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ABSTRACT:

Two-dimensional (2D) Ruddlesden-Popper phase perovskites (RPPs) are attracting growing attention
for photovoltaic applications due to their enhanced stability compared to 3D perovskites. The superior
tolerance of 2D RPPs films to moisture and oxygen is mainly attributed to the hydrophobic nature of
the introduced long-chain spacer cations (ligands). In this work, it is revealed that a thin capping layer,
consisting of self-assembled butylammonium ligands, is spontaneously formed on the top surface of
quasi-2D perovskite film prepared by conventional one-step hot-casting. Based on morphological and
crystallographic analysis of both the top/bottom surfaces and the interior of quasi-2D perovskite films,
the formation process of the 2D capping layer and the assembly of RPPs, comprising both large and
small slab thickness (large-n, small-n), is elucidated. The vertical orientation of RPPs that is required
for sufficient charge transport for 2D perovskite solar cells (PSCs) is further verified. We propose that
the surface capping layer is directly responsible for the long-term stability of 2D PSCs. This work
provides detailed insight into the microstructure of quasi-2D RPPs films that should assist the
development of strategies for unlocking the full potential of 2D perovskites for high-performance PSCs

and other solid-state electronic devices.
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INTRODUCTION

Lead halide perovskites are a prominent candidate for expanding renewable energy uptake due to their
extraordinary optoelectrical properties and potential for low-cost manufacturing of perovskite solar
cells (PSCs).% 2 Conventional three-dimensional (3D) perovskites composed of lead-halide ([Pbls]*)
octahedra and organic cations (methylammonium or formamidinium, MA*/FAY) suffer instability issues
caused by their strong interaction with moisture and oxygen from the ambient environment.®> * To
address this instability issue, quasi-two-dimensional (2D) perovskites with Ruddlesden-Popper phase
(RPPs) offer enhanced stability and have been extensively explored to replace their 3D counterparts.>”’
The general formula of RPPs can be described as R2An.1Pbnlsn+1, wherein A is the small-size ammonium
cations (MA*/FA"), R is the spacer cations with long alkyl or aromatic chains (butylammonium or
phenethylammonium, BA*/PEAY), and n represents the number of [Pblg]* octahedral layers composing
the inorganic slab that is sandwiched by two layers of R* cations.® The hydrophobicity and high
dielectric constant of R* are responsible for the robustness of quasi-2D perovskites against phase
segregation and ion migration, making them highly attractive for constructing PSCs with long-term

stability under ambient operating conditions.> 7 %1

The design strategies for 2D perovskites for photovoltaics fall into two categories. One is overlaying a
horizontally aligned 2D perovskite (parallel to the substrate), with a slab thickness of n=1 or 2, on the
surface of 3D perovskite by either spin-coating or solid-transfer methods to form a 2D/3D stacking
structure.!? This 2D protective capping layer can prevent oxygen and moisture from permeating into
the 3D perovskite layer.® The other strategy is constructing the active layer entirely from the quasi-2D
perovskites with a designated slab thickness of <n>=4 or 5.% 1718 These films are generally composed
of 2D perovskite slabs with various slab thicknesses ranging from small-n (n=3, 4, 5) to large-n.%° Due
to the insulating nature of the spacer layers, charge transportation is believed to be confined within the
2D plane and hindered along the face-to-face direction.?® Thus, the 2D capping layer coated on 3D
perovskite films should be thin enough to allow charge tunnelling and the 2D RPPs slabs within quasi-
2D perovskite films should be vertically oriented relative to the horizontal substrate to ensure sufficient
charge transport and collection by top/bottom contacted electrodes.” Since the first success of PSCs
based on quasi-2D BA2MAn.1Pbnlan:1 (<n>=4) RPPs achieved by the hot-casting method,® considerable
efforts, including the compositional design of spacer cations,? 22 the incorporation of additives,?
solvent engineering,? and optimisation of film casting methods have been made to achieve the vertical
orientation of 2D RPPs slabs and thus improve the power conversion efficiency (PCE) of 2D PSCs from
~12% to ~20%,%°%" which still lags behind those of mixed-cation mixed-halide 3D PSCs.2 The
construction of a 2D/3D bilayer structure combines the advantages of high stability brought by 2D RPPs,
and the high PCE of 3D PSCs owing to the dominant composition of 3D perovskite forming the photo-
active layers.” However, the conventional method for depositing ligands, which involves using a diluted

ligand solution in isopropyl alcohol (IPA) and spin-casting at a very high speed, is not applicable for
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slower deposition processes such as doctor blading or slot-die coating due to damage of the perovskite

film by IPA, and is thus not appropriate as a post-deposition strategy for large-scale fabrication.

2D PSCs based on the one-step deposited quasi-2D perovskite films are promising for achieving
efficient and stable solar energy conversion for future commercialisation. Further improvement in the
PCE of quasi-2D PSCs requires a better understanding of the film formation mechanism and
microstructure correlated exciton/charge carrier dynamics.? Despite extensive investigations over the
past five years, the phase distribution profile and the origin of the vertical orientation of 2D RPPs are
not fully understood.® It is generally accepted that, during the conversion process from precursor
solution to solid film on hot substrates, vertically oriented large-n 2D RPPs (3D-like) crystallise on the
top surface due to fast solvent evaporation. These initial structures provide a template for the
downwards vertical-oriented growth of 2D RPPs with decreasing slab thickness (n), leading to a
sequential phase distribution of 2D RPPs from large-n (top) to small-n (bottom) along the vertical
direction.® Lin et al. suggested that large-n RPPs form a continuous network throughout the films,
acting as charge transport pathways for efficient 2D PSCs.®! Zheng et al. recently found evidence for
an alternative model in quasi-2D PSC films based on a sandwich-like structural model, consisting of a
large-n/small-n/large-n phase arrangement, to describe the exciton dynamics for efficient 2D-PSCs.%
All these models suggest the presence of vertically oriented large-n, or 3D-like, RPPs on the top surface
of quasi-2D perovskite films should exhibit lower stability compared to the small-n or pure 2D (n=1)
RPPs. This configuration seems inconsistent with the high operational stability achieved by quasi-2D
PSCs, as large-n (3D-like) RPPs are less stable compared to the small-n RPPs.2® In addition, the reason
for the initial crystallisation of large-n RPPs from the top surface is also not well discussed. To address
these discrepancies and uncertainty, a deeper investigation is required to reveal the microstructure and

