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Recent progress in hybrid perovskite solar cells
through scanning tunneling microscopy and
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Currently, sustainable renewable energy sources are urgently required to fulfill the cumulative energy
needs of the world's 7.8 billion population, since the conventional coal and fossil fuels will be exhausted
soon. Photovoltaic devices are a direct and efficient means to produce a huge amount of energy to meet
these energy targets. In particular, hybrid-perovskite-based photovoltaic devices merit special attention
not only due to their exceptional efficiency for generating appreciable energy but also their tunable band
gaps and the ease of device fabrication. However, the commercialization of such devices suffers from the
instability of the compositional materials. The cause of instability is the perovskite's structure and its mor-
phology at the sub-molecular level; thereby revealing and eliminating these instabilities are a striking chal-
lenge. To address this issue, scanning tunneling microscopy/spectroscopy (STM/STS) presents a compre-
hensive method to allow the visualization of the morphology and electronic structure of materials at
atomic-level resolution. Here, we review the recent developments of perovskite-based solar cells (PSCs),
the STM/STS analysis of photoactive halide/hybrid and oxide materials, and the real-time STM/STS investi-
gation of electronic structures with defects and traps that are believed to mainly affect device perform-
ances. The detailed STM/STS analysis can facilitate a better understanding of the properties of materials at
the nanoscale. This informative study may hold great promise to advance the development of stable PSCs
under atmospheric conditions.

thus far.” Besides, it has been predicted that perovskites play a
critical role in next-generation lasers, sensors, electric vehicle

Energy consumption is becoming an international issue faced
by everyone throughout the world. Sustainable and renewable
energy resources are playing a crucial role in fulfilling the
cumulative energy needs of the world’s population. In this
aspect, photovoltaic (PV) devices are a straightforward and
highly efficient means to produce an enormous amount of
energy. In particular, perovskite solar cells (PSCs) belong to an
emerging thin-film PV cell class that consists of perovskite
structured compounds and exhibits high energy conversion
efficiency. Therefore, PSCs have become a global research
hotspot in the PV arena.’™* The energy conversion efficiency of
PSCs has shown the steepest growth, which has crossed 24.5%
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batteries, etc.®® However, the lack of a comprehensive under-
standing of the morphology and photo-physics of perovskite-
based materials along with their stability issues largely
hamper their progression.”"' The surface morphology and
band energy levels directly influence the potential difference
of a device, and thus the spatial transportation of charge car-
riers over time.'>'® Therefore, exploring the thin-film mor-
phology and the electronic transport in perovskite materials is
of key interest in this emergent field. The performance of per-
ovskite-based optoelectronic devices is influenced by various
electrical parameters, such as current-voltage (I-V) hysteresis,
trap states, charge carrier recombination, and ion migration,
which are commonly defined by the morphologies of the
film."*'® Even a minute variation in sample preparation can
lead to huge discrepancies in the resulting thin films.'™*
Consequently, changes in the aforementioned electrical para-
meters could determine the PV efficiency. Therefore, a
thorough study of thin films at the nanoscale level is essential
to reveal such structural problems to fabricate more efficient
PV devices.*>*?
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Fig. 1 An overview of the STM measurement technique and types of analyses (band gap estimation and alignment. Reproduced with permission

from ref. 48).

Generally, X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), UV-Vis spectroscopy, photoluminescence, and
I-V measurements are common techniques for the detailed
analysis of perovskite thin films. Unfortunately, these tra-
ditional techniques cannot provide real spatial resolutions. In
this regard, scanning probe microscopy (SPM) has been uti-
lized to obtain detailed information down to the atomic-level
resolution of organic inorganic PV materials.>***
Numerous SPM techniques including scanning tunneling
microscopy (STM), non-contact atomic force microscopy (AFM),
Kelvin probe force microscopy (KPFM), and conductive-AFM
(c-AFM) have been proposed to unveil the heterogeneities in
perovskite thin films.>*** Among AFM techniques, KPFM and
c-AFM have been widely used to probe the photo-voltages and
photo-currents of perovskite grains and their boundaries. In
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particular, KPFM, a non-contact AFM technique has contribu-
ted significantly to the identification of the local work function
of samples by real-time visualization.*® This unique technique
can provide surface information, including the composition
and electronic states. Such a technique has been used to inves-
tigate the charge-separation locations, trap states, and different
phases in perovskite materials by tracing the potential
fluctuations.***° Similarly, STM can provide information about
the structure, electronic properties, and electronic states (e.g,
concerning the Fermi level of the electrode, Fig. 1) with a high
spatial resolution (0.1 nm).*>*" In contrast to c-AFM, the tun-
neling current between the STM tip and the sample surface is
measured by moving the conductive tip without physical
contact across the sample surface and thus no damage occurs
to samples. According to the quantum mechanical phenom-
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enon, the tunneling current between the STM tip and sample
(~1.0 nm) can occur once a voltage bias is applied.”” The tun-
neling current exponentially increases as the tip-sample dis-
tance reduces. This mechanism allows us to obtain high-resolu-
tion spatial images of surfaces of materials in real space (lateral
resolution below 10 pm and a vertical resolution <1 pm). These
defects at the atomic scale can strongly influence the behavior
and performance of the photo-absorber layers and hence the
efficiency of a device. One can see an overview of the STM
measurement technique and its measurement ability (the type
of sample analysis) at the atomic level in Fig. 1. This schematic
depicts the formation of the tunneling junction between the
sample and metallic tip, where electrons get tunneled from the
sample to the tip or vice versa against the applied bias.** Once
the perfect topography is obtained at this particular location,
the tunneling current can be measured. Furthermore, the
measured current will be utilized to estimate the bandgap and
density of states (DOS) of the materials. Also, the band align-
ment can be estimated for the appraisal of rapid charge trans-
fer and its separation upon illumination at the heterojunction,
which produces a photocurrent in the external circuit.**

To date, huge progress has been achieved in the performance
enhancement of PSCs. Despite its significance, the analysis of
PSCs via STM at the atomic scale has been rarely discussed.
Abundantly existing literature reports have mentioned genuine
hurdles regarding the issue of sample preparation; however the
protocols to be followed for performing accurate STM measure-
ments for PSCs remain elusive.*>™” So far, it remains a chal-
lenge to establish the specific sample-preparation methods for
perovskite materials. Due to this limiting factor, the correlation
of physical and chemical properties at the atomic level has not
been thoroughly inspected in STM/STS analysis.

In this contribution, we present an overview of STM measure-
ment techniques, where using a specific strategy, real-time elec-
tronic structures of the perovskite materials have been studied.
Here, we discuss the STM analysis of two types of perovskite
materials, namely, halide and oxide perovskite materials in the
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view of solar cell applications. In addition, we will discuss the
sample preparation techniques/methods for STM investigations,
which are crucial to obtain precise information regarding the
interfacial properties of perovskite heterostructures. We antici-
pate that this review can offer substantial useful information, i.e.
pros and cons of sample preparation that can extend toward
atomic-level studies. These factors could be essential for research-
ers to assemble optimal materials in PV devices to enhance the
stability and overall performance of hybrid PSCs.

