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Sub-angstrom noninvasive imaging of atomic
arrangement in 2D hybrid perovskites

Mykola Telychko't, Shayan Edalatmanesh?3t, Kai Leng*t, Ibrahim Abdelwahab', Na Guo®,
Chun Zhang®, Jesus I. Mendieta-Moreno?, Matyas Nachtigall?, Jing Li°, Kian Ping Loh'¥,

Pavel Jelinek®3*, Jiong Lu">*

Noninvasive imaging of the atomic arrangement in two-dimensional (2D) Ruddlesden-Popper hybrid perovskites
(RPPs) is challenging because of the insulating nature and softness of the organic layers. Here, we demonstrate a
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sub-angstrom resolution imaging of both soft organic layers and inorganic framework in a prototypical 2D lead-halide
RPP crystal via combined tip-functionalized scanning tunneling microscopy (STM) and noncontact atomic force
microscopy (ncAFM) corroborated by theoretical simulations. STM measurements unveil the atomic reconstruc-
tion of the inorganic lead-halide lattice and overall twin-domain composition of the RPP crystal, while ncAFM
measurements with a CO-tip enable nonperturbative visualization of the cooperative reordering of surface organic
cations driven by their hydrogen bonding interactions with the inorganic lattice. Moreover, such a joint technique
also allows for the atomic-scale imaging of the electrostatic potential variation across the twin-domain walls,
revealing alternating quasi-1D electron and hole channels at neighboring twin boundaries, which may influence

in-plane exciton transport and dissociation.

INTRODUCTION
The two-dimensional (2D) Ruddlesden-Popper hybrid perovskites
(RPPs) offer a remarkably rich material platform for optoelectronic
device applications, for which the excitonic properties are closely
linked to their quantum well structures consisting of soft insulating
organic layers sandwiched between conducting inorganic lead-halide
frameworks. The presence of additional soft insulating organic layers
in 2D RPPs versus their 3D counterparts not only introduces the
two-dimensionality and the emergence of many quantum phenomena
(1-4) but also leads to significantly enhanced photo and chemical
stability (5, 6) and tunable optoelectronic properties of RPPs (7-11).
Such unique dielectric and quantum confinement effects establish
RPPs as a promising class of materials for next-generation opto-
electronic applications (12-16). Furthermore, recent photolumi-
nescence (PL) studies demonstrate that organic cations in RPPs and
polarizable inorganic lattice are prone to cooperative structural
relaxations under external perturbations including strain and light
exposure and thus markedly alter the optoelectronic response of
RPPs (17). Analogously to their 3D counterparts, the structural
relaxations of the inorganic lattice of 2D RPPs may lead to the
emergence of the various ferroelastic domains and twin boundaries,
which have not been hitherto studied at the atomic scale either in
3D or in 2D hybrid perovskites.

Superior advantages of RPPs for a wide range of photovoltaic and
optoelectronic applications are further exemplified by a number of
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recently uncovered phenomena related to exciton transport and re-
combination in these materials. For instance, the most recent ex-
perimental breakthroughs show that RPP crystals render remarkably
long-range exciton diffusion (hundreds of nanometers) and reduced
rates of exciton recombination (18, 19). Furthermore, it has been
demonstrated that charge transport is largely determined by the
intrinsic crystalline structure of the RPPs, pronounced exciton-
polaronic effects (20, 21), and peculiarities of the energy landscape
(22). Nevertheless, fundamental understanding of these exciton and
carrier dynamics phenomena in RPP is not complete, as it requires
the microscopic knowledge of the structural properties of RPPs,
which remains elusive to date.

