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Abstract

The formation of a two-dimensional (2D) three-dimensional (3D) perovskite heterostructure has
lately proved to be a promising way to improve the interface between the perovskite and
electron/hole transport layers (ETL/HTL) in perovskite solar cells (PSCs), which is crucial for
better device efficiency and stability. Herein, a spacer cation, 4-fluorophenethylammonium iodide
(4-FPEAI), in isopropyl alcohol (IPA) was used to form a thin 2D perovskite layer on top of a 3D
triple-cation perovskite, by a spin-coating deposition process. Therefore, a significant improvement
in the device's open-circuit voltage is obtained, leading to an enhanced power conversion efficiency
(PCE). The formation mechanism of the 2D perovskite layer was studied by analyzing the
structural, chemical, and optoelectronic properties of the layer while varying several synthesis
parameters. We reveal the presence of bromide inside the 2D phase and conclude with the existence
of a concomitant formation mechanism besides the most commonly described one involving the
lead iodide (Pbl2) excess contained in the 3D bulk. Therefore, we demonstrate how the
stoichiometry of the 2D perovskite is affected by the chemical composition of the 3D layer
underneath. This work brings new insight into the synthesis mechanisms of 3D/2D perovskite
heterostructures, which could help to optimize their fabrication processes and develop new efficient

and functional 3D/2D structures.



1. Introduction

Perovskite solar cells (PSCs), using hybrid metal halide three-dimensional (3D) perovskites as
the active layer, have known a tremendous performance increase over the last decade.l? Their
power conversion efficiency (PCE) has risen from 3.8% in 2009 to 25.7% nowadays as a single
cell, closing the gap with silicon technology.3~ This rapid development arises from the significant
attention paid to 3D perovskites, justified by many advantages, such as their excellent
optoelectronic properties, making them a good candidate for silicon tandem cells, or their low-
temperature chemical solution processability.45-11 Many improvements were made toward the
intrinsic and extrinsic instabilities of the material when exposed to light, temperature, oxygen, and
moisture.!? However, stability is still one of the remaining issues to solve for the commercialization
of the perovskite technology.t34

In order to enhance the stability of perovskite-based solar cells, numerous approaches have been
used, such as tuning the 3D perovskite absorber composition or optimizing the device architecture
with the modification of electron/hole transport layers (ETL/HTL).1>2° Particular attention has
been given to the interfaces, specifically to surface passivation, given the crucial role of the
interfaces in improving device efficiency and stability.}”?%22 For this purpose, combining 2D
perovskites with 3D perovskites, creating a so-called 2D/3D heterostructure on the surface of the
3D perovskite, is a promising approach.t’:23-2

Two-dimensional (2D) layered Ruddlesden-Popper (RP) perovskites appeared to be an
interesting alternative to 3D perovskites in PSCs, thanks to their better stability.?®?® These
perovskite materials are obtained using a bigger organic spacer cation that organizes the structure
into a stacking of inorganic BXs* (usually Pbls*) and organic spacer monolayers. The chemical

formula of 2D RP perovskites is defined as R2An-1BnXan+1, Where A, B, and X respectively define:



monovalent organic cations (i.e., methylammonium MA*); divalent metal cations (i.e., lead Pb?");
and halide anions (i.e., iodine I").2” R is a large aromatic or aliphatic alkylammonium spacer cation
(i.e., phenylethylammonium PEA"). The n factor is the number of consecutive inorganic Pblg*
layers between two R-based organic layers and sets the nature of the material: a value of one gives
a strict 2D perovskite of R2BX4 formula, while an infinite value leads to a strict 3D perovskite of
formula ABX3.282° Several elements limit the use of 2D perovskites for solar cells, such as their
much wider bandgap than 3D perovskites (>2 eV), suboptimal for single-junction and tandem solar
cells.®® Also, because of their layered structure, they present higher exciton binding energies, and
anisotropic charge transport properties - with a high conductivity along the inorganic layers and
poor conductivity across the stack due to the insulating nature of the organic layers - making the
crystalline orientation a critical aspect for the performances of 2D PSCs.2%30

Thanks to the chemical versatility of 2D perovskites, a considerable amount of spacers can be
used, such as aromatic cations, including phenethylammonium (PEA™) or benzylammonium
(BZA™), or alkyl chains such as n-butylammonium or n-octylammonium (n-BA*™ or n-
OA"). 24253132 T¢ form a 2D/3D heterostructure, the spacer cation is combined with a halide anion,
and it is also possible to substitute this halide, like phenethylammonium iodide (PEAI) or bromide
(PEABT).333* Each combination has specific optoelectronic properties and thus, could be chosen
according to the 3D perovskite used.®

Remarkable achievements have been made on PCE and stability improvements of 2D/3D
heterostructures compared to pristine 3D material.*”*¢-% Using new 2D cations and innovative
architectures, much knowledge was acquired on the 2D/3D structure and how it improves device
performances thanks to properties like surface passivation, reduction of non-radiative
recombination, or inhibition of ionic migration.?>3%42 Despite this significant progress,

understanding the phenomena driving the formation of the 2D/3D interface remains a crucial



challenge for the development of this complex structure and to improve even further device
optimization.?3843