2. Perovskite synthesis and sample
preparation techniques

A specific sample-preparation procedure for better STM inves-
tigation is the most critical aspect to make a conclusive
affirmation about the fundamental properties of perovskite
materials. Technically, an immaculate and atomically flat
surface is essential to obtain flawless STM images (mor-
phology and structures), which are normally impossible to be
obtained with perovskite materials.*® In this process, the sub-
strate also plays an important role, since the morphology and
topography of the film always depend upon the properties of
the underlying substrate.”>*" Similarly, ITO/FTO coated glass,
Au, Cr, and HOPG are commonly used as conducting sub-
strates for electrical contacts in the process of STM sample
preparation.”>* Synthesis of a perovskite material is the first
step towards the sample preparation for STM analysis.
Researchers have used different methods to synthesize or
prepare perovskite photon absorbing layers on different sub-
strates. These synthesized samples can be used as it is, or
sometimes we need to follow surface processing treatments
(e.g. cutting and polishing) on it to make a more ideal sample
for obtaining high-resolution STM images.”” The schematics
of a few perovskite synthesis methods (e.g. solution process,
vacuum, and chemical vapor deposition) and sample prepa-
ration techniques e.g. the cleaving method are shown in Fig. 2
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Fig. 2 Perovskite synthesis/deposition methods.
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Fig. 3 Experimental set-up of the cleaving method to prepare XSTM/S
samples. Inset figure shows basic sample preparation using initial dicing.

and 3, respectively. The details of these techniques are given
as follows.

2.1. Perovskite synthesis methods

2.1.1. Solution process. Usually, perovskite thin films are
prepared via the spin coating solution-process method owing
to the ease of economically affordable processing. The poten-
tial of this technique for fabricating highly efficient photo-
active layers has already been proven; however, the involve-
ment of solvents and its exposure to air can contaminate the
film surface.’® Moreover, the solution-processed technique has
shortcomings such as lacking control over the crystallization
process and the assurance of quality films. In short, this tech-
nique offers appraisal of both thermodynamic and kinetic
effects to determine the morphology of the film.>® The inhom-
ogeneity and multi-crystalline nature with a large rough
surface can affect its sustainability and durability. L. Dou et al.
have grown atomically flat and a few atomic unit thick 2D
hybrid perovskites [(C,HoNH;),PbBr,] directly on a substrate
using the solution-process method.>” Azulay et al. have pre-
pared single and mixed cation methylammonium (MA) lead
iodide films in DMF, DMSO, and a combination of both sol-
vents on a Au/Cr coated substrate. The solution concentration,
spin rate, time, and temperature were optimized to obtain the
desired thickness.”® Shih et al. prepared an MAPbI, sample for
light modulated STM measurements using a spin coating tech-
nique.*® The Si substrate was cleaned and processed with
oxygen plasma before performing the sequential deposition of
MAPDI; on the dense SiO, layer. Similarly, the precursor solu-
tion (1:3 ratio of PbCl,/CH;NH;I in DMF) was spin-coated
onto an As-doped Si (100) substrate at 1500 rpm, followed by

This journal is © The Royal Society of Chemistry 2020
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annealing (90 °C for 2 h) under a nitrogen atmosphere.>® The
deposited perovskite sample can be cleaved with the desired
facet for carrying out an appropriate STM study.

2.1.2. Vacuum deposition. Another technique is known as
vacuum deposition, which offers numerous advantages,
including generating a smooth surface with high purity owing
to the sublimation of precursor materials after extensive out-
gassing.®® Furthermore, these materials can be deposited on
several substrates without any concern about solvent compat-
ibility with other buffer layers (organic/inorganic films).®"%*
Co-deposition has also been performed under ultrahigh
vacuum (1 x 10~'° mbar) for MAPbI, film formation by L. She
et al.*®>* Single crystalline Au (111) was used as a substrate
and cleaned by successive Ar' sputtering and annealing pro-
cesses. MAPDbI; films have been grown on buffer layers by
fixing a molar ratio of 1: 3 for CH;NH;I and Pbl,. The film was
~10.8 atomic layer thick and smoother for further STM
measurements. Likewise, an MAPDbBr; thin film was grown on
a Au (111) single crystal surface by dual-source vacuum co-
evaporation of the MABr and PbBr, species for 10 min at evap-
oration temperatures of 361 and 498 K, respectively.®> On the
other hand, in such a sequential co-evaporation technique,
since the MAI layer was deposited over a metal halide layer,
the MAI diffusion depth was limited, leaving the bottom metal
halide layer unreacted.®* The stoichiometry of precursors (e.g.,
MAI and Pbl,) has been controlled using a well-established
and compatible technique for temperature-sensitive devices
having high throughput and reliability in the electronic indus-
tries. The oxide perovskite (LSMO) has been deposited using
pulse-laser deposition (PLD) on a Si substrate by Joshi et al.®®
The growth conditions for the deposited films were optimized
(KrF excimer laser, 248 nm wavelength, and 30 ns pulse width)
and images were taken from the top surface of the deposited
film. S. Wang et al. have examined the local electronic struc-
ture of oxide (perovskite) thin films deposited with a pulsed
laser deposition system in conjunction with low-temperature
STM measurements. In addition, they have modified the
vacuum-deposition and developed a hybrid deposition tech-
nique by facilitating advanced tools and accessories to obtain
an extremely smooth surface with high crystallinity, and the
maximum surface coverage with a uniform chemical compo-
sition throughout the whole film.®°

2.1.3. Chemical vapor deposition. The chemical vapor
deposition (CVD) technique has many significant advantages,
including precise control over the composition, highly crystal-
line nature, and the deposition on multiple and complex sub-
strates, which also depend upon various deposition para-
meters (e.g., deposition time, gas flow rate, temperature, and
pressure).®® These parameters are responsible for categorizing
systems into sub-systems viz. Atmospheric Pressure and Low-
Pressure CVD (APCVD and LPCVD), hot-wire CVD, hybrid
physical CVD, metal-organic CVD, aerosol assisted CVD, etc.,
which have been used for the synthesis and fabrication of
hybrid perovskite materials/films.”"®® For instance, Leyden
et al. have initiated a vacuum/CVD deposition (hybrid) system
to form perovskite layers.’” In brief, PbCl, was initially de-

Nanoscale, 2020, 12,15970-15992 | 15973
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posited using a vacuum deposition system, and subsequently
loaded into a low-temperature zone. MAI, a cationic precursor,
was allocated in the high-temperature zone to form a perovs-
kite due to the condensation (in a low-temperature zone)
under a uniform flow of N,.”””! These techniques, as men-
tioned earlier, have been used to prepare high quality and
stable perovskites.