Future progress in this field hinges on the atomic-scale under-
standing of the dynamic structural reordering and cooperative lattice
relaxation in the crystal that impact their electronic, optoelectronic,
and excitonic properties. Therefore, real-space noninvasive atomic
imaging of both top organic layers and the underlying inorganic
lattice in a 3D fashion is highly desired. Unfortunately, the insulating
nature and softness of organic layers as well as the “buried” inorganic
framework render atomically resolved imaging of the RPPs a grand
challenge, beyond the capabilities of the current state-of-the-art
imaging techniques including both scanning tunneling microscopy
(STM) and scanning transmission electron microscopy (STEM).
Although tunneling through insulating organic layers can be ex-
ploited to resolve the atomic lattice of inorganic framework via STM,
the soft organic chains can be easily excited via an inelastic tunneling
process, leading to their relocation and the disordering of the organic
layer. Alternatively, beam-efficient STEM imaging techniques have
been developed to image inorganic lattices of the 3D organic-inorganic
perovskites (23-25). However, the application of STEM to image
2D organic-inorganic RPPs causes the structural damage to such
beam-sensitive RPPs due to the collisions of the soft organic layers
with the energetic electron beam (26).

Recent advances in tuning fork (qPlus)-based noncontact atomic
force microscopy (ncAFM) imaging with a carbon monoxide (CO)-
functionalized tip have established this technique as a powerful tool
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for atomically resolved studies (27). It has been demonstrated that
ncAFM with a judiciously decorated tip offers extraordinary sub-
angstrom resolution imaging (<1 A) of solid surfaces (28), organic
materials (29-31), and even nonperturbative imaging of weakly
bonded systems such as water clusters (32, 33). Therefore, the qPlus-
ncAFM technique potentially acts as an ideal tool for noninvasive
sub-angstrom-scale imaging of insulating organic layers in RPPs.
To this end, we used low-temperature STM and ncAFM imaging to
resolve atomic structures of both inorganic framework and organic
layers in the prototypical hybrid lead-halide RPP crystal. STM im-
aging resolves the reconstruction of the inorganic octahedral frame-
work and unveils the twin-domain composition of the RPPs, while
ncAFM imaging with a CO-functionalized tip enables a noninvasive
visualization of the cooperative reconstruction of the on-surface
cations (Fig. 1A), presented by a well-ordered array of the cation
pairs. The structural relaxation of the organic layers is interlocked
with the deformation of the inorganic lattice through hydrogen bond-
ing, which is corroborated by density functional theory (DFT)
calculations. The lattice deformation leads to the formation of
ferroelastic domains stitched via quasi-1D twin boundaries with
spatial extension over hundreds of nanometers. We demonstrate the
atomic-scale imaging of the electrostatic potential variation across
the twin-domain walls, revealing alternating quasi-1D electron and
hole channels at neighboring twin boundaries, which sheds new
light on the mechanisms of the efficient separation of photoexcited
electron-hole pairs and exciton transport in 2D RPPs.
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¢ octahedron < CHy(CH,)NH,
%
o MA*
o CH;3NH,

RESULTS

Exfoliation of 2D RPP atomic layers for the

STM measurements

We have selected the n = 4 homolog of the lead-iodine (Pb-I) RPP
family for the combined STM/ncAFM imaging. The RPP family is
described by a general chemical formula (CH3(CH,);NH3),(CHj;
NH3),,-1Pb,I3,+1, where n reflects the number of inorganic octahe-
dral sheets (typically n = 1 to 4) sandwiched by butylammonium
(CH3(CH,);NH3) cations (denoted as BA™). In analogy to the 3D
counterpart, the inorganic RPP framework consists of the corner-
sharing [Pbls] octahedral cages. Furthermore, short polar methyl-
ammonium (CH3NH;) (denoted as MA*) molecules reside in the
intraoctahedral space to balance the negative electrostatic charge
of the [PbI]  lattice. The presence of insulating BA" cations in the
RPPs significantly reduces its out-of-plane conductivity and pre-
cludes STM study of bulk samples.

To overcome this issue, we mechanically exfoliated bulk n = 4
RPP crystals onto the Au(100) substrate to produce monolayer and
few-layer flakes for a combined STM/ncAFM measurement at 4.5 K.
The layer-dependent optical contrast (Fig. 1A) facilitates the tip
positioning over RPP flakes with any desired thickness. The me-
chanical exfoliation generally produces BA*-terminated single-
crystal flakes.

