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A B S T R A C T

Three-dimensional organic-inorganic hybrid perovskites (OHPs) hold a great prospect for photovoltaic applica-
tions due to their outstanding electronic and optical properties. These fascinating properties of OHPs in combi-
nation with their scalable and low-cost production make OHPs promising candidates for next-generation
optoelectronic devices. The ability to obtain atomistic insights into physicochemical properties of this class of
materials is crucial for the future development of this field. Recent advances in various scanning probe microscopy
techniques have demonstrated their extraordinary capability in real-space imaging and spectroscopic measure-
ments of the structural and electronic properties of OHPs with atomic-precision. Moreover, these techniques can
be combined with light illumination to probe the structural and optoelectronic properties of OHPs close to the real
device operation conditions. The primary focus of this review is to summarize the recent progress in atomic-scale
studies of OHPs towards a deep understanding of the phenomena discovered in OHPs and OHP-based opto-
electronic devices.
1. Introduction

Three-dimensional organic-inorganic hybrid lead halide perovskites
have evolved into one of the most active research fields because of their
excellent optoelectronic properties and remarkable performance of
photovoltaic devices [1–10]. Inorganic part of OHPs consists of
corner-sharing MX6 octahedrons, where M and X represent metal cation
and halogen atom (e.g. Br, I, Cl) respectively (Fig. 1a). Negatively
charged inorganic perovskite lattice is stabilized by positively charged
organic cations (e.g. methylammonium, CH3NH3

þ) residing in the
inter-octahedral space. It has been demonstrated that OHPs exhibit
numerous fascinating optoelectronic properties including high
open-circuit voltage, high adsorption coefficient, long carrier diffusion
length and efficient charge carrier transport [11–13]. Moreover, these
materials can be produced at a low cost via solution-phase synthetic
methods [14–16]. All these properties make OHPs as highly promising
candidates for next generation optoelectronic devices.

The exceptional optoelectronic properties of OHPs partially arise
from the absence of lattice defects with deep in-gap states and non-
radiative trap centers [17,18]. It is theoretically predicted that most
common atomic vacancies in these materials only introduce shallow
in-gap states, resulting in a negligible impact onto electronic structures of
OHPs [19–21]. Such a high tolerance of OHPs’ electronic properties to
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atomic vacancies, is attributed to peculiar bonding and antibonding na-
ture of the conduction band and valence band states respectively. More
interestingly, recent theoretical and experimental studies demonstrate
that particular type of topological defects may facilitate the photovoltaic
performance of OHPs [22]. For instance, domain-like structures of OHPs
were predicted to induce an alternating variation of electrostatic poten-
tial across domain boundaries [23–25]. This unique potential landscape
creates internal p-n junctions which facilitate the separation of photo-
excited electrons and holes in OHP-based solar cells for an enhanced
photovoltaic efficiency [22]. In addition, these domain boundaries are
expected to serve as “highways” for the transport of the photoexcited
charge carriers [22]. In fact, such domain-like structures in various OHP
series have been captured using different techniques including
piezo-response force microscopy (PFM) [26–29], transmission electron
microscopy (TEM) [30] and X-Ray diffraction measurements [31].
Moreover, the PFM studies of OHP thin films combined with external
stimuli such as mechanical stress [32] and light illumination [33], were
also performed to better understand how to control the structure and
properties of OHPs. It was found that ferroelastic domain-like composi-
tion of OHPs can be efficiently controlled by external mechanical stress
[32]. These contents have been covered in a few recent reviews [34,35].