Here, we investigate the formation mechanism of a 2D/3D heterostructure on the common and
efficient (Cs,MA,FA)Pb(I,Br)s triple-cation perovskite surface by an isopropanol (IPA) solution
processing containing a halide salt, 4-fluorophenylethylammonium iodide (4-FPEAI). The use of
4-FPEAI has a double purpose, as fluorine improves the hydrophobicity of the 2D cation and
changes its dipole moment, modifying the electronic properties of the layer compared to non-
fluorinated PEAI cation. As a result, device efficiency and stability are further increased.***° In the
present study, fluorine is used as a probe element for X-Ray photoelectron spectroscopy (XPS)
chemical characterization to track the 2D perovskite layer formation. A systemic study of the 2D
layer formation as a function of the synthesis parameters is performed using structural, chemical,
and optoelectronic characterization techniques. This work highlights the importance of the 2D
cation concentration and its impact on the physical properties of the 2D perovskite layer formed. It
also reveals the presence of bromine in the 2D phase, affecting its optical properties. We suggest
that the presence of bromine in the 2D layer is due to two concomitant formation mechanisms: the
reaction between the 4-FPEAI and the lead iodide (Pbl2) excess in the 3D perovskite, competing
with a cation exchange between 4-FPEAI and the 3D perovskite to form a 2D perovskite with a

significant bromine amount.



2. Experimental section

Materials: FTO substrates were purchased from Solems. Titanium dioxide (TiO,) paste 30NR-
D, methylammonium iodide (MAI, > 99.99%), methylammonium bromide (MABr, > 99.99%),
formamidinium iodide (FAI, > 99.99%), and FK 209 Co(lll) TFSI Salt were all purchased from
Greatcell Solar Materials. Lead bromide (PbBr», ultra dry 99.999%) and lead iodide (Pblz, ultra
dry 99.999%) were purchased from Alfa Aesar. Cesium iodide (Csl, 99.999%), N,N-
dimethylformamide (DMF, anhydrous 99.8%), dimethylsulfoxide (DMSO, > 99.7%),
chlorobenzene (CB, anhydrous 99.8%), isopropanol (IPA, anhydrous 99.5%),
bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI, 99.95%), and 4-tert-butylpyridine (t-BP,
98%), were all purchased from Sigma-Aldrich. 2,2°,7,7’-tetrakis [N,N-di (4-
methoxyphenyl)amino]-9,9’- spirobifluorene (Spiro-OMeTAD) was purchased from Borun New
Materials. All materials were used without further purification.

Synthesis of 4-fluorophenylethylammonium iodide (4-FPEAI) salts: 4-fluorophenylethylamine
(5 mL, 38.1 mmol) in ethanol (20 mL) was added drop by drop to a solution in ethanol (50 mL) of
hydriodic acid (57 %, 5.3 mL, 1.05 eq.) and hydrophosphoric acid (0.5 mL) cooled to 0°C. The
solution was then stirred at room temperature for 1 hour before removing the solvent in vacuo. The
crude was purified by recrystallization in ethanol, forming 4-FPEAI white crystals with a 69 %
yield (7.0 g).

Sample fabrication: FTO-coated glass substrates (2x2cm?2) were cleaned with sequential
sonication in detergent (30 min), acetone (15 min), and isopropanol (15 min) baths at 50°C.
Following clear airflow drying, the cleaned substrates were treated with UV-Ozone for 15 min.
A compact-TiO; electron transport layer (ETL) was made thanks to atomic layer deposition (ALD).
After that, a mesoporous-TiO> layer was deposited in an ambient atmosphere with the spin-coating

of a TiO2 paste solution in ethanol (1:7 weight ratio) at a speed of 4000rpm for 30 s, and annealed



on a hot plate for 45 min with several temperature steps, up to 500°C. A specific tin chloride (SnCls)
treatment was specifically applied on the mesoporous TiO2 layer for stability measurements. The
Glass/FTO/TiOz substrates were treated with UV-Ozone for 30 min before being introduced in a
glovebox for perovskite deposition.

The triple-cation perovskite solution was prepared by preparing a solution of Csl (1.5mmol) in
1mL of DMSO. This solution was stirred overnight at room temperature before being used. Another
solution was prepared by dissolving MABr (0.2mmol), PbBr2 (0.2mmol), FAI (1mmol) and Pbl>
(1.2mmol) in ImL of a DMF and DMSO mix (4 :1 volume ratio). For the full iodide perovskite,
MABTr and PbBr, were replaced with MAI and Pbl.. For Pbl, excess variation, the Pbl, amount
was reduced to 1mmol for the "lack of Pbl>" sample. This solution was stirred for 2 h at room
temperature. After that, ImL of this solution was mixed with 42 pL of the Csl solution and stirred
for another 15 minutes before deposition. To prepare 3D perovskite films, the perovskite solution
was spin-coated on top of the TiO> layer at 2000 rpm for 12 s. A second consecutive step of 30 s
at 6000 rpm was used to deposit 100 pL of chlorobenzene 12 s before the end of the rotation. The
intermediate films were then annealed on a hot plate at 100°C for 30 min for perovskite film
formation. For the 4-FPEAI treated samples, the 2D cation was dissolved in IPA with several
concentrations (2.5, 5, and 10mg.mL™) and stirred for 2 h at room temperature. 100 pL of the 4-
FPEAI solutions were then spin-coated onto the 3D perovskite at 4000 rpm for 30 s and annealed
at 100°C for 5 min. Samples for characterization were left as half-cells after either 3D perovskite
or 4-FPEAI solution deposition for pristine and 4-FPEAI treated samples. A spiro-OMeTAD
solution was prepared for solar cell devices by dissolving 110 mg of spiro-OMeTAD in 1 mL of
chlorobenzene and doping it with 17 puL of FK-209, 25 pL of LiTFSI, and 45 pL of t-BP. 35 pL of
this solution was spin-coated onto the perovskite at 3000 rpm for 30 seconds. Finally, a thermal