A representative STM image of a few-layered RPP flake acquired
at positive sample bias voltages (V) reveals a periodic dimer-like
pattern (Fig. 1B). Such a dimer-like STM reconstruction strongly
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Fig. 1. qPlus-based STM and ncAFM imaging of the RPP surface. (A) Schematics showing a combined STM and ncAFM imaging of the RPP surface using a tuning
fork-based gPlus sensor. Atomic layers of the RPP crystals are obtained by a mechanical exfoliation and then transferred onto the conducting Au substrate (optical image
on the left). (B) STM image of RPP acquired at positive sample bias voltage (Vs =+1.9 V). (C) ncAFM image collected over the same surface area. ncAFM image was acquired
in constant-height mode, at a tip-sample distance of Az=+100 pm with respect to an original set point of V;=2Vand /=15 pA.
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resembles one acquired on the surfaces of 3D hybrid lead-halide
perovskites, including MA"PbBr; (34-36), MA'Pbl; (37-39), and
CsPbBr; (40). The origin of each dimer has been ascribed to a pair
of halogen atoms located at apices of neighboring [PbI]s octahedra,
which are distorted owing to the ferroelectric-like organizations of
the inner MA™ cations (39). The simulated STM image of the n = 4
RPP structure also reproduces the dimer-like STM pattern observed
experimentally (fig. S3). In addition, the calculated partial density
of electronic states (PDOS) reveals that the conduction band (CB)
of the RPP crystal consists of electronic states contributed by 6s Pb
and 5p I without BA™ cations (fig. S8 and note S4). Therefore, STM
contrast acquired at a positive bias voltage is dominated by the
topmost I atoms.

Analysis of the optimized DFT n = 4 RPP structure (fig. S3) re-
veals that I-dimer reconstruction is attributed to the characteristic
distortion of the [PbI] ¢ inorganic cages that is intimately steered by
hydrogen bonding interactions with the inner MA¥, organized in a
ferroelectric-like manner. Note that the exclusive existence of the
dimer-like pattern in 2D RPP is in stark contrast to the case of 3D
lead-halide perovskites, which also reveal the abundant zigzag-like
STM patterns associated with antiferroelectric-like organizations of
the inner MA* cations (39). Such a different behavior is presumably
attributed to the peculiar 2D nature of the RPPs that favors the sole
ferroelectric-like arrangement of the inner MA?* chains, leading to
the emergence of extended ferroelastic domains.

On the other hand, STM images acquired at negative bias voltages
contain abundant fuzzy features, presumably due to instability in
imaging of the organic cations (fig. S2). In contrast, such an insta-
bility is absent in the STM images taken at positive bias voltages, as
tunneling current is mainly contributed by inorganic lattice. The
calculated PDOS (fig. S8) shows that valence band has a predomi-
nant contribution of 5p I states with a nonnegligible contribution of
the BA*-induced states, which allows for the visualization of the
on-surface BA cations at negative sample bias voltages. Thus, we
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D

attribute the instabilities to rearrangements of BA" cations induced
during the tunneling process. Representative reorganizations of
BA" chains are captured by a series of ncAFM and STM images
acquired over the same surface area (fig. S1 and note S3), which will
be discussed in detail later on. Moreover, repeated scanning of an
identical surface area leads to disruption of the local arrangement of
BA" molecules, leading to a highly disordered STM pattern at nega-
tive bias voltage (see fig. S2).

ncAFM measurements of the RPPs

To circumvent the challenge in the noninvasive imaging of the BA™
layer, we used the constant-height ncAFM imaging with a CO-
terminated tip that was prepared according to the procedure described
in Materials and Methods. The frequency shift (Af) contrast in the
constant-height ncAFM images is associated with the spatial varia-
tion of electrostatic, dispersive, and repulsive forces acting between
CO-terminated tip and BA™ cations in the Pauli repulsion regime
(31). To eliminate the possible perturbations of BA™ chains by the
tunneling process, the tip was repositioned (typically >50 nm) over
the intact RPP sample area for the subsequent ncAFM imaging at
zero bias voltage (see details in Materials and Methods).