2.2. Sample preparation techniques

2.2.1. Cleaving method. The cleaving method is just
another feasible method of sample preparation. However,
obtaining a flat and clean surface by this method is quite
difficult (unless the material is purely mono-crystalline). This
technique has been widely utilized for III-V compound hetero-
structures and Si-based microelectronic devices at the
nanoscale.”>”® Recently, Ohmann et al. have used an in situ
(real-time) vacuum cleaving technique to prepare an STM
sample from a hybrid perovskite (MAPbBr;) for the first
time.*® The cleaving of a single crystal in a specific orientation
with the required flat surface is facile in the case of large-size
crystals. Growing a large single-crystal, MAPbBTr3, is easier than
growing other halide perovskites due to its better stability in
air. In other words, the success rate of obtaining a flat, imma-
culate surface from MAPDbBr; is slightly higher than those of
MAPbI; and MAPbCI, owing to its larger crystal size.”* A sche-
matic of the experimental set-up for sample preparation is
shown in Fig. 3. Briefly, the sample was clamped as per the
clamping style of the sample holder, and then cut half-way pre-
cisely with a dicing saw. Under UHV conditions, the sample
was fractured by moving a rigid cleaver with a steady and slow
force at the top portion of the sample above the cut. As soon
as the applied force reaches its peak strength, a crack occurs in
the cut region and propagates across the sample. The cleaving
or fracturing process of the material depends upon the
material’s cleavage plane.”>’® The material having a cleavage
plane is most eligible for the cleaving process, and becomes
an ideal sample for STM measurements by creating an imma-
culate surface. On the other hand, the material without a clea-
vage plane may produce a bit rough surface owing to the frac-
turing process instead of cleaving. Mostly, in the ABO; perovs-
kite, the fracturing process occurs, and the surface is not ideal
for STM measurements.”” Under such conditions, in situ
annealing and etching processes may help achieve the goal of
obtaining high-resolution images.*® Several researchers have
also reported such a cleaving technique used for the STM ana-
lysis of non-PV single-crystal materials.”®”’

The cross-sectional STM and STS (XSTM/S) are advanced
techniques of STM, which can help achieve band mapping at
heterojunction interfaces.*® This can be performed by creating
a dirt-free surface of the cross-section by fracturing the
material.”*®! For getting a sharp interface, the sample should
be cut into long strips with the high precision dicing saw,
where in situ fracture can be induced by applying steady force
in a UHV environment.®” A schematic of the prepared strip is
shown in the inset of Fig. 3. The success rate of XSTM/S
sample preparation with an initial dicing process is about 70

15974 | Nanoscale, 2020, 12,15970-15992
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to 80%. For performing such experiments, special attention
should be paid to the following factors such as obtaining a flat
and defect-free cross-sectional surface to pin the Fermi level at
the surface and, also, maintaining a specific height of the
metallic tip consistently over the precise location of interest on
the cross-sectional surface.®® Murali et al. have demonstrated
their sample preparation methods under ultra-high vacuum (5
x 107'° mbar) with a sharp blade, fixed on another sample
holder, supported with a linear-rotary-motion feedthrough.®*
The facets of the single crystal perovskite were sharply cut
down into parallel planes with a size of 2-3 mm, followed by
in situ electron bombardment to achieve an atomic-scale
surface reconstruction for STM imaging and measurements. In
addition, hybrid perovskites were synthesized in the form of
thin films using different methods. Therefore, these samples
sometimes would not be suitable for interfacial/cross-sectional
study due to their sizes, the underlying substrate, and other
compatibility issues. In these circumstances, the samples need
to be cleaved or fractured precisely in such a way that the
desired facet can be viewed. Such an established system can be
a potential platform for STM sample preparation and conduct-
ing studies to tune the surface properties at the atomic scale.

3. Perovskite analysis by STM and
STS

STM and STS are the surface analytical techniques, capable of
probing the DOS with a high spatial and energetic
resolution.®®® STM has contributed significantly to under-
stand the sub-processes included in the fundamental phenom-
enon of PV. Notably, in organic solar cells, the exciton binding
energy, electrostatic potential distribution, and charge transfer
mechanism play an important role in intermolecular inter-
actions of hybrid semiconductors.®””*® However, STM is a
powerful technique to visualize the self-assembled monolayers
at the atomic scale, from which one can correlate the perform-
ance of organic solar cells.®>* When probing, a mechanically
cut or chemically etched sharp tip is brought close to the
sample surface (~2-10 A). A platinum-iridium (Pt-Ir) tip is
commonly used to probe the sample due to its strength and
stability.”>*® Electrons can tunnel into the empty states or
accept it from the filled states depending on the applied bias
(polarity) between the tip and the sample, deposited on the
conductive substrate. This tunneling phenomenon occurs due
to the energetic alignment between the work function of the
tip and the sample energy levels with respect to the magnitude
of the STM applied bias. Therefore, the level and location of
conduction as well as the valence band (CB and VB) can be
easily determined through the differential conductance (d7/dV)
spectrum (STS). The images obtained by STS can illustrate
energy level mapping over the scanned area, particularly to
analyze local electronic properties along with the visualization
of a few hundred atoms accurately.** In the view of significant
challenges in obtaining local properties, here we will discuss

This journal is © The Royal Society of Chemistry 2020
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the microscopic and spectroscopic analyses in halide/hybrid
and oxide perovskites for PV applications.

3.1. Halide perovskites

As we discussed earlier, halide-perovskite-based solar cells are
much more rapidly growing PVs. However, their commerciali-
zation is not yet possible because of their instability and tox-
icity. Various groups have analyzed thin-films and devices
through different characterization techniques, and suggested
fruitful solutions toward high-performance PVs, including the
synthesis of defect-free perovskites, diverse deposition tech-
niques, use of different transport layers and protective coat-
ings, etc.”® The structural, morphological, and electro-
optical characterization analyses provide an easy means to
understand the behavior of perovskites, although as stated pre-
viously, atomic analysis is not yet fully explored due to sample
constraints. Miyasaka et al. have used halide perovskites, e.g.
MAPDI;, for the first time in dye-sensitized solar cells (DSSCs)
as sensitizers in 2009.'°° However, the sample preparation
issues exist due to small crystal size and degradation, hence
halide perovskite took a long duration to observe its atomic
structures through STM. Until 2015, Ohmann et al. observed
the atomic structure of MAPbBr; with high spatial resolution
by STM.*® These measurements were possible because of the
bigger size single crystal that was easy to cleave and hence we
can obtain a flat surface under ultra-high vacuum (UHV). One
of the advantages of working under the UHV conditions is that
one can obtain a superior control over the surface, which
further makes it easier to study the single-molecule, sub-
monolayer structures, and isolated clusters.'*'%
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3.1.1. Surface crystal structure and MA orientation. The
atomic resolution measurement of MAPbBr; through STM has
helped significantly in understanding the ferroelectric and
anti-ferroelectric features,”® which could be further respon-
sible for the hysteresis effect in the halide perovskite solar
cells. Fig. 4 shows the MAPbBr; surface topographic image
with an atomic resolution measured by in situ STM. One can
observe bright spots (sphere) with a few angstrom corrugations
that are arranged in an alternating manner with irregular dis-
tances between the next neighbors in both the directions
(Fig. 4a, green line). In short, atoms were arranged in a zigzag
fashion. Furthermore, systematic DFT calculations were per-
formed using the VASP code to understand atoms and hetero-
structures of the specific molecules in detail. The ortho-
rhombic crystal exists below the phase transition temperature
(T = 144.5 K). The calculated unit cell (7.87 A x 12.02 A x
8.79 A) matches well with the experimental results of less than
3% deviation (Fig. 4b). The bright spot is identified as a Br
anion, whereas the MA molecules are oriented perpendicular
(or facing) to each other with an overall non-zero surface
dipole that reflects a ferroelectric nature. Also, they observed
that the surface MA groups are free to rotate in-plane and out-
of-plane after taking images from different domains. Similar
coexisting structures are also observed, where the Br anion is
paired and equally spaced dominating the earlier zigzag struc-
ture (Fig. 4c). Again, this structure was analyzed by calculating
the surface with different in-plane orientations of MA.
Interestingly, it shows the anti-ferroelectric alignment of MA
cations (anti-parallel facing) due to the zero net dipole
moment (Fig. 4d). Notably, each Br-Br pair has two MA moi-
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Fig. 4