evaporation process deposited a 100 nm thick gold electrode on top of the cell.



Pure 2D perovskite samples were made on ITO-coated glass substrates. These substrates (2x2
cm?) were cleaned with the same sonication process as FTO-glass substrates and treated with UV-
Ozone for 30 minutes before glovebox introduction. A 2D precursor solution was realized by
mixing 4-FPEAI cation and Pblz with a 2:1 molar ratio. This mix was dissolved in a DMF and
DMSO mix (4:1 volume ratio) with a 10% weight concentration and stirred at room temperature
for 3 h. For the 2D perovskite formation, 100 pL of the precursor solution was spin-coated in the
ITO substrate at 2000 rpm for 30 s. 100 pL of toluene was then deposited during a second iteration
of the same spin-coating program. The perovskite was crystallized with hot plate annealing of
100°C for 1 min.

Characterizations: For crystal structure characterization of the perovskite thin film, a Panalytical
XRD analyzer was used (Cu Kolo2 radiation, A % 1.5418 A). SEM images were made using a
Zeiss Merlin VP Compact field emission scanning electron microscope to observe the morphology
of the perovskite film. AFM images (10x10 pm?) were acquired with an Agilent 5600 LS atomic
force microscope, using an ACL probe from AppNano in tapping mode under ambient air. Sq and
Sa roughness values were extracted from images thanks to Gwyddion software. The optical
microscopy Sq and Sa roughness values were obtained with an Olympus LEXT OLS5100 confocal
microscope and were measured from a 3D acquisition of the sample surface (129x129 pm? area).

PL spectra were obtained with a micro-photoluminescence setup. The sample was illuminated
through a Nikon microscope objective with a 40x magnification and a 0.6 numerical aperture with
a 405 nm impulsionnal PDL 800-D PicoQuant laser diode with an 80 MHz frequency. The sample
luminescence went through the same objective and was separated from the excitation beam with a
beam splitter and LP filter. It was finally sent through a Spectrapro 2500i spectrometer and
collected by a PyLoN® CCD camera, both controlled with the LightField software from Princeton

Instruments.



For XPS surface chemical analysis, freshly synthesized perovskite samples were transferred to
the XPS spectrometer in the dark and under inert atmosphere conditions to ensure the reliability of
the analysis. The measurements were carried out with a Thermo Electron K-Alpha+ spectrometer
equipped with a monochromated Al-Ka X-Ray source for excitation at 1486.6 eV in an X-ray spot
size of 400 um. Calibration of the spectrometer was done using Cu and Au samples following the
ASTM-E-902-94 protocol. The constant analyzer energy (CAE) mode was used to acquire high
energy resolution spectra with a pass energy of 20 eV and an energy step size of 100 meV. Thermo
Fisher scientific Avantage© data system was used for data treatment and peak fitting. A set of 10
analyses points was randomly positioned on several 2x2 cm? samples to certify the reliability of
the information collected. An optimized analysis procedure*® was employed to ensure no X-ray
damage or UHV degradation occurred.

For device current density-voltage (J-V) characterization, a 3 A xenon lamp simulator from
Newport (300 W) with AM 1.5G solar spectrum filter and light intensity of 100 mW.cm was used,
with samples remaining in ambient conditions. The active area of the devices was framed with a
0.09 cm? metal mask. After a 30 s exposition to the light source for light soaking, the J-V curves
were scanned in both forward and reverse directions with a computer-controlled Keithley, within

a-0.2to 1.2 V range, at a scanning speed of 20 mV.s™,



3. Results and Discussion

3.1. Effect of 4-FPEAI concentration on the 2D layer physical properties

This work is based on a comparative study between a (4-FPEA)2Pbls pure 2D perovskite (called
pure 2D), a triple-cation Cso.0s(MAo.17FA0.83)0.95Pb(lo.83Bro.17)s 3D perovskite with a 2.0% Pbl2
excess (named pristine), and 2D/3D perovskite heterostructures. The 2D/3D structure is obtained
by treating the 3D perovskite with a solution of 4-FPEAI dissolved in IPA with three
concentrations: 2.5, 5, and 10 mg.mL™ (later named 2.5mg.mL™, 5mg.mL™*, and 10mg.mL™?). This
process is illustrated in Supplementary Figure S1. All samples were studied with the following
half-cell architecture: glass/FTO/c-TiO2/m-TiOz/Perovskite. Synthesis details of pure 2D and
pristine 3D are shown in the Experimental section.