formation Kinetics of quasi-2D perovskite films to guide further improvement in 2D PSCs.

In this work, the microstructure of quasi-2D perovskite films prepared by hot-casting was thoroughly
investigated by morphological and crystallographic characterisations. The morphology of top/bottom
surfaces and the interior of the quasi-2D film were studied by atomic force microscopy (AFM) and
scanning electron microscopy (SEM) before and after the films were partially peeled by tape or totally
peeled off from the substrate. Synchrotron-based grazing incidence wide-angle X-ray scattering (Gl-
WAXS) measurements of the quasi-2D film were carried out using both the top-side and bottom-side
(peeled) detection to compare the different crystal orientation profiles of RPPs on the surfaces and in
the film interior. It was found that the quasi-2D film interior is composed of vertically oriented RPPs
with both small-n (n=3, 4, 5) and large-n, while the film surface is capped by a thin assembly layer of
horizontally stacked BAI sheets. Based on these new findings, we propose that the spacer ligands-based
surface capping layer is responsible for the long-term stability of 2D PSCs, while the vertically oriented

large-n/small-n RPPs the high PCEs found in these systems.



RESULTS AND DISCUSSION

In this work, BA;MA\.1Pbylsn+1 (<n>=5) films prepared by hot-drop-casting were selected as prototypes
to reveal the microstructure of quasi-2D RPP films that were utilised for 2D PSCs. Following the
previous studies, these films are composed of a phase mixture of 2D RPPs with thicknesses that deviate
from the designated <n>=5. Small-n (n=3, 4, 5) and large-n (n=L) RPPs were identified through the
transient absorption (TA) spectra of the BA-based quasi-2D films. TA spectra obtained from the top-
side (film/air interface) (Figure 1A) and bottom-side (film/substrate interface) excitation modes
(Figure S1), appear as discrete ground-state bleaching (GB) peaks that correspond to the excitonic
bandgaps of each 2D component.®? The TA spectra recorded at 1 ps delay for both top- and bottom-side
excitation are plotted in Figure 1B. By comparing the relative intensity of each peak, it can be deduced
that more large-n (n=L) RPPs are located on the top side of the film while the bottom side is mainly
occupied by small-n (n=3, 4, 5) RPPs components.®* It should be noted that a small amount of n=2 RPPs
is present at the bottom part of the film while the n=1 component is absent throughout the whole film.*
The broad shape of the large-n GB peak implies there exists a distribution for these large n values,
presumably ranging from the medium n to the maximum n.3> We denote this set of RPPs as large-n for
simplicity. Analysis of the dynamics (Figure 1C) shows a gradual increase of the large-n GB amplitude
which is coincident with an amplitude decrease of small-n peaks, which is indicative of exciton
funnelling from the small-n 2D RPPs to the large-n components. This funnelling process is supported
by photoluminescence (PL) measurements made on both sides of the film, where it is observed that the
PL from large-n RPPs dominates (Figure 1D). The identical PL peak position implies emission
originates from the same phase domains of large-n RPPs, possessing the maximum n value and thus the

lowest band-gap. The maximum n can be obtained by Equation-1:%

hc lev

=1.623 el + 1)

E. =
X eldpL 0.063-n2+0.458'n+0.811

wherein E, denotes the excitonic gap of the RPPs component with slab thickness n that can be
calculated from the corresponding PL peak position (1p;). The maximum n corresponding to ~754 nm

PL emission can thus be estimated as n=23.
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Figure 1 (A) Pseudo-colour 2D plot of the TA spectrum (mAOD) of the BA2MAn1Pbnlsns1 (<n>=5)
quasi-2D perovskite film obtained by top-side excitation and transmission detection; (B) TA spectra as
a function of probe wavelength at pump-probe delays of 1 ps recorded under both top-side and bottom-
side excitation modes; (C) Time decay profiles of GB peaks corresponding to small-n (n=3) and large-
n (n=L) RPPs obtained from the top-side (upper panel) and bottom-side (lower panel) excitation and
transmitted detection; (D) PL spectra of BA;MA.1Pbnlzn+1 (<n>=5) film measured by top-/bottom-side
excitation and reflection detection; (E) XRD pattern of the BA;MAn.1Pbnlzn1 (<n>=5) film deposited
on a PEDOT/ITO substrate. The inset schematically shows the arrangement of specific lattice planes
within the [101] oriented n=3 RPPs crystal domains; (F) J-V curves of 2D PSCs based on the hot-cast
BA:MA.1Pbnlzn+1 (<n>=5) film and the corresponding PCE tracking for device stability testing.