(a) Atomic resolution of an MAPbBr3 resolved STM topography image of the perovskite surface. Height profile along the dashed line shown

in the inset of (a); (b) simulated STM image of the (010) plane of the orthorhombic crystal with surface reconstruction. Br and MA ions are overlaid.
The orientation of MA leads to different domains; (c) STM topographic image of another domain apart from that shown in (a). The arrows and
dashed lines indicate the direction of the height profiles. (d) Corresponding calculated image of (c); (e) comparison of height profiles along perpen-
dicular directions for two different observed domains and their corresponding models. Arrows indicate the rotational and positional changes of MA
molecules and Br ions, respectively, between the ferroelectric and anti-ferroelectric domains. (a—e) Reproduced with permission from ref. 45.
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eties, which show dependency on the structure with different
orientations related to each other. A significant structural
difference has been observed by taking the height profile
along two perpendicular directions as shown in Fig. 4e. In one
direction (green line), one can see an alternating arrangement
of short and long distances, whereas, in the horizontal direc-
tion, the atoms are equally spaced. These results clearly show
the strong interplay between MA and Br ions that emphasizes
the importance of the polar molecule present in the halide
perovskite as a cation.

With regard to the electronic properties, DOS has been
studied using STS, in which the tip gets stabilized at a fixed
location above the surface with varying voltages. A typical STS
spectrum (a derivative of I-V) and calculated DOS are shown in
Fig. 5a and b. An interesting aspect arises, when only for a
negative bias, it depicts a significant differential conductance
(d1/dV), and reveals the occupied states of the surface. On the
other hand, it does not show an appreciable tunneling current
indicating unoccupied states against the applied positive bias.
This result is surprisingly consistent with STM images, and it
is difficult to obtain topographic images upon an applied posi-
tive bias (not shown here). The partial DOS has been calcu-
lated and it strongly supports this observation (Fig. 5b). The
DOS clearly illustrates the characteristics of ferroelectric and
anti-ferroelectric domains leading to different electronic struc-
tures. Similarly, the dissimilar electronic phases tend to favor
domain orientations in the normal direction of the thin-film
surface. These orientations can alter the electronic properties
of the materials.

The origin of the MAPDI; perovskite surface and the phase
transition between two surfaces have been revealed by She and
co-workers."® The zigzag and the dimer phase structures were
found at MA-I-terminated (001) surfaces by STM. The zigzag
row follows the original structure of the (001) planes in the
bulk, and later on it exhibits iodine dimer rows with a shor-
tened I-I distance for each dimer. The authors explained such
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iodine dimerization subsequently by net charge distribution
and surface polarization. Fig. 6a shows an atomically smooth
large-scale STM image of MAPbI; films with step edges on the
Au (111) substrate. High-resolution STM images showed two
types of surface structures, namely the zigzag phase (Fig. 6b)
and the dimer phase (Fig. 6¢). The structures consist of a
quasi-square unit cell with two bright protrusions per unit
cell. In the zigzag phase, the bright protrusion (green rec-
tangles) slightly deviated from the center, and redirected
toward both the corners of the unit cell resulting in zigzag
rows (Fig. 6b). The dimer phase formation was due to the
bright protrusions shifting toward a corner of the unit cell
(Fig. 6¢). In addition, both phases were observed in the same
region, with a height difference of less than 10 pm (Fig. 6d).
The obtained orthorhombic perovskite structure with a peri-
odic stacking of two Pbl, octahedra along the c-axis (001) is ter-
minated by MA-I or Pb-1. The prediction of MA-I or Pb-I ter-
mination is made based on the induction of the tunneling
current during STM scanning, where zigzag and dimer phases
can convert into each other (Fig. 6f-, ii, iii). In the process of
phase conversion, in both cases, the band gaps of around 1.7
eV remain intact for the structures. The band gaps were
measured at different locations of zigzag and dimer structures.
MA-I or Pb-I termination has also been verified through DFT
calculations. The simulated STM image is quite similar to that
of the experimental result (Fig. 6b), in which the iodine anions
denote bright dots and the MA cations are invisible in the
figure confirming the MA-I-terminated surface of MAPbDI;
films. DFT calculations supported the formation of I dimers,
ascribed to the electrostatic interactions with the re-oriented
MA cations. Similarly, MAPbBr; surface reconstruction
through Rashba splitting has been discussed.'®® Special atten-
tion has been paid to the surface relaxation and the changes
in their electronic properties. In the computational studies,
the surface reconstruction of the (001) oriented facets of
MAPDBr; occurs in its orthorhombic phase, where the collec-
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(a) Scanning tunneling spectroscopy (d//dV) on the perovskite surface. Inset: Simultaneously acquired -V curve. (b) Comparison of density

of states calculations on two different domains: ferroelectric (solid line) and anti-ferroelectric (dotted line). Inset shows a zoom-in of the energy
region close to the Fermi level. (a,b) Reproduced with permission from ref. 45.
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Fig. 6 STM images of MAPbs films deposited on Au(111). (a) Large-scale image (300 x 300 nm?) with atomically flat terraces; (b and c) high-resolu-
tion images of the zigzag and dimer structures (4.3 x 4.3 nm?). The unit cells are denoted by dashed rectangles. A zigzag row is indicated by the
dashed line in (b), and an iodine dimer is denoted by a dashed ellipse in (c); (d) STM image of the two phases coexisting at the same region (5.6 x
5.6 nm?); (e-i, i, iii) sequential STM images acquired at the same region showing the reversible transition between the dimer and zigzag structures
(4.2 x 12.8 nm?); and (f-i, i) dI/dV spectra acquired from different sites of the two surface structures: (i) zigzag and (i) dimer. (a—f) Reproduced with

permission from ref. 46.

tive orientations of MA cations generate the dimer and zigzag
phases corroborating the structure provided by the previous
STM experiments.*®®® Such analysis reveals the crucial role of
MA cations as rotatable dipoles in the surface reconstruction
and phase transition so that researchers can benefit from
understanding the microscopic behavior of halide perovskites.