The focus of this study is to analyze the influence of the 4-FPEAI solution concentration on the
formation mechanism of the 2D perovskite phase. In the first place, we fabricated photovoltaic
devices using 2D/3D structures to validate the fabrication process (NIP device architecture in
Supplementary Figure S1). We determined the optimum 4-FPEAI solution concentration for device
efficiency in Supplementary Figure S2. Solar cells based on 2.5mg.mL™? treated perovskite
displayed the best results. Higher concentrations were detrimental to cell performances due to a
quick loss of short-circuit current density (Jsc) and fill factor (FF) as the thickness, and thus the
resistivity of the 2D layer, increased. The best current-voltage characteristic and photovoltaic
parameters for both pristine and 2.5mg.mL cells are displayed in Figure 1a. The effect of 4-FPEAI
treatment on the device stability was assessed with maximum power point tracking (MPPT) of
encapsulated devices under a continuous 1-sun illumination (without UV) with controlled
temperature. The results (Figure 1b) show an important improvement of the stability with the 2D

perovskite addition, with 70% of the initial PCE remaining after 110 hours under illumination,
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compared to 32% for the pristine sample. Statistics on the photovoltaic parameters of eight cells
are presented in Figures 1c-f. These results report a significant average increase of 4014 mV in
open-circuit voltage (Voc) with 4-FPEAI treatment, consistent with the literature indication of
surface passivation by the 2D perovskite.?>3438 Short-circuit current density (Jsc) and fill factor
(FF) remain statistically similar to the pristine samples. Thus, the 4-FPEAI treatment leads to an
increase of 0.8+£0.9 % in power conversion efficiency (PCE) compared to pristine devices. These
results validate our 4-FPEAI treatment process and encourage us to develop it further to increase
the efficiency of our solar cell devices. Further optimizations of the process would be required to
reach the same level of performance reached in the literature with this widely used triple-cation

composition. %
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Figure 1. a) Best J-V characteristic of the PSCs using pristine or 2.5mg.mL™? treated perovskite.
b) MPPT of pristine and 2.5mg.mL" treated cell under continuous 1-sun illumination (without UV)
c-f) Photovoltaic parameters (Voc, Jsc, FF, and PCE) statistics between pristine and 2.5mg.mL*

treated perovskite on eight devices for reverse and forward measurements after fabrication.

X-ray diffraction (XRD) was carried out to assess the structural properties of the 2D layer for 4-
FPEAI treated samples. A pure 2D perovskite and a pristine 3D perovskite reference samples were

first compared to a 10mg.mL™ sample as displayed in Figure 2a. In the pure 2D pattern, peaks
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located at 5.4, 10.8, 16.3, 21.7, 27.2, and 32.8° correspond to the (002), (004), (006), (008), (0010),
and (0012) plans of the 2D phase. 3D perovskite (001), (011), (111), (002), and (012) plans are
respectively attributed to the characteristic peaks at 14.1, 20, 24.5, 28.4, and 31.8°. The peak
centered at 12.7° is attributed to Pbly, given the 2.0% Pbl, excess introduced in the perovskite
precursor solution.*” The comparison in Supplementary Figure S3 between Bragg-Brentano and
grazing incidence XRD spectra (respectively scanning the whole layer and only the first few
hundred nanometers) of a pristine sample shows that this Pbl, peak is mainly localized on the 3D
perovskite surface.

The 10mg.mL* sample displays all peaks from the 3D perovskite, with the addition of 5.4 and
27.2° peaks from the 2D phase, showing that the deposition method succeeds in forming a 2D
perovskite layer on the 3D bulk. However, the intensity of the peaks from the 2D phase remains
low compared to those of the 3D phase, indicating a presumed low thickness.

Figure 2b shows the evolution of the XRD pattern as a function of the 4-FPEAI solution
concentration, zoomed on the angle range where the first 2D and 3D peaks appear. While increasing
the concentration of the 4-FPEAI treatment, two behaviors are induced: the peak at 5.4° related to
the 2D phase appears, and its intensity increases, and secondly, the intensity of the Pbl, peak at
12.7° progressively decreases. These observations underline the reaction between the 2D cation,
here 4-FPEALI, and the surface Pbl, excess of the 3D phase, to form a pure 2D perovskite:

2(4-FPEAI) + Pbl, &> (4-FPEA)2Pbly Eq. 1

Thus, as 4-FPEAI concentration increases, more Pbl is consumed for the reaction, leading to the

XRD Pbl; peak disappearance for the highest 4-FPEAI solution concentration. This result is in
agreement with the literature 3848