The overall crystal orientation profiles of the BA2MA.1Pbnlsns1 (<n>=5) quasi-2D film were probed
using an X-ray diffractometer under the Bragg-Brentano (BB) mode, which collects diffraction signals
along the out-of-plane (OP) direction of the film. Figure 1E shows the XRD patterns measured from
the top surface of the quasi-2D perovskite film deposited on a glass substrate by hot-casting, which
features prominent diffraction peaks at 20=14.03° and 28.31°. These peaks are indexed as (111) and
(202) diffraction peaks that originated from the corresponding lattice planes of the vertically oriented
2D RPPs slabs.® As schematically illustrated in the inset of Figure 1E, 2D RPPs with n=3, for example,

are composed of three layers of [Pbls]* octahedral sheets sandwiched by two layers of BA* spacer

cations along the 2D stacking direction (E axis).® The vertical orientation (<101> normal to the substrate)
of this 2D crystal structure makes the (111) and (202) lattice plane nearly parallel to the substrate, thus
leading to strong (111) and (202) XRD peaks collected in the out-of-plane (OP) direction under the BB
mode. If the 2D RPPs slabs were horizontally oriented (<010> normal to the substrate), the (0k0)
reflection peaks, e.g. (060), would be observed instead. According to the general crystal structure of
RPPs, the positions of the (111) and (202) peaks are almost independent of the slab thickness with n>2.
Thus, the XRD pattern obtained here featuring the dominant (111) and (202) peaks and the absence of

(0kO) peaks implies all RPPs (various n) within the quasi-2D film are vertically oriented relative to the



horizontal substrate. Based on the efficient exciton funnelling process occurring and the vertical
orientation profile of 2D RPPs within the quasi-2D films, the high photovoltaic performance of these
films would be expected. Figure 1F presents the J-V curves of 2D PSCs with the structure of ITO
Glass/PEDOT: PSS/Quasi-2D Perovskite/PCBM/PEIE/Ag based on these hot-cast BA:MAn.1Pbnlsn+1
(<n>=5) films, showing a champion PCE of ~14.5% (performance parameter listed in the inset), which
is among the highest value reported for this 2D recipe. The inset of Figure 1F also shows the stability
testing result of these 2D PSCs. The encapsulated cells in air retained >96% of their initial PCE after
500 hours under constant AM1.5G solar illumination, demonstrating the excellent performance stability
of these 2D PSCs.

The surface morphology of the BA:MA,.1Pbnlsn+1 (<n>=5) quasi-2D perovskite film was characterised
by high-resolution AFM. To reproduce the actual film formation conditions utilised in fabricating 2D
PSCs, the films were hot-cast on the PEDOT: PSS (hole transporting layer) coated ITO substrates.
Figure 2A presents an AFM image detailing the top surface of the film. Perovskite grains with a lateral
size of ~1-2 um compose the film, featuring either with or without sunken pits in the grain centre. A
previous study has been shown that, grains without pits possess a higher composition of large-n 2D
RPPs when compared to those with pits and form Brownian tree patterns by diffusion-limited-
aggregation (DLA).*” The magnified AFM image (Figure 2B) shows the film surface is constructed of
horizontally oriented semi-round 2D sheets stacked consecutively. Height profile analysis cutting across
individual sheets is presented in the inset, showing the thickness of the sheets on the surface is
approximately 0.8 nm. This thickness estimate is further confirmed by additional height analyses
performed on two other sites as shown in Figure S2. Based on the crystal structure of BA2Pbls (n=1)
RPP (upper panel, Figure 2C), the theoretical thickness of the n=1 2D perovskite sheet is 1.34 nm,
which has already been verified by the experimental observation.®® *® Thus, the mono-sheets observed
here are excluded from being BA2Pbls (n=1) 2D RPPs owing to the large disagreement in thickness.
This is consistent with the TA spectra (Figure 1B) and XRD pattern (Figure 1E), which also suggest
the absence of a n=1 RPP component within the quasi-2D perovskite film. Alternatively, the combined
thickness of two spacer cations (BA*) sandwiching the [Pbls]* octahedral layer, which is ~0.7 nm,
approximates the thickness of the mono-sheets (~0.8 nm), implying they can be bilayers of
butylammonium iodide (BAI). As depicted in the lower panel of Figure 2C, two layers of self-
assembled BAI molecules connect head-to-head, forming a 2D sheet predominantly comprised of
spacer ligands, which is different to the 2D perovskite bilayer reported in previous post passivation
strategies.™® This bilayer molecular structure generally appears for Langmuir-Blodgett (LB) bilayers of
amphiphile molecules,*® such as tetrabutylammonium iodide (TBAI).** Considering the amphiphilic
property of the BAI, the formation of self-assembled BAI bilayer sheets initiated from the solvent/air
interface is reasonable. Thus, the horizontally stacked sheets on the top surface of quasi-2D perovskite

films can be assigned to BAI bilayer sheets spontaneously formed during the film casting process. The



self-assembly of BAI sheets proposed here is supported in part by a recent publication which suggests
the existence of spacer cations (3-fluoro-phenylmethyl ammonium, 3FBA+) on the top surface of as-
prepared quasi-2D perovskite films.?” This observation is different to the previous structural and film
formation models suggesting the occupation of large-n (3D-like) RPPs on the top surface of quasi-2D
perovskite films. On the contrary, this proposed configuration resembles the 2D/3D bilayer structure

constructed via post-deposition for improving the stability of 3D PSCs.1 1416
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Figure 2 AFM images showing the morphology of the top surface of the BA2MA\.1Pbplane (<N>=5)
film deposited on PEDOT/ITO substrate for a moderate (A) and a small (B) area. The inset in (B) shows
the height profile traced along the red line marked in the figure; (C) Schematic illustration of the
structures of BA>Pbl, (n=1) RPPs individual sheet and the BAI bilayer; (D) AFM image of the peeling
edge of partially peeled BA2MA.1Pblsn:1 (<n>=5) film deposited on PEDOT/ITO substrate; (E) 3D-
view AFM image of the peeling edge obtained from the other site; (F) SEM image of the partially
peeled quasi-2D perovskite film focusing on the peeling edge.