Apart from this, a wealth of novel chemical and physical phenomena
including giant conductance hysteresis [36], ion migration [37],
re, 3 Science Drive 3, 117543, Singapore.
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Fig. 1. Methods for the preparation of clean and flat OHPs surfaces. (a) Schematic illustration of in-situ cleavage of OHP crystals (with orthorhombic Miller
indices) leading to two types of surface terminations, i.e., with Pb–Br and MAþ�Br� top layers. (b) The tools for in-situ cleavage of OHPs used by Ohman et al. [43]. (c)
Schematic illustration of the methodology of in-situ growth of OHP thin films involving the co-deposition of MAI and PbI2 (1:3 ratio) on Au(111) substrate [47]. (d), (e)
Representative STM images of in-situ cleaved MAPbBr3 crystal and in-situ grown MAPbI3 film, respectively. Inset image in (e) shows a topography profile taken along
blue dashed line. Images (a), (b, d) and (e) were adapted from Refs. [43,46,47] respectively.
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light-induced effects [38] or ferroelectricity [39,40] have been observed
in OHPs and their devices. A deep understanding of these phenomena
with unprecedented atomic insights is highly desired. It is noted that both
inorganic lattice and organic cations are prone to the structural relaxa-
tion and degradation, presumably leading to a cooperative lattice
distortion and varied optoelectronic properties [41,42]. It is very likely
that the common characterization techniques involving light irradiation
such as photoemission spectroscopy (PES) or photoluminescence (PL)
measurements induce electronic excitations and structural changes of
OHPs, which often make it difficult to interpret experimental results. In
addition, because of the lack of atomic scale resolution, these techniques
only provide sample-average information.

In contrast, the ability to gain atomic-scale understanding of all
aforementioned phenomena is crucial for the fine tuning the properties of
OHPs and further optimization of their device performance. Scanning
tunneling microscopy (STM), transmission electron microscopy (TEM)
and non-contact atomic force microscopy (ncAFM) imaging techniques
offer a remarkable capability for atomically resolved imaging and spec-
troscopic measurements [43]. STM relies on the detection of the
tunneling current flowing between atomically-sharp tip and biased
OHPs, which convolutes both topography and local electronic informa-
tion of the sample. Another power of STM is the ability to measure local
electronic properties of the sample via performing scanning tunneling
spectroscopy (STS). Unfortunately, it is particularly challenging to
perform high resolution STM and STSmeasurements of air-exposed OHPs
owing to their rapid surface degradation in ambient environment [44].
Such a challenge can be overcome by fabricating clean and well-defined
OHP surface via in-situ cleavage of bulk crystals in ultra-high vacuum
(UHV) conditions or in-situ growth of OHP thin films on conductive
substrates in UHV conditions. Alternatively, TEM represents another
powerful imaging technique with atomic resolution. However, OHPs are
generally electron beam sensitive, posing a great challenge to acquire
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atomic-resolution TEM images of OHPs [41]. Recently, Zhang and
co-workers have developed a suite of methods to overcome this obstacle,
which significantly advances the high resolution TEM imaging of
beam-sensitive materials including OHPs [45].

Therefore, recent advances have surmounted various challenges to
obtain atomically resolved imaging and spectroscopic measurements of
OHPs for a better understanding of the structural and optoelectronic
properties of OHPs at the atomic scale. A rapid progress in this field
motivates us to review current experimental progress in the atomic-scale
investigation of the structural and optoelectronic properties of OHPs by
means of low-temperature STM/STS, HRTEM and nc-AFM.

1.1. Preparation of well-defined surfaces of OHPs

The seminal work by Ohman et. al. reports the visualization of atomic
lattices of methyl-ammonium (MAþ) lead-bromide (MAPbBr3), one of
the most widely studied OHPs [43]. In this work, low-temperature
STM/STS measurements were used to probe the atomic structure and
electronic properties of MAPbBr3. As illustrated in Fig. 1a-b, the authors
exploited in-situ cleavage of single MAPbBr3 bulk crystal in UHV condi-
tions to prepare clean and atomically flat (010) surface suitable for
atomically-resolved STM measurements (Fig. 1d). High-resolution STM
imaging reveals a coexistence of two distinct characteristic patterns
including dimer-like and zigzag-like structures (Fig. 2), which will be
further discussed in later section.