A representative high-resolution ncAFM image of the RPP surface
(Fig. 2A) reveals “arrow-like” features arranged in a square-shaped
array (see the additional large-scale ncAFM images in fig. S2). Here,
each arrow-like feature represents a pair of apical methyl (-CH3)
groups of the two adjacent BA" molecules (denoted as BA™ pair).
Combined with subsequent STM imaging acquired over the same
sample area, the location of the adsorbed (on-surface) BA™ cations
with respect to the underlying octahedral [PbI] ™ lattice can be deter-
mined unambiguously. Superimposing the underlying inorganic
lattice determined from the STM image (Fig. 2C) over the corre-
sponding ncAFM image (Fig. 2B) reveals that BA" pairs are located
in between apical I atoms and are aligned along the [100] and [001]
directions of the [PbI]" lattice. These findings further underpin the
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Fig. 2. The STM and ncAFM imaging of organic and inorganic layers in few-layer RPP. (A) Constant-height Af image. (B) Zoom-in constant-height Af image of the
surface region marked by a red rectangle in (A). (C) STM image of the same surface area as shown in (B), superimposed with the structure of the DFT-relaxed RPP lattice.
The color coding of elements: lead, green; iodine, pink; carbon, cyan; nitrogen, blue; and hydrogen, white. (D) A set of constant-height ncAFM images collected at various
tip-sample distances (Az) over an individual pair of BA* cations. (E) Afversus Az curves acquired over the sites marked by color-coded arrows in the experimental 3D-rendered
ncAFM image in the inset (top) and side view of the DFT-relaxed BA* pair structure in the inset (bottom). The Az =0 is defined with respect to an STM set point of V; =2V

and /=15 pA. Scale bars, 0.3 nm.
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extraordinary capability of the combined STM/ncAFM measure-
ments to unveil the geometry of both organic BA" arrays and the
underlying inorganic octahedral lattice through noninvasive imaging
of an RPP structure in a quasi-3D fashion.

To understand the ncAFM contrast of the BA" pairs associated
with their peculiar conformations, we acquired frequency shift versus
tip-sample distance [(Af(Az)] curves over several characteristic sites
(Fig. 2E), including over and between protruding methyl groups of
the BA™ chains, indicated by color-coded arrows in the inset of
Fig. 2E. The Af(z) curves exhibit a minimum in the vicinity of Az =
1 A, at which the attractive and repulsive tip-sample forces are
balanced (41). The Af(Az) curves measured over two paired BA"
cations reveal a height variation of ~44 pm, estimated as the differ-
ence between the minima of the respective Af(z) curves. As shown
in Fig. 2D, we also acquired a set of constant-height Af images over
an individual BA™ pair at different tip-sample distances (also fig. S2,
B to F). The constant-height Af image taken at relatively large Az
shows a depression over the right BA™ molecule due to an attractive
tip-sample interaction. The left BA™ chain has a larger surface pro-
trusion of ~44 pm compared to the right BA™ chain, leading to its
brighter appearance arising from a stronger repulsive tip-sample
interaction. A further decrease of Az results in a gradual emergence
of the sharp features associated with H atoms at -CHj3 groups of
BA" molecules.

Mechanism of the BA* pairing and BA* interaction

with I dimers

The aforementioned findings suggest that pairing of BA* cations and
their cooperative periodic arrangement with respect to the octahedral
[PbI]™ lattice is likely driven by the short-range electrostatic interac-
tions between the inorganic lattice and BA™ cations. To gain a deeper
insight into the origin of the unique arrangement of the BA" cations,
we performed large-scale DFT + vdW calculations of RPP in the
low-temperature orthorhombic configuration, which is typically
adopted by n = 4 RPP below ~290 K (42, 43). The DFT-relaxed
atomic structure (Fig. 3, D and E) reveals that the organic cations
(MA" and BA") form electrostatic hydrogen-like bonds (denoted as
H bonds) (44, 45) through their positively charged amine terminal
groups (-NH3) with the negatively charged I atoms from the inorganic
cage. This interaction not only is responsible for the asymmetric
arrangement of BA™ molecules but also causes the structural deforma-
tion of the inorganic lattice, manifested by distortions of [Pbls] cages
in the xy plane and along the z axis (Fig. 3F). This also induces a sig-
nificant surface relaxation of the organic cations, manifested by for-
mation of the BA™ pairs. In addition, the simulated CO-tip ncAFM
images of the DFT-relaxed RPP model (Fig. 3, B and C) using the
probe particle (denoted as PP) SPM model (46-48) reproduce the
contrast observed in the experimental ncAFM images reasonably well
(Fig. 3A). Furthermore, the PP-ncAFM images, simulated at various
Az (fig. S3), fully corroborate the experimental Az-dependent evolu-
tion of the ncAFM contrast of BA™ pairs (Fig. 2E), which further
attests the validity of the uncovered atomic RPP structure.