To explore the impact of BAI capping layer on the assembly behaviour of 2D RPPs deep inside the
quasi-2D perovskite films, scotch tape was used to partially peel the films from the top side to obtain
the peeling edges. These are the boundaries between the areas of un-peeled film and bare substrate, as
denoted in Figure S3. The AFM topographic image given in Figure 2D features the un-peeled film
surface, the peeling edge, and the PEDOT/ITO substrate. The surface of the film appears as a compact
and layered shell, which is in distinct contrast to the film interior structure, as the latter exhibits small
and large blocks from top to bottom. Based on the analysis of Figure 2B&C, the shell should be
composed of horizontally stacked BAI sheets. Its overall thickness estimated from height profile
analysis is up to ~15 nm, which is quite thin relative to the whole film thickness (~350 nm). As indicated
by the TA and PL spectra from the top and bottom sides (Figure 1), more large-n RPPs occupy the top

side, and the small-n (n=3, 4, 5) RPPs tend to dominate the bottom side of the films. Thus, it can be
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inferred that the vast number of small-sized blocks directly beneath the shell are large-n RPPs, and the
large blocks at the bottom side of the films are small-n (n=3, 4, 5) RPPs. The 3D-view AFM image of
the peeling edge at the other point shown in Figure 2E directly demonstrates the hierarchical
distribution of these components along the vertical direction. Notably, the edges of 2D RPPs crystal
slabs, which are featured as parallel fringes, appear on the surface of the large blocks along the out-of-
plane direction. This observation indicates these large blocks located at the film bottom are assembled
from the vertically oriented (edge-on) small-n 2D RPPs slabs. The remarkable contrast between the
ligand-based shell, large-n and small-n 2D RPPs comprising the quasi-2D film was also verified through
scanning electron microscopy (SEM). Figure 2F presents the SEM image, with a tilt angle of 40°, of
the partially peeled quasi-2D perovskite film obtained in the secondary electron detection mode. The
compact shell on the film surface can be easily identified, beneath which are small blocks and large
blocks. The cliff-like appearance of large blocks at the bottom part of the film is another sign of the
vertical orientation profiles adopted by the small-n RPPs slabs. The compact shell comprised of
horizontally stacked BAI sheets is confirmed, which is ideal for protecting the film interior from the
ambient environment as these ligands themselves are the origin of the superior stability of 2D RPPs.
Therefore, we propose the spacer ligand-based 2D capping layer is responsible for the long-term
stability of 2D PSCs based on this quasi-2D film (Figure 1F).

Although the morphology of quasi-2D perovskite films has been widely investigated by ourselves and
others, the direct characterisation of the buried (bottom) surface has not been reported to date. To
directly assess the bottom surface of the hot-cast BA2MAn.1Pbnlsns1 (<n>=5) film by AFM and SEM
characterisations, an epoxy glue-assisted peeling method was applied to peel off the quasi-2D film from
the substrate fully.*? As schematically illustrated in Figure 3A, a drop of pre-mixed epoxy glue was
dropped on the top surface of the quasi-2D film, followed by coverage with another clean glass substrate.
The two glass substrates were clipped together by a metal clip for 1 hour and then separated by hand.
Through this process, the quasi-2D perovskite film was then peeled off from the old substrate and
adhered to the new substrate by the solidified epoxy glue, exposing the previously bottom surface of
the quasi-2D film. The AFM image in Figure 3B shows the morphology of the bottom surface of the
freshly peeled BA:MA.1Pbnlsn+1 (<n>=5) film, featuring a flat surface decorated by some scattered
small flakes. As far as we know, the bottom surface of the quasi-2D film should emerge as the edges of
the vertically oriented small-n (n=3, 4, 5) RPPs slabs, which is further confirmed by the appearance of
fringes in the AFM images. Height profile analysis (inset of Figure 3B) shows the ribbon-like small
flakes “floating” on the film surface possessing a thickness of around 20 nm. Considering the compact
adhering of the quasi-2D perovskite film on the substrate, the appearance of these isolated flakes
contrasts with the expected flat bottom surface of the film. We suspect these small flakes are formed by
the recrystallisation of the edges of the 2D RPPs that occurs straight after the film is peeled off. This is

supported by the AFM characterisation of the peeled film that is exposed to air for one day in the air,



which is full of small flakes (Figure 3C). When the exposure time is prolonged for one week, both the
quantity and the size of the small flakes are significantly increased (Figure S4A). This observation
suggests that the 2D RPPs with edges exposed to air are quite unstable and tend to recrystallise to other
configurations with time. In comparison, as depicted in Figure S4B, the AFM image of the top surface
of the quasi-2D perovskite films exposed to air for one week shows no obvious change in morphology
relative to the fresh sample (Figure 2A). Thus, it can be deduced that the ligand-based 2D capping layer
spontaneously formed on the top of vertically oriented 2D RPPs can prevent the unexpected

recrystallisation process that may harm the stability and efficiency of 2D PSCs.

A

New Glass Substrate

-
Epoxy

(COV% (Peel off)
20 Fitm O Top 50"0"7

-30.0 nm

Figure 3 (A) Schematic of the process for peeling off the quasi-2D perovskite films from a substrate
using epoxy glue; AFM images of the bottom surface morphology of the BA2MAn.1Pbnlsni1 (<N>=5)
quasi-2D films right after peeling (B) and exposed to air for one day (C); (D&E&F) SEM images of
the bottom surface of the quasi-2D film with gradually increasing magnification.