Alternatively, in-situ growth of OHP thin films in UHV conditions
serves as another approach for the preparation of the atomically-clean
OHPs surface suitable for STM studies [48]. L. She et. al. exploited this
method to fabricate MAPbI3 films on Au(111) surface for
atomically-resolved STM imaging [47]. As illustrated in Fig. 1c, this
methodology involves a simultaneous deposition of MAI and PbI2 pre-
cursors with a well-controlled ratio onto clean Au(111) surface kept at



Fig. 2. Atomically resolved STM images of OHP and the physical origin of surface reconstruction. Atomically resolved STM topography images of the OHP
surface and simulated STM images of the (010) plane of the orthorhombic crystal with (a, b) dimer-like and (c, d) zigzag-like pattern. Scan parameters: V¼�5 V and
I¼ 0.1 nA. The Br� and MAþ ions are overlaid. Color code: N (blue), C (gray), H (white), Br (brown). (e, f) Atomic models showing the net ferroelectric and anti-
ferroelectric alighnment of MAþ dipoles. (g, h) Deformation charge density of halide-terminated OHP (001) surface of (g) zigzag and (h) dimer structure. The iso-
surfaces of positive and negative values (�0.02e/Å3) are shown in blue and green colors, respectively. The dipole orientation of MAþ cations is denoted by brown
arrows. Images (e-f) and (g, h) were adapted from Refs. [43,47], respectively.
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elevated temperature. The subsequent STM imaging of as-prepared
MAPbI3 film resolves both zigzag and dimer patterns associated with
the characteristic surface reconstructions, similar to what have been
observed on in-situ cleaved MAPbBr3 crystal by R. Ohman et al. [43].
Moreover, the zigzag and dimer phases can be occasionally inter-
converted into each other triggered by the tunneling current during STM
imaging. A detailed study reveals that the formation of MAPbI3 thin films
follows a MA-I layer by Pb–I layer growth mode, which is energetically
reinforced by a completion of the [PbI]6 octahedra [49].

1.2. Probing the orientation of MAþdipoles and origin of the surface
reconstruction

Aforementioned dimer-like or zigzag-like patterns were resolved by
the STM imaging of both is-situ cleaved OHP crystals and in-situ grown
OHP films. Notably, both patterns are formed by the topmost halide
anions, but with different inter-halide distances. For example, individual
dimer is comprised by a pair of proximal Br anions located at apices of
neighboring [PbBr]6 octahedra (Fig. 2c), while zigzag pattern is formed
by the reorganization of surface Br atoms into zigzag-like chains (Fig. 2
a).

The origin of these two reconstructions was interpreted by distinct
orientations of interior MAþ cations. Fig. 2e and f depict two scenarios for
the alignment of polar MAþ chains with a ferroelectric or antiferro-
electric polarization. In addition, the attractive electrostatic interaction
between positively charged MAþ cations and negatively charged halide
atoms (Fig. 2 g, h) is expected to drive the structural relaxation of halide
atoms. As shown in Fig. 2b and d, theoretical calculations and STM
simulations reveal that ferroelectric orientation of MAþ cations in the
zigzag structure results in a nonzero net dipole moment. In contrast, the
antiferroelectric arrangement of MAþ cations produces the dimer-like
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STM pattern. Note that individual dimer is formed in proximity to
nearest methyl groups of MAþ cations. Such an interpretation of the
origin of the STM contrast in both zigzag and dimer patterns was further
confirmed by Y. Liu et al. [50]. Moreover, recent theoretical studies
provide further evidence to support that the rotation MAþ cations is
concomitated by the distortions of the [PbI]- framework attributed to the
structural relaxation observed by STM imaging [51].

1.3. The structural changes of OHPs upon light illumination

Understanding the dynamics of structural variations of OHPs under
light illumination is of both fundamental and practical importance [38].
The PFM imaging with sub-micrometer resolution demonstrated that
OHP develops ferroelastic domain-like composition upon light illumi-
nation [33]. Recently, H. Hsu et. al. [46] reported a seminal work on
atomically-resolved STM study of the in-situ cleaved MAPbBr3 crystals in
both dark and illuminated conditions. In dark conditions, the
Br-terminated surface exhibits dominant dimer patterns with a 2� 2 unit
cell, comprised by Br dimers oriented in [110] direction, which coexist
with zigzag patterns comprised by Br rows along the [100] direction
(Fig. 3a). The dimer and zigzag patterns are highlighted by orange and
green colors respectively in Fig. 3a. However, the surface underwent
dramatic change under laser illumination (532 nm), as shown in Fig. 3d.
Light illumination induces the formation of new structures with a distinct
periodicity (a 4� 2 unit cell). Interestingly, the structural transition is
fully reversible upon turning off the light exposure. This underpins a
reversible light-induced rearrangements of MAþ chains and possible
concomitant alternations of Br–Br distances. A thorough analysis of
characteristic Br–Br distances supported by STM simulations (Fig. 3b, e)
allows to derive MAþ dipole alignment for the pristine and illuminated
surface as shown in Fig. 3c and f, respectively. The dimer pattern of