The manipulation of BA* pairs

Along with the aforementioned most abundant arrow-like conforma-
tion of BA™ pairs (denoted as type I), ncAFM images also occasionally
reveal the presence of another conformation type of BA* pairs, which
assume a “T-like” form (denoted as type II). These conformations
are interconvertible via STM imaging at elevated bias voltages. As
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Fig. 3. Probing the origin of the pairing of the BA* molecules. (A) ncAFM images
of the same surface area showing the tip-assisted transformation of the BA* pairs
from type I to type Il. (B) Simulated ncAFM image of the “type I BA* pair. (C) Simulated
ncAFM image of the “type II"BA* pair. (D) The side and top view of the DFT-relaxed
structure of the arrow-like type | BA* pair. (E) The side and top view of the DFT-relaxed
structure of the I'-like type Il BA™ pair. (F) The side view of the DFT-relaxed n = 4 RPP
slab structure. The color coding of elements: lead, green; iodine, pink; carbon, cyan;
nitrogen, blue; and hydrogen, white. Scale bars, 0.3 nm.

shown in Fig. 3A, a sequence of ncAFM images of the same surface
area captures the tip-assisted transformation of BA" pairs, from
type I to type II (additional data in fig. S4).

To investigate the mechanism behind the evolution of a BA" pair
from type I to type II configuration, we performed a computational
search for the other possible configurations of BA* molecules. We
found another stable configuration (Fig. 3E), which differs in the
total energy only by tens of milli-electron volts with respect to the
original type I configuration. One BA™ cation in this new configura-
tion (i.e., type II) preserves its position, while the upper part of
another BA™ cation tilts along the [100] axis. The corresponding
simulated PP-ncAFM image of this new configuration (Fig. 3C) also
matches well to the experimental one. Throughout this transforma-
tion, an inorganic cage shows a negligible distortion because the
amine groups of the BA™ chains remain at their original locations
via H-bonding with I atoms. Thus, applying bias voltage accompanied
by the tunneling process locally modifies the orientation of BA*
chains, without disruption of the ionic lattice. Note that our exper-
imental ncAFM data reveal that the type I (arrow-like) BA™ pair is
the most frequently observed configuration (see fig. S7), while the
type II (I'-like) configuration is less abundant, suggesting that the
type I configuration is energetically more favorable.

Origin of the twin-domain composition of the RPP crystal
Our large-scale STM imaging unambiguously reveals that the
orthorhombic RPP structure exclusively consists of the alternating
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ferroelastic (49) domains (color-coded as green and red in Fig. 4A)
and twin boundaries, which are nearly parallel-aligned along the
[100] direction. The I dimers in adjacent ferroelastic domains are
found to be orientated along the [101] and [10-1] lattice directions.
Each ferroelastic domain is rendered by cooperative ferroelectric-like
alignment of the inner MA™ dipoles as denoted schematically by
blue-red arrows in Fig. 4F (also fig. S3). Specifically, on the basis of
the fact that n = 4 RPP hosts an odd number of MA* layers (three),
the individual RPP domain is expected to attain a net nonzero
polarization associated with the cooperative alignment of the MA*
chains within each octahedral sheet. Therefore, twin boundaries
linked to the intrinsic orthorhombic structure of RPP emerge at the
borders of the neighboring ferroelastic domains with opposite ori-
entation of the net MA™ dipole moments. The twin-domain compo-
sition of the RPP crystalline flakes, with quasi-1D twin boundaries
extended over hundreds of nanometers, has not been reported to date.
Despite the observation of twin-domain boundaries in 3D MA'Pbl;
films using x-ray diffraction, TEM, and piezoresponse force microscopy