To investigate the evolution of film morphology and coverage with 4-FPEAI treatment, scanning

electron microscopy (SEM) and atomic force microscopy (AFM) images of the surface of pristine
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and 4-FPEAI treated samples were realized and are presented in Figures 2c-e and Supplementary
Figure S4a-c. Only images of the limit 2.5 and 10 mg.mL™ concentrations, presenting the most
visible surface evolution, are shown here. The pristine perovskite shows the classical morphology
of a 3D perovskite layer composed of crystalline grains of about 300 nm (Figure 2c). For the
2.5mg.mL? sample, depositing a weakly concentrated solution visually seems to drive the
formation of a thin homogeneous layer that smooths the space between grains and levels the surface
(Figure 2d). However, 3D perovskite grains are still visible underneath, indicating the low 2D layer
thickness. This observation is confirmed by AFM images (Supplementary Figures S4a and S4b),
as the topographic amplitude shrinks from 160 nm for the pristine sample to 99 nm for the
2.5mg.mL"* sample. For the 10mg.mL* highest concentration, both SEM and AFM (Figure 2e and
Supplementary Figure S4c) show less visible 3D perovskite grains, suggesting the 2D perovskite
thickness has increased. The cross-section SEM image in Figures 2f-g supports this observation,
evidencing the formation of many 2D perovskite grains on the 3D layer, a few tens of nanometers
wide, significantly covering the surface. By correlating this image with the size of the small grains
visible on the surface of the 10mg.mL™ sample in Figure 2e, we estimate the 2D layer thickness
for this concentration not to exceed 30nm. Hence, these results confirm the formation of a 2D layer
on the 3D perovskite bulk, changing the surface morphology according to the 4-FPEAI solution
concentration.

Supplementary Figures Sba-d displays the statistical distribution of AFM surface roughness
measurements, performed on pristine and all 4-FPEA\I treated samples, correlated with roughness
measurements performed with a confocal microscope. This study attests to the representativeness
of morphological analyses and confirms that a weakly concentrated 4-FPEAI solution improves
the surface smoothness due to the 2D top layer formation. As a result, the average Sq roughness of

pristine samples decreases from 25.69 nm to 17.95 nm with 2.5mg.mL™? 4-FPEAI treatment.
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Increasing the concentration to 5 mg.mL™ further decreases the roughness to 17.05 nm. However,
for the 10 mg.mL* concentration, the roughness worsens up to a value of 22.20 nm, revealing that
forming a significantly thicker 2D layer reduces the smoothness of the surface, in line with the

morphological changes (visible sub micrometer grains inhomogeneous distribution).
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Figure 2. a) Bragg XRD diffractogram of a pure 2D perovskite, a pristine 3D perovskite, and a
10mg.mL* sample. b) Diffractogram of pristine and 4-FPEAI treated samples zoomed on the 2D
phase peak. SEM images of the surface of c) pristine, d) 2.5mg.mL™, and &) 10mg.mL"* samples.

f) Cross-section SEM image of a 10mg.mL sample, g) zoomed on the 2D perovskite layer.

The optical properties of the 2D/3D structure were analyzed through photoluminescence (PL)
measurements performed on pristine and the three 4-FPEAI treated samples. Figure 3a shows the
PL intensity for pristine and the three 4-FPEAI treated samples normalized on the 3D perovskite
emission. The 3D perovskite peak is located around 760nm and remains unchanged regardless of
the 4-FPEAI solution concentration, confirming that the solutions employed do not affect the
emission properties and thus, do not damage the 3D perovskite. On the other hand, adding the 2D
cation leads to the emergence of two new emission peaks around 510 and 552 nm. Increasing the
4-FPEALI solution concentration enhances the intensity of these peaks, especially for the first one,
relatively to the 3D peak intensity. Thus, we could reasonably assume that these peaks correspond
to the excitonic transition of n=1 and n=2 RP phases of the (4-FPEA)(MA,FA,Cs)n-1Pbnlzn+1 2D
perovskite formed by the 4-FPEAI treatment, with a predominance for the n=1 phase.*

Figure 3b compares the PL emission of a pure 2D perovskite and the emission from the 2D layer
of a 10 mg.mL* sample. For the pure 2D perovskite, the PL is centered on 525 nm (2.36 eV),
consistently with literature data published on iodide 2D perovskites.*® In comparison, for the 2D
perovskite formed on top of a 3D bulk, the PL is centered on 510 nm (2.43 eV), and the emission
peak appears broader. The cause of this behavior could be the presence of bromine within the 3D
perovskite, which would affect the 2D perovskite composition and lead to a significant amount of
bromine in the layer.%%! Thus, the excitonic optical transition of the n=1 2D phase, expected at

2.36 eV with only iodine, would be increased to around 2.43 eV as switching from iodine to
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bromine increases the perovskites' excitonic transition energy, and its PL signal would get broader

due to the presence of a halide mixture.>
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Figure 3. a) Photoluminescence spectra of pristine 3D and 4-FPEAI treated samples with all three
concentrations (2.5, 5, and 10mg.mL™). b) PL spectra comparison between a pure 2D perovskite

and the 2D phase formed on top of a 3D layer (for highest concentration 10mg.mL™?)

Complementary XPS surface analyses were performed on all 4-FPEAI treated samples to assess
the surface chemical modifications that were consecutive to the 2D process for every concentration.
For such thin 2D overlayers (ultimate thickness around 30 nm for the highest concentration, close
to the 10 nm depth probed with XPS), the main challenge was discriminating the spectral
contributions from the superimposed 2D and 3D layers. Indeed, many identical elements constitute
both, such as carbon, nitrogen, lead, and iodine, with the only notable exceptions being fluorine for
the 2D, and bromine and cesium for the 3D perovskite. Thus, the presence of fluorine is direct
evidence of the presence of the 2D layer, while bromine and cesium act as indications in a first

approximation of the 3D layer underneath. At first, XPS surface analysis was carried out on the
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pristine 3D perovskite and the pure 2D perovskite to perform a precise quantification on the
separated layers, which will serve as a point of comparison for the 4-FPEAI treated samples.