Fig. 3. STM imaging of pristine and light-illuminated MAPbBr3. (a-f) Experimental STM image, simulated STM image and schematic illustration of MAþ orien-
tation in the (a-c) dark and (d-f) under illumination. STM images of MAPbBr3 reveal a transition from (a) the dominant dimer structure in dark to (d) a new structure
with a 4� 2 unit cell under laser illumination (532 nm). Simulated STM images of MAPbBr3 (b) in dark and (e) under laser illumination are derived from the dipole
realignments of MAþ molecule as shown schematically in (c) and (f) under dark and illuminated conditions, respectively. (g) STS spectra of MAPbBr3 crystal collected
at 4.5K. (h) STS spectra of MAPbBr3 collected at room temperature in dark (black curve) and illuminated conditions (orange curve) . Images (g, h) and (a-f) were
adapted from Refs. [43,46].
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pristine surface arises due to the antiferroelectric alignment of MAþ

chains. The BrBr dimer pair is formed close to the nearest positively
charged ammonium groups. This interpretation is consistent with the one
proposed by R. Ohman et. al. [43]. In contrast, MAþ dipoles undergo a
consecutive 90� rotation along A-A’ direction in the illuminated sample
as shown schematically in Fig. 3f. The overall arrangement of MAþ cat-
ions in the illuminated sample retains the antiferroelectric alignment. As
a result, one-dimensional potential energy landscape associated to
light-induced anisotropic MAþ alignment is formed to facilitate the
charge separation in the OHPs-based devices.

The plausible physical origin for the light-induced rearrangement of
MAþ cations involves the electrostatic Coulomb interaction between Br
anions and MAþ cations. In particular, the light illumination induces the
electron excitation from valence band formed by Pb 6s and Br 5p orbitals
to conduction band contributed from Pb 6p states. The charge transfer
between valence band and conduction band orbitals with distinct spatial
geometry creates a local polarization field within a unit cell. As a result,
MAþ cations undergo the further rotational rearrangement in order to
counteract this polarization field [46].

Previously, Ohman et al. performed STS measurements of the same
MAPbI3 crystal at low temperature (4.5 K) and room temperature under
both dark and illuminated conditions as shown in Fig. 3g, h. STS spectra
collected at low temperature only exhibit an appreciable dI/dV signal at
negative sample bias voltage (VS<�5 V) (Fig. 3g). In contrast, the STS
spectra collected at room temperature exhibit a substantial dI/dV in-
tensity at both voltage polarities. Such a dramatic difference can be
attributed to the different electronic structures of cubic phase at room
temperature and orthorhombic phase at low temperature [52]. More-
over, the room temperature STS spectra also reveal a reduction of band
gap upon light illumination (orange curve in Fig. 3h). A decrease of band
gap was also observed for MAPbI3 thin films grown on TiO2 substrate
upon light irradiation [53], which may be associated with the reordering
of MAþ cations or the activation of additional tunneling channels via
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light irradiation [31].
1.4. Probing atomic defects and impurities

It is found that the electronic properties of OHPs are tolerant to
presence of various structural defects including halide vacancies, impu-
rities or dislocations [19]. Typically, the common defects with shallow
in-gap states are strongly localized [20]. On one hand, it was demon-
strated that a controllable incorporation of homovalent (e.g. Mn or Bi)
atoms into the OHP lattice can be exploited for fine tuning the opto-
electronic properties of OHPs [54–57]. On the other hand, it was also
predicted that water or oxygen molecules tend to adsorb over the halide
vacancies attributed to the rapid degradation of OHPs at ambient con-
ditions [50]. In this regard, STM measurements not only enable a direct
visualization of individual impurities and vacancies at the atomic scale,
but also facilitate to unveil the electronic properties of these defects and
their impact on the chemical stability of OHPs.