A Head-to-head

Tail-to-tail

Head-to-head

CPD (V E
Tail-to-tail

Fig. 4. Imaging the domain structure and electrostatic potential across the
twin-domain boundary. (A) Large-scale STM image of the RPPs reveals a twin-domain
crystal composition. Distinct ferroelastic domains are color-coded by blue and red.
(B and C) STM image (B) and the corresponding 2D LCPD map (C) of the head-to-
head twin boundary. (D and E) STM image (D) and the corresponding LCPD map (E)
of the tail-to-tail twin boundary. (F) The DFT-relaxed structure of the head-to-head
and tail-to-tail twin boundaries, superimposed with a surface electrostatic poten-
tial determined using a lattice dipole model. Red-blue color-coded arrows repre-
sent dipole moments associated with MA* chains.
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imaging techniques (49-53), neither one reveals the formation of
extended quasi-1D twin boundaries, as observed in 2D RPP.

Such a twin-domain composition of the RPP consists of two types
of domain boundaries, namely, “head-to-head” (ammonium-to-
ammonium) (Fig. 4B) and “tail-to-tail” (methyl-to-methyl) (Fig. 4D),
which were predicted to host positive and negative electrostatic po-
tential, respectively (54, 55). To verify this hypothesis, we conducted
Kelvin probe force microscopy (KPFM) measurements (see Materials
and Methods and note S3) to probe the local contact potential dif-
ference (LCPD), which can be associated with the spatial variation
of the local work function (56) across the domain walls. LCPD maps
unambiguously show a lower and higher LCPD value over head-to-
head (Fig. 4C) and tail-to-tail (Fig. 4E) twin boundaries, respectively.

Such a characteristic LCPD variation across the twin boundaries
has been consistently observed by multiple sessions of KPFM mea-
surements, which suggest the presence of a positive (negative) elec-
trostatic potential in the vicinity of head-to-head (tail-to-tail) twin
boundaries. It needs to be noted that absolute magnitude of the
LCPD contrast does not reflect the magnitude of the electrostatic
potential, because the CPD value strongly depends on the structure
of tip apex and KPFM acquisition set point (56). To illustrate this,
we present KPFM measurements acquired using the same tip apex at
varying tip-sample distances in fig. S6, which reveals a remarkable
change of the CPD value upon a decrease of the tip-sample distance.

The contrast of LCPD maps (Fig. 4, C and E) is in good agree-
ment with the landscape of the electrostatic potential over head-to-
head (tail-to-tail) twin boundaries calculated for a twin boundaries
slab model depicted in Fig. 4F. Here, to decipher the origin of the
LCPD signal across the domain boundaries, we designed the slab
model consisting of 3600 atoms including both types of twin bound-
aries separated by a buffer level ensuring sufficient separation of the
twin boundaries. We carried out large-scale total energy DFT-vdW
calculations to obtain the fully optimized atomic structure of n = 4
RPP. We then calculated individual dipole moments of individual
BA" and MA™ molecules for constructing an effective lattice dipole
model (see note S4 for more details). This model allows us to decipher
the impact of the individual molecular BA™ and MA" layers on the
resulting electrostatic potential. We found that the outermost MA*
molecular layer plays a decisive role on the character of the electro-
static potential across the domain walls.

We note that the intrinsic ferroelastic-like composition of the
2D RPP crystals, uncovered by our STM/ncAFM studies, can be a
key toward understanding their outstanding photovoltaic character-
istics and the occurrence of a number of intriguing optical properties
unveiled recently (17-22). Specifically, recent temperature-dependent
PL studies reveal an emergence of shallow electronic states in the
n =4 (BA"),(MA"),_Pb,I3,.1 RPP with an increased emission life-
time. These electronic states were previously ascribed to the presence
of local domains and static disorder in the crystal that emerged at
low temperature (22), although their structure has not been verified.
Our findings not only provide a new quantitative insight into nanoscale
domain composition of the RPPs but also suggest that low-energy
electronic states revealed by PL spectra are likely associated with the
domain structures observed here.