3.1.2. Defects. Different types of intrinsic defects viz. cat-
ionic, anionic, halide excess, and anti-site defects are responsible
for the dynamic behavior of halide perovskites at the atomic
scale. The variation in the PV efficiency of halide perovskites
depends on the facet orientation of a crystal. Leblebici et al. have
correlated the PV performance experimentally (MAPbI;_,Cl,
based device) with the facet orientation using photoconductive
AFM to explain the microscopic phenomenon.'**

Furthermore, Stecker et al. have demonstrated the ion trans-
port mechanisms at the surface, in the crystal direction, by
both the theoretical and experimental approaches at the
1.°> They have further explored and confirmed the
occurrence of vacancy-assisted transportation of the separate

atomic leve
ions and vacancy defect clusters at the MAPDbBr; surface. In

particular, the identification of intrinsic vacancies/defects on
the surface of MAPDbBr; is shown in Fig. 7. The pristine surface

This journal is © The Royal Society of Chemistry 2020

ions of MAPDbBr; are also shown in Fig. 7a, where a bright pro-
trusion depicts a Br~ ion. The pairing took place due to the
electrostatic interactions between two adjacent Br anions with
positive nitrogen atoms (blue atoms, Fig. 7a), in which defect
occurs. One can observe different types of intrinsic defects at
the atomic scale from the STM image. An unpaired Br anion
defect occurs because of the pair orientation mismatch in the
same row (Fig. 7b). If some nearby vacancies occur, the adja-
cent unpaired Br defects can be observed (Fig. 7c). These
vacancies are responsible for forming another type of defect,
observed as dark depressions in the STM image (Fig. 7d).
Subsequently, this leads to the formation of double and triple
vacancies/defects (Fig. 7e and f). Theoretical calculations show
that for a single MABr vacancy, there is a 90° rotation of the
MA cation close to the defect with the nitrogen end of the
dipole near the unpaired Br~ (Fig. 7g, dashed black circle).
The formation of double and triple MABr vacancies (Fig. 7h
and i) was confirmed by the theoretical energy values. At the
perovskite surface, the Br-pair reorientation is the main cause
of the dynamics. The (010) surface was reconstructed by orient-
ing the Br-pairs along either the (101) or (10—1) direction,
which are orthogonal to each other (green and purple rec-
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Two Unpaired Br

Triple Vacancy

Intrinsic defects at the atomic scale on the surface of MAPbBrs. (a) STM image of the pristine MAPbBr3 surface, with MA* molecules overlaid

to show the relative position. The dashed red square denotes the unit cell of the MAPbBr3 (010) surface. (b) STM image of an unpaired Br~ (gray dot)
at the point where two Br-pair orientations (green and purple rectangles) meet. (c) STM image of two adjacent unpaired Br~ (two gray dots), located
near a vacancy. (d—f) STM images of single, double, and triple vacancy defects, respectively. (g—i) Top view of the model slab used for DFT defect
formation energy calculations for the single, double, and triple vacancy defect cases, respectively. Solid green and red circles denote Br~ and MA*

vacancy locations, respectively. The dashed black circle in (g) highlights a rotated MA* molecule. (a—g) Reproduced with permission from ref. 63.

tangles in Fig. 7b). Dissociation and re-association of the Br~
pair with the neighboring Br ions might be the reason for this
reconstruction. The MA" rotation and Br~ pair separation are
also an important step for the occurrence of the Br™ pair reor-
ientation. This suggests that the reorientation event is more
energetically favorable near a vacancy defect. An understand-
ing of such defects at the perovskite surface or the heterojunc-
tion interface will enable direct utility in charge transport
layers or electrodes of PV devices, since these have a direct
impact on the charge carrier dynamics.

15978 | Nanoscale, 2020, 12, 15970-15992

3.1.3. Influence of ambient exposure on the surface struc-
ture. The secret of PV performance reproducibility lies in the
perovskite structure. The external environmental factors e.g.
air and humidity may modify the structure, and are respon-
sible for degradation of its optoelectronic properties. Several
previous studies have revealed the degradation of MAPbDI;
under humid air conditions by decomposition of MAPbI; into
Pbl, and MAL'®™® In the degradation process, various
mechanisms are involved including polymorphic transform-
ation, hydration, decomposition, and oxidation. Similarly, the

This journal is © The Royal Society of Chemistry 2020
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surface and structural modifications of MAPbBr; have been
investigated through XPS, PES, UV-Vis spectroscopy, etc. under
ambient conditions."'**** Murali and co-workers have demon-
strated the surface structural transformation mechanism in
MAPDBTr; using STM, where the single-crystal perovskite con-
verts into a polycrystalline perovskite.** They observed that
this effect generally occurs under the ambient conditions, if
the sample remains under those conditions for a longer dur-
ation. Specifically, their study involved two different samples:
(i) a surface of an air-exposed as-grown single crystal, denoted
as ‘aged’; and (ii) a cleaved sample surface under UHV called
‘pristine’. The topographic image of the aged surface divulges
the prominent clusters and mounds throughout the surface
(Fig. 8a). Such an effect is due to the hydrated perovskite
crystal, which is swollen by the lattice expansion because of
the local stress."**'™* This could be one of the reasons for the
polycrystalline transformation from single-crystal MAPbBr;. A
pristine surface that cleaved parallel to one facet of the crystal
depicts the crystalline nature with layer-by-layer stacking as
shown in Fig. 8b. There might be many substantial defects
occurring on the pristine surface, which mainly depend on the
perfection of crystal cleaving. The high-resolution topographic
STM image (Fig. 8c) shows an ordered structure with consistent
bright protuberances captured at a positive bias (2.5 V) that
exhibits Pb-rich octahedra with a Pb atom at the center. The
ordered bright protrusions are distorted from an ideal crystal
structure, ascribed to the lattice strain. This makes the octahe-
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dra tilt by changing an angle of the metal-halide-metal. Fig. 8d
illustrates the distances between two Pb atoms, where the step
height of each layer is 1.48 nm and 0.52 + 0.02 nm, respectively.
To investigate the effect of ambient air on the pristine surface
of the crystals, controlled experiments were also carried out for
STM analysis. Upon overnight exposure to ambient air, the
hydrated phases (hygroscopic nature) were observed leading to
the degradation of halide perovskites. Fig. 8e and f depict the
hydrate formation with ring-like protrusions (marked by circles)
and the dis-unified 1D chains (marked by rectangles). The
direct visualization of the surface transformation of single-
crystal halide perovskites via STM at atomic spatial resolution
reveals the defects that are present in the crystal, consequently
compromising the device performance.

3.1.4. Surface states and Fermi level pinning. Energy level
modulation can be achieved by modifying organic cations in a
halide or hybrid perovskite, which alters the performance of
the devices. Zu et al. showed that donor-like surface states orig-
inating from reduced Pb instantaneously affect the band align-
ment at the perovskite/electron acceptor interface.''® Kim
et al. have examined mixed anion materials, which can be
merged into the shallow levels in the CB to amend the charge
kinetics."'® The direct evidence of such states has been
revealed by Azulay et al. through STS, where they investigated
the role of recombination centers within the bandgap.®®
Modified bandgaps could directly alter the PV performance. In
a MAPDI; halide perovskite, they depict a Fermi energy (Er)

Fig. 8

(a) Aged surfaces of an as-grown single crystal; (b) the pristine surfaces of a cleaved single crystal; (c) ordered structures of the pristine

surface showing well-aligned stacked planes; (d) height profile of ‘c’ showing the Pb—Pb distance along the (110) plane; and (e and f) STM images of
a pristine crystal showing the hydrate formation on the surface after overnight exposure to ambient air with ring-like protrusions (marked by circles)
and the disunified 1D chains (marked by rectangles). (a—f) Reproduced with permission from ref. 84.
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level, which is much closer to the VB than the CB, as shown in
Fig. 9a. However, these results are in contrast to the results
reported by Gallet et al,"” where the Ep level position is
observed close to the CB than the VB, suggesting an n-type
surface (Fig. 9b), supported by photoemission results reported
in the studies in ref. 118 and 119. An extrapolated bandgap
from the dI/dV curve was observed at approximately 1.58 eV. In
addition, the effect of surface states has been studied using an
effective approach of tip-induced band bending modeled by J.
Bardeen.'®® To understand the effect systematically, they have
explored two different systems: (i) with no intrinsic surface
states, and (ii) with a high density of surface states. The typical
band schematics of an n-type semiconductor and a metallic
tip are shown in Fig. 9c and d. With no applied bias, the Fg
levels are lifted to the surface, since the surface states are
absent (Fig. 9c). Against a positive bias applied to the tip, elec-
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tron accumulation occurs at the surface due to the tip-induced
band bending. In short, the absence of intrinsic surface states
upon the positive bias leads to amply filled localized surface
states dominating the conductance in the bandgap.