The XPS high-resolution spectra of F 1s, N 1s, Br 3d, and Cs 3d measured on top of the 4-FPEAI
treated samples for each concentration are presented in Figures 4a-d. From a qualitative point of
view, F 1s spectra, the characteristic signature of the 2D perovskite (related to the C — F
contribution), show an intensity increase while increasing the concentration of the 4-FPEAI
solution. This result evidences the 2D layer presence for all concentrations studied. Subsequently,
N 1s spectra show a progressive decrease of the signal originating from the imidine bond in FA"
(400.9 + 0.2 eV) while increasing the 4-FPEAI concentration, which disappears for the highest
10mg.mL* concentration. The C — N bond originating from MA* contribution in the 3D perovskite
and the C — N bond of the 2D molecule have very close binding energies (402.4 = 0.2 eV), which
explains the increase of the peak at 402.4 eV for higher 4-FPEAI concentrations, most probably
attributed to the 2D layer. Correspondingly, the Cs 3ds,2 and Cs 3ds/2 peaks, respectively positioned
at 725.0 and 739.1 eV and attributed to the 3D layer below, also decrease while increasing the 4-
FPEAI concentration. Previous SEM and AFM images (Figures 2d-e and Supplementary Figure
S4) showed the good coverage and homogeneity of the 2D layer formed. Thus, we conclude that
XPS signals observed for 2.5mg.mL* samples originate from the 2D layer and the 3D perovskite
underneath because of the low 2D layer thickness. By increasing the 4-FPEAI concentration, the
2D overlayer gets thicker and progressively masks the 3D layer signal, agreeing with our previous
correlations between 4-FPEAI concentration and 2D layer thickness. Surprisingly, the Br 3d
spectra, contrarily to Cs 3d, show insignificant intensity change for all studied concentrations. This
raises a question about the relation between bromine depth redistribution and its role in the

formation mechanism of the 2D perovskite layer.
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Figure 4. XPS high-resolution spectra of a) F 1s, b) N 1s, ¢) Br 3d, and d) Cs 3d of pristine and 4-

FPEAI treated samples (2.5, 5, and 10 mg.mL™).

The atomic percentages of every chemical element for the three studied concentrations are
gathered in Table 1. The comparison between pristine and 2.5mg.mL™* samples shows a very
similar surface composition, suggesting a few nanometers thick 2D layer for this concentration,
since the depth probed with the present XPS technique is about 10" of nm. When the concentration
increases, the surface stoichiometry of 4-FPEAI treated samples gets closer to the one measured
for a pure 2D perovskite, being nearly identical at 10mg.mL™, in agreement with the SEM thickness
measurement of 30 nm for the 2D layer. The amount of bromine on the material's surface remains
significantly high regardless of 4-FPEAI concentration, hence, regardless of the 2D layer thickness,

emphasizing the role of bromine in the formation of the 2D phase.
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Pristine 3D | 2.5mg.mL* 5mg.mL* 10mg.mL? Pure 2D

Cls 31.6+£35 46.7£ 1.2 60.0 £ 0.6 62.6 £ 0.4 62.3 0.7

13ds2 31.5+£22 21.3+£0.5 141+05 13.0+0.5 16.3+0.4

N1s 182+1.1 13.3+0.3 8.8x+0.2 7.9+£0.3 7.7+£0.2

Pb4f7, 94+0.6 6.3£0.2 3.8x0.1 34+£0.1 3.0£0.1

O1s* 45+1.2 19+0.2 14+0.6 14+£10 16+£09

Fls” - 55%£0.2 8.0£04 8.3+£0.6 8.6x£0.2
Cs3ds/2* 0.6x0.0 04+0.0 0.1+0.0 0.1+x0.0 -
Br3d* 5203 4701 3.8x0.1 34+£01 -

“only in 4-FPEAL, *only in 3D perovskite, *fambient carbonaceous contamination
Table 1. XPS atomic percentages of the surface of a pristine 3D perovskite, a pure 2D perovskite,

and 4-FPEAI treated samples for all concentrations studied.

3.2. Halide variation in 3D perovskite composition

To get an insight into bromine's role in the formation mechanism and optical properties of the
2D layer, a 5 mg.mL* 4-FPEAI solution was deposited onto two different 3D perovskites: the one
already used in this work (called pristine) and a second perovskite (named full iodide), for which
bromine was substituted with iodine, leading to the stoichiometry Cso.05(MAo.17FA0.83)0.95Pbls.

