this device.[***'] To
confirm the accuracy of our J-V measurement, we also measured
the external quantum efficiency (EQE) of the champion PEACI-
and control PSCs and used that data to calculate its [ values. As
shown in Figure 5d, both devices showed a homogeneous light
response in the whole UV-vis light range with calculated 4. val-
ues of #21.7 mA cm™ in both cases, which is in good agreement
with the values achieved from the corresponding -V curves (with
an acceptable error of 5%).[484]

To finally assess whether the integrated deposition and passi-
vation strategy improves the stability of the perovskite-based de-
vices under operating and humid conditions (60% RH), we con-
ducted stability tests (see Figure 6). Figure 6a shows the evolution
of the device performance at its MPP under continuous illumi-
nation at 25 °C and Figure 6b shows the normalized PCE during
storage of the devices at 60% relative humidity in dark at 25 °C.
The surface of the PEACl-treated samples is significantly more
hydrophobic, see inset of Figure 6b contributing to the signifi-
cantly improved stability compared to the untreated control.

3. Conclusions

We propose that the introduction of Cl via bulky cations during
the formation of metal halide perovskite films slows down the
crystal growth, subsequently leading to larger grains, more ho-
mogeneous grain size distribution, smoother films with fewer
pinholes, and improved charge carrier lifetime. These improve-
ments reduce the carrier recombination at grain boundaries and
significantly enhance the device’s FF by >5% (absolute). We sug-
gest that the Cl is incorporated into a long-lived precursor-solvate
phase, slowing down the precursor conversion to perovskite. Dur-
ing annealing of the film, the PEACI diffuses to the surface of the
film, forming hydrophobic (quasi-)2D structures that improve
the stability of the devices and may additionally passivate surface
defects. An integrated deposition and passivation strategy using
PEACIl in AS was presented to control the growth of halide per-
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°C. Insets show contact angle measurements for each sample (42° for the

ovskites and improve their performance and stability while re-
ducing process complexity.

4. Experimental Section

Materials: N, N-dimethylformamide (DMF, 99.8%), dimethylsulfoxide
(DMSO, 99.9%), Spiro-OMeTAD, 4-tert-butylpyridine (TBP), chloroben-
zene (CB), and lithium bis (trifluoromethylsulfonyl) imide salt (Li-TFSI),
Cesium iodide (Csl, 99.9%) were purchased from Sigma Aldrich Co., Ltd.
Lead (I1) iodide (Pbl,, 99.999%), Lead (II) bromide (PbBr,, 99.999%) were
purchased from TCI Chemicals. Formamidinium iodide (FAI, 99.9%), and
methylammonium bromide (MABr, 99.9%) were purchased from Great-
Cell Solars. SnO, colloid precursor (tin (IV) oxide, 15% in H,O colloidal
dispersion) was purchased from Alfa Aesar. All salts and solvents were
used as received without any further purifications.

Device Fabrication: The pre-patterned ITO-on-glass substrates (sheet
resistance 15 Q sq~, Luminescence Technology) were cleaned consec-
utively with deionized (DI) water, acetone, and isopropyl alcohol (IPA,
Sigma-Aldrich) in an ultrasonic bath for 10 min, followed by UV-Oj; treat-
ment for 30 min. In the next step, a thin layer of 2.04 wt% colloidal SnO,
nanoparticles was spin-coated onto the ITO substrates (4000 rpm for 30 s)
as electron transport layer (ETL), followed by an annealing step at 150 °C
for 30 min.