The morphology of the bottom surface of the quasi-2D film is further explored by SEM. Figure 3D
presents the SEM top-view image of the freshly peeled BA:MA.1Pbnlans1 (<n>=5) film with low
magnification. The strong contrast of bright Brownian tree dendrites is clearly apparent, which matches
well with those patterns that appear in the optical transmission image (Figure S5). According to our
previous report,®” these Brownian trees are formed by diffusion-limited-aggregation of MA-rich 2D
RPPs phase domains that first crystallised out from the solution. By increasing the magnification
(Figure 3E), the Brownian trees are tracked to be the film area with voids and edges, whereas the dark
background regions are the flattened areas of the bottom surface. It is demonstrated that these voids are
accompanied by the separated (small-n) large blocks at the bottom side of the film. Chen et al. recently
proposed that voids appearing in the buried interface of 3D perovskite films are induced by the trapping

of solvent as the film crystallisation direction is from top to bottom.*® Thus, the preferential appearance



of voids under the bottom surface of quasi-2D perovskite film areas featured with Brownian trees
indicates the top-to-bottom crystallisation tendency for RPPs is more prominent in these areas compared
to the rest. This interpretation agrees well with the previous assumption that the perovskite grains
constructing the Brownian trees are first crystallised out from the solution, with the fast formation more
likely causing the trapping of the solvent at the bottom during the film formation process. An enlarged
SEM view of the region of the Brownian tree is presented in Figure 3F, from which the perovskite
grains can be identified. The orientations of the large blocks within each grain are coordinated, with the
long axes either parallel or perpendicular to each other, and differing from those of the neighbours,
indicating the independent crystallisation of each grain. Small flakes adhering to the surface of large
blocks and flat film areas are also observed in the SEM image as sharp needles, which is consistent with

the AFM characterisation result.

Grazing incidence wide-angle X-ray scattering (GIWAXS) is a powerful technique to assess the
crystallographic arrangement of solid polycrystalline materials. Herein, the crystal orientation and
phase distribution profiles of 2D RPPs within the hot-cast BA:MA.1Pbalsn1 (<n>=5) quasi-2D
perovskite film were systematically investigated by angle-dependent GI-WAXS. To consolidate the
interpretation of these experimental results, simulation of GIWAXS patterns for large-n and small-n
RPPs was performed.** Due to the lack of crystallographic analysis for large-n 2D RPPs in the literature,
the crystal parameters of MAPbI; with a tetragonal phase was adopted instead to approximate the Gl-
WAXS pattern of large-n (3D-like) BA2MAn.1Pbnlsns1 considering their structural similarity. As
reported,® 2D RPPs with (n>1) are structurally derived by cutting the MAPbI; perovskite along the (110)
lattice plane and decorating the two surfaces with BA cations. Thus the <110> and <110> orientation
of the MAPDI; crystal normal to the substrate can represent the horizontal and vertical alignment of
large-n 2D RPPs slabs. The crystal symmetry of these two directions leads to the identical appearance
of simulated GI-WAXS patterns (Figure S6).* For small-n 2D RPPs, BA;MA:Pbsliy (n=3) was
selected for the GI-WAXS pattern simulation. In contrast to the large-n RPPs, the GI-WAXS patterns
of the <010> horizontally (<010> direction normal to the substrate) and vertically (<101> normal to the

substrate) oriented small-n RPPs films are quite different to each other. As shown in Figure 4A&4B,
the reflection peaks are associated with the stacking direction (E) of 2D RPPs, e.g. (0k0), (1k1) and
(2k2), are mainly linearly arranged along the out-of-plane (OP) direction at gq,, =
0A-1,1.0A71,2.0 A1 for the horizontally oriented 2D slabs and along the in-plane (IP) direction at
q, = 0A=1,1.0 A~1,2.0 A1 for the vertical ones. Figure 4C plots the X-ray scattering intensity profile
of the simulated GI-WAXS of vertically oriented n=3 RPPs film along g, = 0A=1,1.0A-,2.0 A-1,
The discrete reflection peaks within the 0 A~1~1.0 A~ range for qxy Canreasonably be assigned to the
vertically (<101>) oriented n=3 2D slabs viewing from the <101> direction. These peaks are all perfect

indicators for the n values of small-n 2D RPPs. Strong diffraction peaks indexed as 101, 200, 311, 400,
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etc., are assigned to diffraction from vertically (<101>) oriented 2D slabs viewing from the <010>

direction.
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Figure 4 Simulated GI-WAXS patterns of pure n=3 RPPs film with (A) horizontal (<010>) and (B)
vertical (<101>) crystal orientation; (C) Scattering intensity profiles of (B) integrated along q, ~
0A71,1.0A71,2.0 A~1; Indexed GI-WAXS patterns of BA;MA.1Pbnlzq+1 (<n>=5) film measured from
the top surface with an X-ray incidence angle of 0.1° (D) and 0.3° (E), and the corresponding intensity
profiles integrated along q,~1.0 A~1 (F); GI-WAXS patterns of the epoxy-peeled BA;MA.1Pbyl3ns1
(<n>=5) film (bottom surface) with an X-ray incidence angle of 0.1° (G) and 0.3° (H); (I) Scattering
intensity profile of (G) integrated along the IP (g, = 0 A1) direction. The inset shows the comparison
of the scattering profile for (G) and (H) integrated along the OP (g, = 0 A~1) direction.