Fig. 4a shows the high-resolution STM imaging of OHP surface with
atomic defects. The characteristic depressions are presumably attributed
to Br vacancies and double Br-MA vacancies. A good agreement between
the simulated STM image and experimental one further supports this
structural assignment (Fig. 4b). It was theoretically predicted that these
types of vacancies are the most abundant defects on the OHP surface
because of their relatively low formation energies [50].

Very recently, STM was employed to resolve individual dopants
introduced into the OHP lattice. Hieulle et al. used in-situ thin film growth
technique for the fabrication of MAPbBr3, mixed-halide MAPbBr3�yIy,
and MAPbBr3�zClz thin films [58]. A post-deposition of PbI2 (PbCl2)
compounds onto as-grown MAPbBr3 films results in the random substi-
tution of Br atoms by I (Cl) atoms towards the formation of mixed-halide
MAPbBr3�yIy (MAPbBr3�zClz) thin films. STM imaging resolves distinct
features associated with I (protrusions) and Cl (depressions) impurities,
respectively. The distinct topographic STM contrast for I (Cl)



Fig. 4. STM study of defects and impurities on the OHP surface. (a) STM imaging resolves the atomic defects on the OHP surface. (b) The top layer atoms with the
simulated STM images of pristine OHP (left) and halide vacancy (right). (c�g) STM images of (c) MAPbBr3, (b) MAPbBr3�yIy, and (c) MAPbBr3�zClz OHP surfaces.
(d�h) Calculated (010) surface of the mixed-halide organic�inorganic perovskites. Images (a), (b) and (c-h) were adapted from Refs. [43,50,58].
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substitutions was attributed to a larger (smaller) ionic radius in com-
parison to Br atom [58].

Incorporation of substitutional Cl dopant also has a profound impact
on chemical and physical properties of MAPbBr3 film. It is found that Cl
doping results in a noticeable decrease of the surface work function by
0.2 eV (from 4.77 eV to 4.57 eV) due to a change of the surface dipole. In
contrast, incorporation of substitutional I dopant shows a rather negli-
gible modification of the surface work function of MAPbBr3 (4.79 eV)
due to a smaller variation of surface dipole arising from a low electro-
negativity of I compared to Cl. In addition, an incorporation of 12–18% of
Cl atoms leads to a substantial increase of the stability of OHPs based
photovoltaic devices. Murali et al. also applied in-situ cleavage technique
to study the degradation of MAPbBr3 when exposed to air [59].
Atomically-resolved STM image reveals the features associated with the
formation of surface hydrate. One can envisage that future STM studies of
in-situ cleaved OHP surface upon the dosage of target molecules (e.g.
water or oxygen) in UHV conditions may provide new insights into the
degradation mechanism of OHPs.

1.5. Transmission electron microscopy imaging of OHPs

The ionic nature of OHP lattice makes it prone to the degradation
under high-energy electron beam during TEM imaging. Recently, M.
Rothmann et al. used TEM to resolve the twin-like domain structures in
the tetragonal MAPbI3 thin film [30]. Moreover, authors demonstrated
a reversible formation of domains upon cooling below threshold tem-
perature, which is attributed to the transition from cubic to tetragonal
phase [30]. Zhang et. al. has developed a suite of methods involving a
sophisticated algorithm for efficient crystal alignment. This allows to
acquire atomically-resolved TEM imaging of MAPbBr3 due to a signif-
icant reduction of the electron dose (Fig. 5). HRTEM imaging unam-
biguously reveals distinct domain structures consisting of in-plane
(Fig. 5b) and out-of-plane (Fig. 5c) orientations of the MAþ dipoles,
which suggests the presence of nanoscale ferroelectric order in this OHP
sample. This result underpins the advantage of TEM imaging as
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compared to STM imaging, since the latter does not allow to directly
probe the inner MAþ cations.