On the other hand, in the case of the high density of
surface states, the charge neutrality level is lower than the Eg
level tending towards the negatively charged surface states,
where upward band bending occurs (Fig. 9¢). Under a positive
bias, the tip-induced band bending does not occur due to the
restrained Er level at the surface. Fig. 9d and f show the d7/dV
spectra of two systems with no intrinsic surface state and with
high surface density states on logarithmic and linear scales. At
a small negative bias, tunneling conductance is low because of
the high defect density of the surface leading to strong Fermi-
level pinning. Tunneling can occur from the extended states of
the VB, only when the applied bias is sufficiently negative. For
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(a) STS of MAPDIz, where the dashed lines indicate the onset of the average conduction band (CB) and valence-band (VB). The STS shows that the

material is a p-type semiconductor with an energy gap of 1.53 + 0.05 eV. Reproduced with permission from ref. 58. (b) Averaged (d//dV)/(I-V) curve. (c
and e) The sketches of the tunneling junction between the surface and the tip without (c) and with high surface density states (e). (d and f) Simulated d//
dV curve on a logarithmic (d) and linear scale (f) for the two cases represented in (c) and (e), respectively. (b—f) Reproduced with permission from ref. 117.
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these calculations, all-important parameters were considered
to their highest accuracy. Such analyses are crucial, where
different amounts of surface states occur due to the dissimilar
surface terminations (due to exposure to air) or one type of
facet that can dominate the band structure alterations.

3.1.5. Mixed halide perovskites. Using mixing halides is an
alternative strategy towards making high-performance stable
perovskite materials and PV devices.'*""'** Different electronic
phases can be obtained through halide mixing, which are
accountable for altering the photo-absorption properties in
halide perovskites. Two different phases have been observed
by Yost et al. within the range of 10-20 nm size in an
MAPDbI;_,Cl, perovskite layer due to the slight deviation of the
halogen element, i.e. the I/Cl ratio.>® Nevertheless, the stabiliz-
ing effect depends on halide distribution in the mixed com-
pounds, which is a topic of intense debate. In addition, the
role of Cl in MAPbI; remains a topic of discussion since many
conflicting reports have been published.’***'** Hieulle et al.
intended to solve this problem by incorporating I and Cl in the
MAPDbBr; halide perovskites with an optimized concentration,
but without detrimental band-gap modifications."** Initially,
MAPDBTr; perovskite deposition relies on a dual-source co-evap-
oration method on an atomically flat Au surface. Subsequently,
Pbl, and PbCl, are also deposited on MAPDbBr; at different
temperatures to form MAPbBr;_,I, and MAPDbBr;_,Cl,, respect-
ively. The STM image (Fig. 10a) reveals the bright spots corres-
ponding to Br ions with a uniform height and width. After
Pbl, deposition, a few spots become brighter as shown in
Fig. 10b. However, PbCl, deposition makes some spots slightly
darker with a smaller diameter and a lower apparent height.
These dark spots appear lower than the adjacent Br ions
(Fig. 10c). Furthermore, DFT calculations have been performed
to obtain exact information about the dark and bright protru-
sions, observed on the surface of halide perovskites by consid-
ering various cases including the adsorption of entire Pbl,/
PbCl, molecules or the substitution of Br by I or Cl ions on the
surface of MAPbBr;. They observed that PbI, (or PbCl) mole-
cules are dissociated, followed by the substitution of Br by I (or
Cl). The substitution of these molecules with a typical example
of iodine is schematically shown in Fig. 10d. Hence, bright
and dark protrusions are assigned to I and Cl ions in the STM
images, respectively, representing the substitution of Br ions at
the surface of halide perovskites. These results confirm the for-
mation of MAPbBr;_,I, and MAPbBr;_,Cl,. Furthermore, their
stability has been examined to probe the impact of halide in
MAPbBr; (Fig. 10e and f). The substitution of Br by I on the
surface induces a decrease in the decomposition energy
(purple curve) with a small reduction in the band-gap
(Fig. 10e, orange curve). In contrast, a small incorporation of
Cl (below 25%, green curve) increased the decomposition
energy without a substantial change in the bandgap (Fig. 10f),
which suggests the higher stability of perovskite compounds
under external stimuli. Such increased stability is also attribu-
ted to the stronger bond between Cl and Pb, in comparison
with that of Br-Pb and I-Pb.'?® After 25% substitution, the
incorporation of a small amount of Cl ions induced a strain to

This journal is © The Royal Society of Chemistry 2020
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Br resulting in lower material stability. Therefore, the stability
of mixed-halide perovskites can vary due to the interaction
between Pb-halide bonds, which stabilizes the materials and
generates the strain, induced by the halide substitution. As a
result, the decomposition energy becomes lower. From this
study, one can note that the substitution is only considered on
the surface. The results also notify that there may exist an
optimal substitution ratio of the bulk Cl, which would provide
higher stability without changing the bandgap of the halide
perovskites. The balanced ratio of halides paves the way to
resolve the stability issue of perovskite PV devices that remains
a huge challenge for industrial applications.

3.1.6. Light modulated STM. The real-time charge gene-
ration and separation measurements under illumination are
an important means to understand the physical phenomena
in solar cells. For perovskite solar cells, C-AFM and KPFM have
already been utilized to explore the photon-induced local elec-
tronic structures at the grain and grain boundaries of thin-
films."*”"*%° For a comprehensive understanding of charge sep-
aration and its transport behavior at the interface, Shih et al.
performed STM and STS studies under specific wavelengths of
light illumination.*® The important thing is that, for the first
time, they observed spatially resolved mapping images of the
interfacial band bending at the VB and CB upon photon illu-
mination. This study has revealed the photogenerated carriers
(electron-hole) and their transport mechanism at the hetero-
interfaces of Pbl,/MAPbDI;. The topography of a Pbl, passivated
MAPDI; perovskite is shown in Fig. 11a, where an approxi-
mately 200-600 nm grain size was observed. Additionally, the
compositional distribution of each grain has been illustrated
by the normalized differential conductance (df/dV, Fig. 11c).
One can observe from the mapping image two distinct local
electronic features, more conductive at the interior (red) and
less conductive at the outer side of the grain (blue), respect-
ively. These observations suggested uneven compositional dis-
tribution at the individual grain of perovskites. To explore the
band alignment in the individual grain, three grains were
chosen, which were marked as ‘A’, ‘B’, and ‘C’ (Fig. 11c). The
representative dI/dV curve at the grain interior exhibited a
more conductive feature compared with that observed at the
outer part of the grain, indicating an estimated bandgap size
of 1.5 eV (Fig. 11b, upper panel). Such curves suggest the
primary contribution of the MAPDbI; perovskite. In contrast,
the lower panel (Fig. 11b) depicts the curve observed at the
outer zone of the grain, showing less conductive features with
a bandgap size of approximately 2.4 eV. This bandgap size
suggests that such curves could have arisen due to the pres-
ence of Pbl, thin layers.