Furthermore, the polarized electrostatic potential across twin
boundaries, revealed by our KPFM studies and corroborated by
DFT calculations, is expected to facilitate the separation of electron-
hole pairs at head-to-head and tail-to-tail twin boundaries hosting
opposite electrostatic potential, thus leading to reduced rates of
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electron-hole recombination in RPPs. Analogous to this, the sepa-
ration of electron and hole pairs at ferroelastic domain boundaries
has been proposed to result in a reduced rate of exciton recombina-
tion in 3D hybrid perovskites (57-59). However, the electrostatic
potential of these domain boundaries has not been quantitatively
probed to date.

Last, owing to their one-dimensional nature (hundreds of nano-
meters), twin boundaries can be viewed as channels for a long-
distance exciton propagation, which is directly corroborated by a
recently reported phenomenon of the long-range (hundreds of
nanometers) exciton funneling in RPPs (18, 19, 22). It is therefore
envisaged that controlling the orientation of the twin boundaries
via external stimuli (17, 60, 61) can be a plausible strategy to en-
hance the performance of the RPP-based photovoltaic and opto-
electronic devices.

DISCUSSION

We have deployed STM and tip-functionalized ncAFM techniques
for a precise identification of the low temperature ground state con-
figuration of a prototypical RPP hybrid perovskite, providing real-
space picture of microstructures for a better understanding of LT
optical properties in RPPs. In particular, the STM imaging resolves
the dimer-like atomic reconstruction of the underlying inorganic
lead-halide lattice, whereas ncAFM measurement with a CO-tip
allows visualization of the cooperative ordering of on-surface BA™
cation pairs. Corroborated by DFT calculations, joint STM/ncAFM
measurements not only enable gaining detailed insight into hydrogen-
like interactions between organic cations and inorganic lattice
but also point to a high degree of flexibility of inorganic framework
strongly affecting the organic cations even at low temperature. On-
surface structural relaxation of BA" cations observed here may have
a larger impact on macroscopic physical properties of RPP flakes
with reduced thickness. The molecular softness of RPPs with the coop-
erative lattice relaxation allows for strain-tunable optical properties
of atomically thin RPP flakes (17).

In addition, combined STM/ncAFM measurements also reveal
the existence of domains in the RPP crystal, which arise from the
cooperative alignment of interior polar MA* chains and a synergetic
distortion of the [PbI]™ lattice. We note that the ferroelastic domain
composition of RPP has recently been reported using a polarized
optical microscope under external strain (62). Nevertheless, this
work provides details of the atomic structures and electrostatic
potential distribution across the twin domain. It is envisaged that
existence of extended charged domain boundaries may have several
implications for the optoelectronic performance of thin 2D perovskite
films. First, alternating distribution of the electrostatic potential
across domain boundaries may facilitate the separation of electron-
hole pairs and thus lead to reduced rates of electron-hole recom-
bination (57-59). Second, spatially extended one-dimensional twin
boundaries (hundreds of nanometers) can be responsible for the
long-range exciton funneling in RPPs as reported recently (18, 19, 22).

To date, the tip-functionalized ncAFM technique has been mostly
used for imaging of molecular structures (31), artificial weakly bonded
systems (32, 33), and layered inorganic materials (63, 64). Our work
underpins tremendous potential of this technique, for a noninvasive
imaging of a wide range of soft organic-inorganic hybrid functional
materials with diverse organic spacers (4) beyond lead-halide RPPs.
In addition, a synergetic combination of the STM, ncAFM, and

Telychko et al., Sci. Adv. 8, eabj0395 (2022) 29 April 2022

KPEM studies with in situ external stimuli (e.g., light irradiation or
electric field) allows one to gain a deeper microscopic insight into
technologically relevant optoelectronic phenomena in these materials
including lattice relaxation and associated polaronic effects, ion
migration, and emergence of ferroelectricity (2, 6, 11).