The 2D GIWAXS patterns of the quasi-2D perovskite film (top surface) deposited on PEDOT/ITO
glass substrate and peeled film (bottom surface) attached on epoxy/glass at an incident angle of 0.1°
and 0.3° are shown in Figure 4D, E, G, H, respectively. 0.1° is smaller than the critical angle for total
external reflection of the X-ray beam on the surface of the quasi-2D film, leading to the shallow
detection depth of GI-WAXS at this angle. Thus, the GI-WAXS pattern shown in Figure 4D and Figure
4G mostly reflects the crystallinity of the top and bottom parts of the film, respectively. The presence
of scattering rings belonging to the ITO substrate, as marked in Figure 4E, confirms the X-ray can
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detect the whole film with the 0.3° incidence angle. The GI-WAXS pattern present in Figure 4D closely
resembles the simulated pattern of the textured 3D MAPbI; film (Figure S4), suggesting the top part of
the quasi-2D film is composed of large-n RPPs. Although it is difficult to judge the crystal orientation
profile of large-n RPPs through these discrete scattering spots, the obvious horizontal stretching of the
(202) peak along the IP direction indicates the large-n RPPs are vertically oriented. By increasing the
X-ray penetration depth at an incident angle of 0.3° (Figure 4E), several discrete reflections along g, =
1.0 A~'and 2.0 A~* associated with vertically-oriented small-n RPPs (Figure 4b) increase in intensity
relative to Figure 4D. This suggests a higher proportion of small-n RPPs in the film bulk relative to the
surface. The linecut along g, = 1.0 A~ (Figure 4F) demonstrate the increase in intensity of the 171
peaks corresponding to the vertically oriented n=3 RPPs component upon the increase of X-ray

incidence angle from 0.1° to 0.3°. The missing (Ok0) reflection spots along the gy, axis (IP direction,

q, = 0 A~1) is consistent with the literature, which may result from the obscuring of scattering signal

from the bottom side by the sample horizon.*

The bottom surface of the quasi-2D film peeled by epoxy detected with a 0.1° X-ray incidence angle
exhibits a scattering pattern with prominent features that match those of the vertically-oriented small-n
RPPs from vertically oriented small-n RPPs. Of particular note in Figure 4G are the distinct (0k0)
scattering features along the g, axis (IP direction), which correspond to the 020, 040 and 060
reflections in the simulated vertically-oriented n=3 RPPs (Figure 4B). That these scattering features
are much more apparent in Figure 4G than Figure 4E suggests that these vertically-oriented n=3 RPPs
comprise significant portions of the bottom part of the film. Notably, these peaks are also appearing
along the q, axis (OP direction), featuring sharper radial width and lower intensity compared to those
along the g, axis. Based on the observations of small flakes at the bottom surface by AFM, we
speculate these (0kO) reflection peaks (n=3) appearing along the g, axis is attributed to the small flakes
composed of horizontally oriented n=3 RPPs. This assumption is strengthened by the significant
decrease in intensity of these OP (0kO) reflections at an incidence angle of 0.3° as shown in Figure 4H
and the inset in Figure 41, which in turn suggests that these horizontally-oriented n=3 RPPs are
predominantly confined to the bottom few nanometers of the film. As we have concluded based on
AFM characterisation, this small amount of horizontally oriented n=3 RPPs small flakes is formed by
recrystallisation after the peeling process. The expected improved crystallinity and structural regularity
of this component are consistent with the sharp appearance of these reflection peaks presented in the
GI-WAXS pattern. Therefore, it can be confirmed that the bottom part of the hot-cast BA2MAn.1Pbnlzn+1
(<n>=5) quasi-2D film is predominantly composed of small-n (n=3) RPPs, which are vertically oriented
(<101> textured). The transition of the crystal orientation at the bottom surface also suggests the

vertically oriented 2D RPPs, especially the slab edges, are not stable.
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The existence of BAI sheets on the top surface of the quasi-2D perovskite film is also suggested by Gl-
WAXS characterisation. As shown in Figure 4D, E, a prominent and long-range distributed Yoneda
streak (labelled by a white rectangle) appeared in the g axis (0xy=0 A™) of GI-WAXS patterns collected
from the top surface of the BA2MA.1Pbnlsni1 (<n>=5) film. This phenomenon can be observed in the
literature, where an analogous Yoneda streak was only present in scattering patterns corresponding to
perovskite films with BA* ligands present.*” By comparison, as shown in Figure 4G, H, the Yoneda
peak almost disappears in the GI-WAXS pattern collected from the bottom surface of the quasi-2D film,
wherein the BAI capping layer is absent. In addition, as shown in Figure S7, the GI-WAXS pattern for
the MAPDI; film (free of BA cations) does not feature this type of Yoneda streak. According to literature,
a Yoneda streak in a GI-WAXS pattern is sensitive to the scattering layers, such as chemical surface
layers, on the film surface.*® Thus, we propose the strong Yoneda streak observed for the GI-WAXS
patterns of quasi-2D perovskite films is associated with the dynamic scattering of the horizontally
packed BAI sheets. The GI-WAXS results in this work would support the existence of BAI sheets on
the top surface of the quasi-2D perovskite films.
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Figure 5. Schematic illustration for the formation of a ligand-based capping layer on the surface and
the hierarchical assembly of RPPs within hot-cast quasi-2D perovskite films.