1.6. Non-contact atomic force microscopy study (ncAFM) of the two-
dimensional OHPs

To date, nc-AFM studies have been performed only for two-
dimensional (2D) OHPs, so-called Ruddlesden–Popper perovskites
(RPPs) [60]. The 2D RPP perovskites can be regarded as n layers of
inorganic octahedral sheets sandwiched by two layers of large organic
spacer cations (e.g. butylammonium, CH3(CH2)3NH3, BAþ). This gives
rise to natural multiple-quantum-well structures, in which the inorganic
slabs serve as the potential “wells” while the organic layers function as
the potential “barriers” [61]. Recently, K. Leng et. al. reported a seminal
work on the visualization of the n¼4 RPP (BA2MAn-1PbnI3nþ1) using
nc-AFM with a Q-plus sensor [42]. Nc-AFM image of n¼4 RPP reveals a
square-like lattice (Fig. 6a). The bright dot in the image is expected to
originate from the organic BAþ cations, while interior inorganic [PbI]-

lattice cannot be directly resolved. Furthermore, authors captured the
emergence of the zigzag domains after thermal annealing at 60 �C
(Fig. 6b). Annealing at higher temperature (90 �C) results in further
development of zigzag domains (Fig. 6c). The formation of these zigzag
domains was attributed to the structural relaxation of on-surface BAþ

chains. Interestingly, a reversible interconversion between zigzag and
square patterns can be triggered by tuning the tip-sample interactions
(Fig. 6d-e). Such a contrast reversal is most likely due to the tip-induced
rearrangement of BAþ cations. Recent advances have demonstrated an
outstanding capability of the tip-functionalized nc-AFM to unveil the
detailed chemical structure and charge potential in different systems
with a sub-angstrom resolution [62,63]. Therefore, we believe that
nc-AFM imaging of OPHs with a functionalized probe (e.g. CO or
oxygen-terminated Cu tip) may provide “sub-angstrom scale” insights
into the structural and electronic properties of both 2D and 3D hybrid
perovskites. Furthermore, such a functionalized tip may further enhance
the spatial resolution of kelvin probe force microscopy to map out the



Fig. 6. Nc-AFM imaging of n¼4 and n¼1 Ruddlesden–Popper OHPs. (a) nc-AFM image of the initial state of the surface of n¼4 BA2MAn-1PbnI3nþ1 RPP crystal. The
overlapped sketch displays the top view of four unit cells of the n¼ 4 RPP OHP. Scale bar is 1 nm for all images. The sample is heated up to (b) 60 �C and (c), 90 �C. (d,
e) nc-AFM image of n¼1 BA2MAn-1PbnI3nþ1 measured at the set point of (d) the frequency shift, df¼�8 Hz and (e) df¼�7.5 Hz. Red, blue and black circles indicate the
position where each df(z) curve was collected. Scale bar in all images is 1 nm. (f) Frequency shift versus distance (df(z)) curves taken over positions marked by circles
in nc-AFM images (d, e). (g) Cross-sectional profile taken along the lines (1, 2) in panel (c). Image was adapted from Ref. [42].

Fig. 5. HRTEM imaging of OHPs. (a) High-resolution TEM image of MAPbBr3 OHP crystal. The yellow squares highlight two domain structures with different
orientation of MAþ cations. (b) and (c) The structural model (left) and the simulated projected potential map (right) of MAPbBr3 with different MAþ orientations,
corresponding to region 1 and 2 in (a), respectively. Image was adapted from Ref. [45].
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local potential variation across domain walls and step edges of hybrid
perovskites [53,64].

2. Conclusions and outlook

Real-space imaging of atomic structures of OHPs can be achieved
using different techniques including STM, AFM and TEM. It has been
demonstrated that STM imaging in combination with the external stim-
uli, e.g. light irradiation, enables the investigation of an instantaneous
structural variation of OHPs close to the real device operation conditions.
We therefore envisage that atomically-resolved studies empowered by
external stimuli including mechanical stress, light illumination or expo-
sure to ambient atmosphere, will shed new light on the puzzling OHPs
phenomena such as ion migration, giant hysteresis and degradation
mechanism. We also foresee that nc-AFM imaging of OPHs with a func-
tionalized probe may provide deep insights into the structural and elec-
tronic properties of both 2D and 3D OHPs at the sub-angstrom scale.
Atomic insights obtained from these studies will deepen the under-
standing of the mesoscopic-scale phenomena of OHPs for the further
optimization of their device performance.
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