The mapping image of the band alignment across the per-
ovskite/Pbl, heterointerface in the grain is shown in Fig. 11d.
The VB and CB edges for MAPbI; and Pbl, were observed
around 0.3 and 0.6 eV, respectively, which subsequently proves
that the band alignment is of type I heterojunction at the per-
ovskite/Pbl, interface. Additionally, the interior part of the
MAPDI; grain and Pbl, at the outer part of the grain behave as
an intrinsic n-type semiconductor. Such STM/STS studies can
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Fig. 10 STM images of (a) MAPbBrs, (b) MAPbBrs_,|,, and (c) MAPbBrs_,Cl, with respect to halide substitution at the perovskite surface. (d)
Scheme of the substitution mechanism occurring at the surface of the MAPbBr3 perovskite after deposition of Pbl, and PbCl, molecules (only the
Pbl; case is presented for clarity; however PbCl, follows the same mechanism). Stability versus bandgap change in a mixed halide perovskite deter-
mined by DFT calculations: (e) MAPbBrs_,l, with increasing | content at the surface, and (f) MAPbBrs_,l, with increasing Cl content at the surface.

(a—f) Reproduced with permission from ref. 125.

directly help visualize spatially resolved band alignment
characteristics and electronic configurations. Furthermore,
under illumination, photoinduced charge transfer and band
bending were observed at the heterostructure. The shift of the
energy difference between the CB edge (Ec) and the Fermi level
(Er), denoted as Ep, = E¢ — Ep, can be used to study the photo-
induced characteristics of the material. Fig. 11f exhibits the
difference between the CB edges (E¢ or E'¢) and the Fermi level
(Er) in a dark environment and under illumination, respect-
ively. Under light illumination, the CB edge (Ec, open red tri-
angles) of the MAPDI; part was shifted toward the higher
energy (E'c, solid red triangular symbol). Also, light illumina-

15982 | Nanoscale, 2020, 12, 15970-15992

tion effects cause an increase in LDOS, as observed in the dI/
dV curve at a negative sample bias. This improved LDOS effect
can be seen due to the increased tunneling current from the
VB to the tip, which exhibits the carrier density enhancement
of photoinduced holes in the MAPbI; parts of the perovskite
grains. Fig. 11e represents a light illuminated mapping image
of the spatial distribution of AEp observed for the perovskite
grains, where AEy, values are obtained from the variation of Ep,
and E'p. This variation is observed when photoexcited carriers
are generated and are separated in the perovskite crystals
under illumination. AEy, values in grain interiors were mostly
positive (red or orange) and were either negative (blue) or

This journal is © The Royal Society of Chemistry 2020
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(a) Typical STM morphology image. (b) Two representative normalized d//dV images of (c) (lower and upper panels) obtained at the outer part

(blue square in grain A) and interior in the grain (red square in grain A), respectively. (c) A mapping image of the normalized d//dV spectra of perovskite
grains recorded at a sample bias of +2.45 V. (d) A mapping image of the band alignment across the MAPbIs/Pbl, hetero-interface in grain A by extract-
ing the locations of the VB and CB edges. (e) A spatial distribution of AEp values (AEp = E'p — E) observed for the perovskite grains under light illumina-
tion. (f) Representative d//dV curves of perovskites in the dark (dashed curve) and under light illumination (solid curve) conditions. (g) AEp mapping of
perovskite grains ‘A" and ‘B’. (h) and (i) correspond to the band alignments across the heterojunctions of grain ‘A’ consisting of a thick (~45 nm) Pbl,
layer under darkness and light illumination, respectively. (j) and (k) correspond to the band alignments across the heterojunctions of grain ‘B’ consisting
of a thin (~8 nm) Pbl, layer under darkness and light illumination, respectively. (a—h) Reproduced with permission from ref. 48.

nearly zero (gray) at the outer parts. This image typically shows
the compositional distributions of MAPbI; and Pbl, as shown
in Fig. 11b. This study concludes that the chemical compo-
sition of perovskite grains plays a crucial role in the shifting of
AEp values and the charge transfer behaviors. In addition, the
STS measurements show the consequences of the thin PbI,
layers on photocarrier generation and the separation at the
heterointerface of perovskite crystal grains. Fig. 11g shows the
AEp band mapping across the perovskite/Pbl, heterojunctions
of grains ‘A’ and ‘B’, and pointed with green colored arrows.
The interfacial band alignments at grains A and B are shown
in Fig. 11h-k. These band mapping was derived from the
characteristic curves of the point-to-point STS data under the
dark and illumination at both grains. In grain ‘B’, the Pbl,
region showed a significant downward band bending, under
illumination, whereas the energy shifts that occurred in the
Pbl, region of grain A were not noteworthy. This result indi-
cates that the transportation of photogenerated electrons was
more efficient in the thinner layer of the PbI, region of grain
‘B’. On the other hand, the thick PbI, layer in grain ‘A’ affects
the photoinduced charge transfer and probability of carrier
recombination. Consequently, under light illumination, the
hole concentration increases in the inner area of grain ‘A’ com-
pared to that of grain ‘B’. Grain ‘A’ exhibited shifting of VB
and CB edges by ~ 0.25 eV toward high energy (Fig. 11i); and
an ~0.40 eV shift occurred in the perovskite region of grain ‘B’
(Fig. 11k). This thickness dependent variation in the energy
level shift may be due to the non-uniform decomposition of

This journal is © The Royal Society of Chemistry 2020

MAPbI; during thermal annealing.’*! This study reveals the

important role of the Pbl, passivation layers in the perovskite
crystal grains. The unique LM-STM technique enables us to
study photocarrier generation and interfacial electronic struc-
tures under the spatially resolved conditions offering great
potential for exploration in PV and photochemical cells.

3.2. Cesium based halide perovskites

As the hybrid perovskite materials were developed for PV appli-
cations, atoms of cesium (Cs), Rb*, europium (Eu), etc. have
also been introduced as cations in perovskite structures.'?>™'3°
The main goal of incorporating such metals into solar cells is
not only to improve the efficiency, but also to increase the
stability of the materials/device. Many groups have carried out
numerous experiments on inorganic perovskites such as
CsPbBr;,%'¥” Cs,InAgCls,"*® Cs,AgBiBrg,"*° and Cs,TiBrg.'*°
Among them, CsPbBr; is known as a highly defect tolerant
material in terms of its electronic structure, and the secret of
perovskite stability lies in the structure."”® Most of the
inherent defects lead to shallow transition levels, though a few
of them may create deep transition levels with greater for-
mation energies. Hence, CsPbBr; can maintain its good elec-
tronic quality despite the presence of defects.