In summary, the phase distribution and crystal orientation profiles of the hot-cast BA;MAn.1Pbslsn+1
(<n>=5) quasi-2D films for application in PSCs were explored in depth by directly collecting
morphological and crystallographic information from the interior and buried interface of the film,
leading to the establishment of a new structural model featuring the presence of a thin capping layer
composed of horizontally oriented 2D BAI sheets. The formation mechanism of this specific quasi-2D
perovskite film structure can be proposed as follows (Figure 5). After dropping precursor solution onto
a hot substrate, the fast evaporation of solvent leads to supersaturation. Owing to the hydrophobicity of
the alkyl chains, butylammonium cations (BA*) at the liquid/air interface tend to self-assemble with the
butyl chains’ direction oriented to air to reduce the surface energy, analogous to the formation of
Langmuir-Blodgett (LB) monolayers reported for tetrabutylammonium (TBA*).*° The tendency of BA*

moving towards the interface and the evaporation of solvent leads to the enrichment and high
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concentration of BA* cations at the top layer of the solution, which then self-assemble into BA*
monolayers. With the further evaporation of solvent, these monolayers combined into bilayers with
head-to-head orientation and connected by I anions to form 2D BAI sheets. The formation of these
ligand-based sheets substantially consumes BA™, inevitably leading to the local depletion of the spacer
cations in the precursor and thus facilitating the formation of MA-rich intermediate phases that
crystallise into large-n (n~23) RPPs. The vertical orientation of the large-n RPPs growing independently
beneath the horizontal-oriented 2D BAI sheets can be attributed to their intrinsic <101> crystal
orientation preference on flat surfaces as reported before.*® Along with the formation of large-n RPPs
downwards, the concentration of BA™ in the remaining solution gradually increases, leading to
templated growth of 2D RPPs with gradually decreased slab thickness. Ultimately, large blocks
composed of vertically oriented small-n (n=3) RPPs are formed and dominate the bottom part of the
film. This hierarchical arrangement of 2D capping layer (BAl)/small blocks (large-n RPPs)/large blocks
(small-n RPPs) in the vertical direction applies over the whole film, despite the presence of Brownian
tree-shaped dendrites in the quasi-2D film. The only difference in phase construction between the
Brownian trees and non-dendritic film areas lies in perovskite grains aggregated into Brownian trees
containing more large-n RPPs and are accompanied by many empty voids at the bottom side caused by
faster crystallisation compared to grains in the rest of the film. Based on the above discussion, the
precise control of the thickness of the 2D BAI capping layer formed on the top surface and the
elimination of the voids present at the buried interface of quasi-2D perovskite films would be important
for further development of efficient 2D-PSCs.

CONCLUSIONS

In conclusion, the crystal orientation and phase distribution profiles of RPPs within the quasi-2D
Ruddlesden-Popper perovskite films for efficient and stable 2D PSCs were comprehensively
investigated. The spontaneous formation of a horizontally oriented BAI-based 2D capping layer,
appearing as a compact shell, on the top surface of quasi-2D BA>:MA.1Pbnlzn+1 (<n>=5) film prepared
by one-step hot-casting was revealed. Beneath this shell, small blocks composed of large-n RPPs, and
large blocks composed of small-n RPPs, which are all vertically oriented, occupy the top and bottom
part of the film, respectively. Compared to the recrystallisation of n=3 RPPs at the bottom surface after
peeling, the front surface capped by the horizontally oriented BAI stacking sheets is quite stable,
implying the superior stability of 2D PSCs is attributed to this 2D capping layer, analogous to the
scenario of 2D/3D bilayer structures. Implementing precise control of the 2D capping layer formed on
the surface of quasi-2D perovskite films should be advantageous for improved efficiency and stability
of 2D PSCs in future studies. Our results also provide new insights into the formation mechanism of
quasi-2D perovskite films based on the hierarchical assembling of 2D RPPs with vertical orientation.

The outcomes of this work provide a deeper understanding of film structure required for improved
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design strategies to unlock the full potential of 2D perovskites for high-performance 2D PSCs and other

solid-state optoelectronic devices.
EXPERIMENTAL SECTION

1. Preparation of Quasi-2D perovskite films and solar cells

Film preparation: Lead iodide (Pblz, 0.6 mmol), methylammonium iodide (MAI, 0.48 mmol), and n-
butylammonium iodide (BAI, 0.24 mmol) were dissolved into 2 ml anhydrous dimethylformamide
(DMF) with magnetic stirring at 70 °C for 1 hour. After cooling this solution to room temperature (RT),
2.0 mg methylammonium chloride (MACI) was added, followed by stirring at RT for 1 hour to obtain
a 0.3 M (in Pb?*) precursor solution of BA;MA.1Pbnl3n1 (<n>=5) perovskite doped with 6 mol% MACI.
The aqueous solution of PEDOT: PSS was spun onto cleaned and UV ozone-treated ITO glass
(25%25%0.7 mm, ~10 Ohm/Sq) or bare glass at 5000 rpm, followed by annealing at 140 °C for 20 mins
to prepare the PEDOT/ITO glass or PEDOT/glass substrates for the deposition of quasi-2D perovskite
films. 5 pL of precursor was dropped onto the centre of the substrate, which was placed on a 60 °C hot
plate to form a circular film after the spreading and evaporation of DMF. The film was then transferred

to a 100 °C hot plate for 2 minutes of annealing.

Device Fabrication and Characterisation: For the fabrication of 2D PSCs, PCBM (10 mg/ml in CHCl3)
and PEIE (0.05% w/w in isopropanol) solution were subsequentially spun onto the quasi-2D films cast
on patterned PEDOT/ITO glass at 1000 rpm for 30 s and 4000 rpm for 30 s, respectively. Afterwards,

these films were placed into the vacuum chamber for thermal evaporating of the silver (Ag) electrodes
and complete the fabrication of 2D PSCs with the structure of ITO glass/PEDOT: PSS/Quasi-2D
perovskite film/PCBM/PEIE/Ag with active area of 0.1 cm?. Current density-Voltage (J-V) curves of
2D PSCs were measured using a Keithley 2400 Source Meter under standard solar illumination (AM
1.5G, 100 mW-cm) and the stability tests of the encapsulated PSCs in air were conducted using the

Candlelight Maximum Power Tracker.
2. Film Peeling Methods

Obtaining the peeling edges: A piece of scotch tape was adhered to the top surface of the BA;MA.