Figure 5 compares the photoluminescence of pristine and full iodide 3D perovskites with 4-
FPEAI treatment. The 3D phase emission moves from 760 nm for the pristine sample to almost
800 nm for the full iodide composition, supporting that bromine's removal decreased the 3D
perovskite bandgap. The 2D perovskite formed on the pristine 3D shows a main n=1 excitonic peak
at 510 nm, with a small contribution from an n=2 phase at 550 nm. When deposited on the full
iodide perovskite, the PL intensity of the n=1 and n=2 phases increases, and an insignificant signal

appears, expected to come from an n=3 phase. This brighter luminescence could indicate a better
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formation or improved emission properties of the 2D layer when using only iodine in both the 2D
and the 3D compositions instead of an iodine and bromine mix. The n=1 and n=2 2D phases
wavelengths red-shifted to 521 and 569 nm when deposited on the full iodide 3D, much closer to
the values expected for the excitonic transitions this material (525 nm for n=1). However, a slight
difference remains between the emission of the n=1 2D phase on the full iodide 3D and the emission
of a pure 2D perovskite (521 nm vs. 525 nm). This difference could be explained by the 3D bulk
presence underneath, which would modify the dielectric environment of the Pble® inorganic layer
and so the energy of its excitonic transitions (taking into account that the dielectric confinement
brings an important contribution to the value of the 2D perovskite exciton binding energy), or by
the small thickness of the 2D layer, involving specific constraints modifying the bandgap.®*°3
Nevertheless, this study underlines that bromine from the 3D perovskite is the main reason for the

2D phase PL blue shift, as bromine is also present in the 2D layer composition.
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Figure 5. PL of pristine and full iodide 3D perovskites with 4-FPEAI treatment.

To sum up, the 4-FPEAI solution concentration is a key parameter to affect the thickness of the

2D perovskite layer formed, and we demonstrated that this 2D phase contains an iodine and
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bromine halide mix, shifting the excitonic transitions of the 2D phase towards higher energies. The
bromine/iodine ratio, calculated from data presented in Table 1, seems much higher in the 2D phase
of the 10mg.mL™* sample (3.4/13) than in the pristine 3D (5.2/31.5). A new question arises from

these observations: what mechanism causes the presence of bromine in the 2D layer?

3.3. Expected mechanism and Pbl excess variation

As previously detailed, the literature consensus for the formation of the 2D layer is the 4-FPEAI
cation reaction with local Pbl, excess on the 3D perovskite surface following eq. 1, and we
confirmed this mechanism earlier in this work through XRD measurements shown in Figures 2a-
b. However, this mechanism alone cannot explain the presence of bromine within the 2D phase.
Thus, we presume another formation mechanism exists for the 2D layer, parallel to the 4-
FPEAI/PDbI; reaction.

One of the precursors used to make the 3D perovskite is PbBrz. This precursor could react with
4-FPEALI in the same way Pbl, does in eq. 1 to form a 2D perovskite containing iodine and bromine,
based on this reaction:

2(4-FPEALI) + PbBr2 > (4-FPEA)2Pb(losBros)s Eq. 2
However, the 3D perovskite precursor solution contains less PbBr than Pbl, (1.1mmol of Pbl; and
0.2mmol of PbBr,). Besides, PbBr is more reactive than Pbl, in forming the 3D perovskite.*’
Hence, there should not be any PbBr. in the 3D bulk available for reaction with 4-FPEAI.
Furthermore, no sign of unreacted PbBr; is visible in XRD data. Thus, it is likely that when we
deposit the 4-FPEAI solution, bromine is already embedded in the crystallized 3D structure and

cannot get into the 2D phase by this mechanism.
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We speculate that bromine’s presence in the 2D layer is induced by a substitution of the 3D

perovskite cations (MA, FA, and Cs) by the 2D perovskite spacer cation, here 4-FPEALI, along the
following reaction:
(Cs,MA,FA)Pb(I1xBrix)s + 2(4-FPEAI) > (4-FPEA)2Pb(l,Briy)s + (1,Br) + (Cs,MA,FA)* Eq.3
This mechanism reorganizes the surface to form the 2D perovskite.>**® The greater complexation
of Pb?* with Br™ than with I justifies the greater bromine/iodine ratio in the 2D phase than in the
3D perovskite.>® Due to the highly polar nature of IPA, it significantly dissolves FA and MA ions.%’
Hence, both organic compounds might be eliminated with excess solvent during the spinning for
the 4-FPEAI solution deposition and by the evaporation of the solvent during the 2D layer
annealing, explaining their disappearance from XPS measurements on 4-FPEAI treated samples.

To form the n=2 phase R2AB2X7 visible in PL measurements, small A-site cations from the 3D
perovskite are mandatory. Cs* ions are not soluble in IPA, and so they are probably evacuated from
the surface less efficiently than FA and MA. However, due to their inorganic nature, they are also
less favorable for ionic exchange.®® For this reason, we explain the predominance of the n=1 phase
by the small number of A-site cations available. However, we cannot precisely determine which
A-site cation resulting from the reconstruction of the 3D perovskite extreme surface is used to form
this n=2 phase, and we assume that all A site cations (FA, MA, and Cs) are involved.