MATERIALS AND METHODS

Sample preparation

The RPP single crystals were synthesized using three solid precursors—
PbO, C4HyNH;l, and CH3NH;3I—via a temperature-programmed
solution precipitation method, described in detail in our recent report
(17). The phase purity and elemental constitution of RPP crystals
were confirmed using x-ray diffraction and PL measurements (17).
Thin RPP flakes were obtained via mechanical exfoliation of bulk
crystals in the inert glove-box environment and then transferred
onto the flat Au(100) surface for STM/ncAFM measurements. The
Au(100)-supported RPP flakes were immediately transferred to
the load-lock chamber of our SPM system held at a base pressure
better than 1 x 10~° mbar. The transfer process involved very limited
air exposure (typically 1 to 2 min) of RPP flakes. Single-crystal
Au(100) is chosen as the support owing to its surface flatness and
ability to offer a suitable optical contrast of few-layered RPP
flakes that facilitate tip allocation.

The qPlus STM/ncAFM measurements

The STM and ncAFM experiments were performed under ultrahigh
vacuum conditions at 4.4 K using a commercial Omicron LT STM/
AFM machine. We used a qPlus sensor with a resonant frequency of
fo = 28.5 kHz, a quality factor of Q = 12000, and an oscillation
amplitude of A =100 to 120 pm, operated in frequency-modulation
mode. All ncAFM images were collected in constant-height mode.
Stabilization parameters before feedback loop opening are indicated
in the corresponding figure captions.

We used chemically etched tungsten tips that were treated by
repeated gentle indentations (~1 to 2 nm) into a clean Cu(111) sur-
face, followed by the application of voltage pulses. The clean and
sharp tip was functionalized by picking up an individual CO mole-
cule, dosed at low temperature (~7 K) onto the Cu(111) surface.
The routine CO-functionalization procedure involves parking tip
over an individual CO molecule (Vi =1V and I = 1 nA), followed
by opening a feedback loop and ramping V; to the range from 2.7 to
3V for 20 to 30 s until the occurrence of a sharp drop in the I(f)
channel—a fingerprint of a successful CO transfer onto the tip apex.

Typically, the CO-functionalized tip was engaged with the RPP
surface in constant-current mode (set point: Vi =+2.3 V; =10 pA),
which unavoidably perturbed the proximate BA™ chains. To probe
the “fully unperturbed” BA* reconstruction, we routinely repositioned
the tip away (~50 nm) from the engaging point and subsequently
probed the new intact RPP area in constant-height ncAFM imaging
mode. We applied zero bias voltage during tip repositioning and
ncAFM imaging to avoid any possible perturbations of BA" chains
triggered by the tunneling process.

KPFM mapping measurements

Kelvin parabolas were acquired in a (50 x 12 pixel) grid covering
head-to-head and tail-to-tail domain boundaries, with an acquisi-
tion time of 30 s per pixel. The Vcpp values were further extracted
from each Kelvin parabola via parabolic fit using the formula
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Af(V) = a(Vs — Vepp)2 + ¢ (see note S3 for further details). These
Vepp values were used to construct the 2D LCPD maps as shown in
Fig. 4 (Cand E).

Computational methods

The DFT calculations were performed using the Fireball package (65).
All geometry optimizations and electronic structure analyses were
performed using the BLYP exchange-correlation functional (66, 67)
with D3 corrections (68) and norm-conserving pseudopotentials
with a basis set of optimized numerical atomic-like orbitals (69).
Systems were allowed to relax until the remaining atomic forces
reached below 5 x 1072 eV A™!. Two slabs were used in this study:
(i) a 2 x 2 unit cell containing 300 atoms and (ii) a specifically de-
signed slab mimicking the domain boundaries with 3600 atoms in
total. The Brillouin reciprocal zone was sampled by a Monkhorst-Pack
grid of 5 x 5 x 1 for the 2 x 2 slab and 1 k-point for the large domain
boundaries slab. The theoretical AFM simulations were carried out
using the probe particle SPM code (46-48), with the Hartree po-
tential obtained from the DFT calculations, with a probe particle
stiffness of k = 0.7 N/m and R, = 1.661 A to simulate the CO-
functionalized tip.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj0395
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