1Pbnlan+ (<n>=5) perovskite films deposited on PEDOT/ITO glass substrate followed by firm manual
compression. Afterwards, the tape was peeled off rapidly by hand from one side, leading to the partially
peeled quasi-2D film on the PEDOT/ITO glass substrate. The boundaries between the unpeeled film

area residue on the substrate and the bare substrate region are defined as the “peeling edges”.

Access to bottom surfaces: The self-mixing instant epoxy (LOCTITE) was used to fully peel off the

quasi-2D perovskite film from the PEDOT/ITO glass substrate. The detailed process is described in the
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Results and Discussion section. After peeling, the film was adhered to a new substrate by the solidified

epoxy, exposing the previously bottom surface of the quasi-2D film to the air.
3. Photo-physical Characterisations

Transient absorption (TA) spectroscopy: Femtosecond pump-probe TA measurements of the BA;MA..

1Pbnlsn+1 (<n>=5) quasi-2D perovskite films hot-cast on PEDOT/glass substrates were performed using
a TA spectrometer at room temperature. The 800 nm pulsed output (96 kHz, 60 fs FWHM) generated
by a high repetition rate amplifier (Coherent RegA 9050) was split to generate the pump (525 nm) beam
through a tunable optical parametric amplifier (Coherent OPA 9450) and the probe (visible/near-IR
white light) beam using a 3-mm-thick sapphire window (CASTECH), respectively. Pump and probe
pulses were focused by an off-axis parabolic reflector to overlap at the surface of the film sample with
a pump spot size of ~200 um, giving an excitation fluence of 1.6 uJ-cm2. Pump-induced absorption
changes (AOD) were measured by comparing transmitted probe pulses with and without pump pulses
modulated by a synchronised mechanical chopper in the path of the pump beam. The time-resolved
transient absorption spectra were recorded using a high-speed fiber-optic spectrometer (Ultrafast
Systems). The TA spectra of the quasi-2D perovskite film were collected under both the top-side (air)

and bottom-side (glass) excitation (transmitted probe detection) mode.

PL spectroscopy: The PL spectra of BA2MA.1Pbalsn+1 (<N>=5) quasi-2D perovskite films hot-cast on

PEDOT/glass substrates were collected by a scanning confocal microscope (Olympus, 1X71/FV300)
equipped with a fluorescence spectrometer (Ocean Optics). The 400 nm excitation beam was the
frequency-doubled output of a mode-locked and cavity dumped Ti:Sapphire laser (Coherent
Mira900f/APE PulseSwitch, 100 fs FWHM), which was focused on either the top (air) or bottom

(substrate) side of the films through a 20x objective lens, with the laser intensity of ~0.5 kW/cm?.
4. Morphological Characterisations

AFM: AFM measurements were performed using a Bruker Dimension Icon (Bruker Corporation, USA)
operating in PeakForce Tapping and SoftTapping mode. A combination of sharp silicon nitride probes
(Bruker ScanAsyst-Air) and silicon probes (Bruker RTESPA-150) were used. In SoftTapping mode,
the instrument was operated at 5-8% below the resonant frequency to minimise force on the surface. In
PeakForce tapping mode, a small Peak Force setpoint was used in combination with software-controlled

gain to minimise force on the sample surface. Scan rates ranging from 0.25 Hz to 0.5 Hz were used.

SEM: A scanning electron microscope (FEI Nova Nanolab 200) was used to obtain the top-view SEM
images of the partially peeled BA:;MA\.1Pbnlzn+1 (<n>=5) quasi-2D perovskite film on PEDOT/ITO
glass and the bottom surface of the quasi-2D film peeled from PEDOT/ITO glass substrate. Secondary

electrons are collected to generate the topographic features of the film samples.

5. Structural Characterisations
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XRD: X-ray diffraction pattern of the BA:;MAn1Pbnlans1 (<n>=5) quasi-2D perovskite film deposited
on PEDOT/glass substrate was obtained using a Rigaku Smart Lab X-ray diffractometer with X-ray
wavelength of A=1.542 A generated by Cu K, emission. Bragg-Brentano geometry was adopted for

collecting diffraction singles from the out-of-plane direction.

GI-WAXS: Both the BA;MA.1Pbnlzns1 (<n>=5) quasi-2D perovskite films deposited on PEDOT/ITO
substrate (top surface) and those peeled off by epoxy glue (bottom surface) were characterised by Gl-
WAXS based on the SAXS/WAXS beamline at Australian Synchrotron. The X-ray photon energy is
fixed at 15 keV, and the incidence angles are set as 0.1° and 0.3°. Both the samples and the Pilatus 2M
CCD detector are placed inside vacuum chambers (< 1 x 10° mbar) with a sample to detector distance
of 600 mm.

Simulation of GI-WAXS: The crystallographic information file (CIF) of MAPDbIz and BA;MA,.1Pbnl3n+1

(n=3, 4) utilised for the GI-WAXS pattern simulation were downloaded from the Crystallography Open
Database (http://www.crystallography.net/cod/search.html). Structure factor (SF) files of these crystals
are extracted by the VESTA software. Afterwards, the Python script shared by Naveen Raj Venkatesan
(https://github.com/venkatesannaveen/xray-scattering-tools) was applied to generate the GI-WAXS

patterns of the specifically oriented 3D or 2D perovskite crystals.
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