To prove that the 2D layer formation results from a cation exchange mechanism, a new
configuration with a lack of Pbl, in the 3D bulk was considered. A 5mg.mL™ 4-FPEAI solution
was deposited on 3D perovskites with two different Pbl> amounts: -6.2% (a lack of Pbl,) and 2.0%
(the excess used for all samples in this study). XRD patterns in Figure 6a show that a similar 2D
phase is formed regardless of the Pbl, excess. For the 2% excess sample, no Pbl, peak is visible
because Pbl, has been consumed during the reaction with 4-FPEAI. For the -6.2% lack, no Pbl>

peak was observed, consistent with the absence of Pbl, excess from the composition. In
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Supplementary Figure S6, GIXRD on a 3D perovskite with -6.2% Pbl, and not treated with 4-
FPEAI solution confirms this result, showing no Pbl, peak at the surface of the layer. Hence, if a
similar 2D phase is formed without any Pbl, excess in the 3D bulk, it confirms the presence of a
second formation mechanism. PL measurements in Supplementary Figure S7 also confirm that
regardless of the Pbl> excess in the 3D perovskite, a 2D phase is formed. The PL intensities of the
3D phases vary because of the different amounts of Pbl affecting the optical properties of the
material. Meanwhile, the 2D layer PL intensities are close, indicating a comparable quantity of 2D
perovskite formed that does not rely on the Pbl, excess in the 3D bulk. However, their emission
wavelengths slightly differ.

Figure 6b displays the distribution of maximum PL wavelength for the 2D phase regarding the
Pbl> excess in the 4-FPEAI treated 3D perovskites. The 2D phase PL maximum is slightly blue-
shifted for the -6.2% Pbl> lack compared to the 2% excess (508.5 nm versus 510.5 nm). With a
lower Pbl, amount in the layer, the cation exchange mechanism was favored for 2D perovskite
formation, leading to a slightly more bromine-rich layer and a blue shift of the PL. An excess of
9.0% was also tested and is presented in Supplementary Figure S8. For this 9% Pbl, excess, a
significant Pbl, peak is still visible in XRD after 4-FPEAI treatment, as only the Pbl, excess from
the surface and not from the bulk was consumed during the 2D layer formation. For PL, the 2D
phase wavelength for the 9% excess is similar to the 2% excess sample, proving that the wavelength

shift is not caused by a different composition and bromine/iodine ratio.
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Figure 6. a) Bragg XRD and b) Distribution of 2D phase PL maximum wavelength for 3D

perovskites with a -6.2% lack and a 2% excess Pbly, treated with 5mg.mL* 4-FPEAI solution.
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4. Conclusions

In conclusion, this work shows that the deposition of a 4-FPEAI solution onto a crystallized 3D
perovskite forms a few nanometers thick 2D perovskite layer of mostly n=1 phase that can
significantly improve the efficiency of solar cell devices. By varying the cation concentration of
the deposited solution, we substantially increased the layer thickness up to tens of nanometers. The
halide modification in the composition of the 3D perovskite showed us that the bromine inside the
3D phase was also present in the 2D layer, affecting its optical properties. It leads us to conclude
that this 2D layer formation results from at least two concomitant mechanisms: the reaction of the
4-FPEAI organic spacer with the excess Pbl. from the 3D composition and a cation exchange
reaction between the 3D phase and 4-FPEAI. We confirmed the presence of this second mechanism
by being able to form a 2D perovskite phase even after removing the Pbl, excess from the 3D
perovskite stoichiometry. It also revealed that these mechanisms occur concurrently to form the
2D layer until all the 4-FPEAI cation is consumed, making it the limiting reactant of the process.
It emphasizes the importance of the 2D cation concentration in controlling the physical properties
of the layer. Because of the cation exchange reaction, the 3D perovskite composition affects the
stoichiometry of the 2D layer formed on top, proving the great versatility of 2D perovskites and
highlighting new possibilities to tune the composition of this 3D/2D interface. Finally, this work
brings new insight into the synthesis mechanisms of these 3D/2D perovskite heterostructures,

which could lead to the development of new efficient and functional 3D/2D structures.
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Supplementary Information

Illustration of 4-FPEAI treatment, PCE statistics from I-V data, GIXRD patterns, AFM topographic
images, statistics on Sg and Sa roughness measured with AFM and optical microscopy, PL spectra,
and statistics on maximum wavelength distribution from PL data.
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Supplementary Figure S1. Illustration of the 4-FPEALI treatment process on a 3D perovskite, and
NIP architecture of the solar cell devices.
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Supplementary Figure S2. PCE comparison between several concentrations for 4-FPEAI

treatment.
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Supplementary Figure S3. Bragg-Brentano XRD and grazing-incidence XRD patterns of a

pristine 3D perovskite.
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Supplementary Figure S4. AFM topographic scans of a) pristine, b) 2.5mg.mL", and c)

10mg.mL"! samples.
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Supplementary Figure SS. Distribution of Sq and Sa roughness values for measurements with a),

¢) an atomic force microscope or with b), d) a confocal microscope, for pristine and 4-FPEAI

treated samples for all concentration (2.5, 5, and 10mg.mL"").
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Supplementary Figure S6. GIXRD diffractogram of an untreated 3D perovskite with a -6.2%

PbI2 lack.
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Supplementary Figure S7. PL spectra of 4-FPEALI treated 3D perovskites containing -6.2%, 2%,

or 9% Pbl, excess.

S5



513

512 -
€
E
< 5114
(@]
3
© 510
= .
=
< 509 oy
© *” o
= -
- -
g 508 "
@) -
N
5074 -
506 l T l
-6.2% 2.0% 9.0%
Pbl, excess

Supplementary Figure S8. Statistical distribution of 2D phase maximum PL wavelength for -

6.2%, 2%, or 9% PbI2 excess in the 3D composition.
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