The ETL substrates were transferred into a nitrogen atmosphere glove
box for the deposition of the perovskite films. The triple cation perovskite
(Csg.05 (MAg 17FAg.83)0.95Pb (19 83Brg 17)) precursor solution was prepared
from a precursor solution containing FAI (1 m), Pbl, (1.1 m), MABr
(0.2 M), PbBr, (0.2 m), and Csl (1.5 m). The perovskite solution was
spin-coated using a two-step program at 1000 and 4000 rpm for 10 and
30 s, respectively. In our method, during the second step IPA containing
different concentrations of phenethylammonium chloride (PEACI) were
poured on the spinning substrate 5 s prior to the end of the program.
Spiro-MeOTAD solution (83.32 mg mL~" in CB) with addition of Li-TFSI
in acetonitrile (0.18 m) and tBP (1 mL in 9 mL CB) were spin-coated
onto the films at 5000 rpm for 1 min, and oxidized for 24 h. Finally, a
gold electrode (100 nm) was vacuum-deposited at the pressure of #1077
torr.

Multimodal In Situ PL and GIWAXS Measurements: The PL and GI-
WAXS data were collected at the 12.3.2 microdiffraction beamline of the
Advanced Light Source (ALS) in a custom-made analytical chamber, al-
lowing for processing of the thin film and simultaneous multimodal in
situ measurements.[?8] The pre-patterned ITO-on-glass substrates were
purchased from MSE Supplies and consecutively cleaned in an ultrasonic
bath. Prior to thin film fabrication, each substrate was plasma cleaned for
5 min, placed onto the integrated spin coating puck-heater, and secured
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in place by a heat transfer paste. 50 L of a liquid precursor prepared by
dissolving 507 mg Pbl,, 73 mg PbBr,, 172 mg FAI, and 22.5 mg MABr in
a 1 mL solvent mixture of 4:1 DMF:DMSO and adding 89 uL Csl solution
(comprised of 39 mg Csl in 100 uL DMSO) was pipetted and deposited
onto the surface of the substrate and the chamber was sealed off from
the external environment and held under a constant nitrogen flow. The de-
position of the 2D material was combined with the antisolvent (AS) drop
in lieu of the typical two-step process in which the 3D perovskite layer is
completed prior to deposition of the 2D material to reduce both the pro-
cessing time and the complexity of the deposition process. The spin coat-
ing recipe consists of a two-step process, first 10s at 1000 rpm and then
30s at 4000 rpm. 15s into the second spin coating step (t=25s), a stream
of antisolvent (IPA containing prescribed concentrations of phenethylam-
monium chloride (PEACI)) was dispensed through a remotely controlled
pipette. At the end of the spin coating protocol, the spin speed was re-
duced to 200 rpm to ensure uniform measurement conditions during the
following annealing step. For that, a heating protocol was remotely initi-
ated, in two stages. In the first stage (t= 46-63s), the temperature was
increased linearly at a rate of 4.1 °C s~ until it reached 100 °C and stabi-
lized. Thereafter, the temperature was maintained at 100 °C until the end
of the experiment (t= 63-1023 s). The temperature of the heating puck
was recorded by a pre-calibrated Raytek MI3 pyrometer, which regulated
the annealing temperature and protocol through a pre-programmed PID
loop.

During both spin coating and annealing PL and GIWAXS data were
continuously recorded. The incident angle of the incoming X-ray beam
was set to 1° with a beam energy of 10keV. The sample detector dis-
tance (SDD) was &155 mm and the detector was positioned at an angle
of 35° from the sample plane. The GIWAXS data were recorded with an
integration time of one second using a Pilatus TM 2D detector (Dectris
Ltd.). Photoluminescence excitation was achieved through a 405 nm Thor-
labs diode-pumped solid-state laser with a power density at the substrate
of about 5mW cm™2, The resultant photoluminescence signal was col-
lected by a lens and focused on an optical fiber guiding it to a grating
OceanOptics QE Pro spectrometer for detection. Note that the GIWAXS
and PL measurements were initiated simultaneously, such that the resul-
tant data were time-correlated. In order to obtain the plots of g versus time
in Figure 2, the measured GIWAXS frames were calibrated using an Al, O3
reference sample and each frame was integrated along the y-axis from
x =—70°to y =70°. No significant preferential orientation was measured
for the 3D perovskites. Data evaluation was done using software written in
house.

UV—vis Characterization: The UV-vis absorbance spectra of the per-
ovskite films were measured during both spin coating and annealing using
a self-built setup in a nitrogen filled glovebox.l>%l A hot plate was used to
anneal the films at the desired temperature of 100 °C. For the in situ ab-
sorbance measurements, an Ocean Optics spectrometer (Flame) coupled
with fibre optics was used to acquire the transmission data with a wave-
length spacing of about 0.2 nm and an integration time of 0.02 s, averaging
over 10 scans, for the spin coating measurements and an integration time
of 0.006 s, averaging over 15 scans, for the annealing measurements. The
equation AA = —logy(T4) was used to calculate the UV-vis absorption
spectra from the transmission spectra, where A1 is the absorbance at a
certain wavelength (1), and TA is the corresponding transmitted radiation.
The in situ UV-vis transmission/absorption measurements were obtained
using an identical set-up to that outlined in the previous work.[*] To en-
able temporal comparison between these data and those obtained from
the PL/GIWAXS measurements, a common time axis was generated us-
ing the temperature and spin speed log files from the beamline. To this
end, the beginning of the UV-vis annealing data was aligned with the ini-
tiation of the linear heating step at the beamline at t = 46 s, and the end
of the spin coating UV-vis data was correlated with the reduction of the
spin speed to 200 rpm at t = 40 s.

SEM: The field emission SEM from HITACHI was used to characterize
the morphologies of the films with an accelerating voltage of 3 kV.

AFM: The atomic force microscope (AFM, Dimension 3100 +
Nanoscope V 7.0, VEECO) was operated in tapping mode to acquire the
images of the surfaces of perovskite films.
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XRD: The thin film crystallinity was measured using an X-ray Diffrac-
tion (SmartLab SE from Rigaku) machine with a HyPix-400 (2D HPAD)
detector.

SSPL and TRPL: Steady-state photoluminescence (SSPL) measure-
ments were conducted using a room temperature solid-state photolumi-
nescence (RTPL), FluoroMax Plus HORIBA Scientific. Time-resolved pho-
toluminescence (TRPL) measurements were performed using a pulsed
laser source with a wavelength of 474 nm and a fluence of ~400 nj cm~2.
The samples were excited from the glass side under ambient conditions.

J-V:  The -V characteristics of the solar cells were recorded in the am-
bient atmosphere under AM 1.5 G, 100 mW cm~2 spectrum (WAVELABS,
SINUS-70) using a Keithley 2400 source meter. The solar cells were un-
encapsulated during the test and measured in both forward and reverse
directions from —0.2 to 1.3 V with 50 mV s™'. The maximum power point
(MPP) was tracked by using a perturband-observe method. The tempera-
ture of the solar cells set to 25 °C by an actively controlled Peltier element
during J-V analyses and MPP tracking.

XPS:  The X-ray photoelectron spectroscopy measurements were done
using a Specs GmbH system with a non-monochromatic Al-Ka source
with a photon energy of 1486.6 eV. The samples were measured in dark
under a pressure of 107° mbar without use of any charge neutralizer. The
photoemitted electrons were collected by an hemispherical analyzer (Omi-
cron) at an angle of 90° to the surface of the sample using a pass energy of
Epass = 20 eV. The core level spectra were corrected using the C1s spectra.

ToF-SIMS:  The ToF-SIMSS5 from lontof used a 30 keV Bi liquid metal
ion gun for generating the secondary ions. A time of flight mass detector
recorded ions, molecules and cluster up to 1000 amu in a mass resolution
of 4000 units per mass unit. A second ion gun was necessary to enhance
the sputter rate for depth profiling. A 10 keV oxygen gas cluster ion gun was
chosen to prevent the fracture of large organic molecules. The detection
area had a size of 50 x 50 um? and the sputter area of 400 x 400 um?
for the blanking of the crater edge. The following ions and clusters were
selected for the depth profile C¢gHg* (PEA), Cs*, Pb*, Cs,Br*, and Cs,It.
Depth axes were normalized for a better comparison.

Supporting Information

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