3.2.1. Reconstruction of CsPbBr;. The evaluation of the
electronic structure experimentally has not been fully inves-
tigated. Theoretically, Kang et al. have studied the charge
transition levels and formation energies of intrinsic defects
in CsPbBr;.'*' Recently, Hieulle et al., demonstrated the
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Fig. 12 (a) Topographic image of the CsPbBr3 film obtained by STM: a “stripe” domain and an “armchair” domain indicated by the white segments;

experimental image and simulated model of STM. (b) The stripe reconstruction of CsPbBrs and (c) the armchair reconstruction of CsPbBrs. The black
rectangle in ‘b’ indicates the unit-cell of the stripe structure. The black square in ‘c’ represents the unit-cell of the armchair structure. (d) Local band
structure determination of the CsPbBrz perovskite for the stripe and armchair domains. (a—d) Reproduced with permission from ref. 142.

atomic structure and other electronic properties in a
CsPbBr; perovskite using STM, revealing its detailed stabi-
lity mechanism."*® An atomic-resolution STM image
(Fig. 12a) reveals that the CsPbBr; surface is composed of
two different reconstructions, namely a “stripe” and an
“armchair” domain depending upon the Br-pair periodic
arrangement. The boundary between these domains is
resolved. One can observe several defects at the domain
boundary, though only a few domains are nearly free from
the defects. DFT calculations have been performed based
on the first-principles to understand the origin of two dis-
similarities in the domain, and their results have been cor-
related with the experimental observations, which are
shown in Fig. 12b and c. The numerical results matched
well with the experimental results for the (010) CsPbBr;
surface containing only Cs and Br ions. The bright protru-
sions in the STM images are associated with the Br ions;
however the Cs ions were not seen owing to their lower DOS
compared to Br ions.

The DFT model shows the evaluation of the CsPbBr;
stripe domain reconstruction, which occurred due to the
alternation of the short (6.2 A) and long (7.8 A) spacing
between the Br pairs (Fig. 12b). These calculations have dis-
closed the formation of Br pairs due to the coulombic inter-
action between the Br ion and two nearby Cs cations. In con-
trast, the reconstruction of the armchair domain (Fig. 12c)
arises from the alternation of bright and dark Br pair rows
that originates from a change in the vertical position of
surface ions. The armchair unit cell consists of four Br

15984 | Nanoscale, 2020, 12, 15970-15992

anions and four Cs cations, and is similar to the stripe
domain shown in Fig. 12c (black square). Furthermore, it
demonstrated that the armchair domain is less energetically
favorable than the stripe domain that has a more compact
nature. For both cases, DFT calculation results matched well
with the experimental results. The electronic properties (STS)
of the CsPbBr; perovskite were determined independently in
the stripe and armchair domains, as shown in Fig. 12d.
Interestingly, the electronic properties for the stripe and
armchair domains are quite similar irrespective of their sig-
nificant structural differences. The evaluation of two surface
structures due to the complex coulombic interactions
between Cs and Br in CsPbBr; could pave the way for under-
standing the stability deeply. Similarly, accurate band struc-
ture resolution could allow better prediction of interfacial
properties.

3.3. Oxide perovskites

Oxide perovskite materials exhibit a wide range of attractive
properties including superconducting, ferroelectric, magneto-
resistive, and PV properties due to their structural and compo-
sitional flexibility.’®'*? This section is constructed within the
scope of local morphological and spectroscopic information of
oxide perovskite materials such as BaTiO;, BiFeOs, Pb(Zr,Ti)
O3, etc., which are actually being used as a photo-active or
charge-transport layer in PV devices."****° Such perovskite
materials possess peculiar ferroelectric properties, which can
provide an effective driving force for charge generation and

This journal is © The Royal Society of Chemistry 2020
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separation due to the strong intrinsic dipoles. Numerous the-
ories have been proposed for probing the origin of this intri-
guing phenomenon. However, as far as the PV effect is con-
cerned, it is difficult to figure out a single unified theory that
can explain oxide perovskites with various forms.'>***!

Recently, Bi,FeCrOg-based heterojunction devices have
been demonstrated to reach 2% photoconversion efficiency
(PCE)."* Similarly, several groups have performed numerous
experiments on solar cells based on oxide perovskites such as
BiFeO;,">® Pb(Zr,Ti)0O; (PZT),"** and BaTiO; ***; however, all of
them have shown very low PCE. Low PCEs are presumably due
to the very low short-circuit current-density (/) in the range of
MA-mA cm?, which cannot be determined by the large
bandgap of absorbers. For instance, BiFeO; has a relatively
small bandgap, and shows absorption only in the visible
region.”® However, other BiFeOs-based perovskite devices
possess a relatively larger bandgap, exhibiting /. in the range
of 1-1.5 mAcm™>.'*” Therefore, the efficiency enhancement in
oxide perovskite-based devices is a difficult and challenging
arena to work upon. Furthermore, researchers are still sorting
out challenges by analyzing local energy levels along with the
charge transfer phenomenon and morphology. The electronic
structure of a SrTiO; perovskite has been visualized by
Hitosugi et al,"” and its PV performance is demonstrated by
Wu et al."®® The defect states owing to oxygen vacancies have
been observed in the synthesized perovskite through the
spatial distribution in electronic structures. These results can
be useful to predict the performance of the device, since
mostly defect states are responsible for hysteresis generation
in the I-V characteristics of solar cells that affect its overall per-
formance. Cai et al. have identified the temperature-dependent
properties in a Lag gSry,Co0;3 (LSCO) perovskite from surface
electronic structures, where the transition occurred from the
semiconducting to metallic states.’> In brief, they explored
the influence of temperature and lattice strain on the surface
electronic structure. Both the tensile and compressive strained
LSCO (on SrTiOj; crystal) surfaces can alter a semiconducting
state (at room temperature) to a metal-like state (at elevated
temperatures) captured by in situ STS.

3.3.1. p-i-n configured heterostructure. The appraisal of
charge transport measurements for a PV material can be done
by studying the band alignment through the tunneling current
under tunneling spectroscopy. Recently, the intrinsic layer of a
BiFeO; perovskite (a photo-absorber layer) has been sand-
wiched between p-type NiO/MgO and n-type ZnO for PV appli-
cations.'®® For the confirmation of successful formation of a
p-i-n configured NiO-BiFeO;-ZnO and MoO;-BiFeO;-ZnO
heterojunction with a type-II band alignment at the two inter-
faces, Chatterjee et al. have located the CB and VB by recording
the tunneling current versus tip voltage characteristics of ultra-
thin films.'® Fig. 13a-d exhibit the DOS of a NiO thin film,
and MoOj;, BiFeO;, and ZnO nanoparticles (NPs), calculated
from the tunneling current. The tip voltage has been applied
with respect to the substrate; the analysis of the peaks in the
DOS spectra shows CB and VB edges of the semiconductors.
When a positive voltage was applied to the tip, the tip with-

This journal is © The Royal Society of Chemistry 2020
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drew electrons from the semiconductor; this indicated the VB
of the semiconductor. Similarly, electrons were injected into
the semiconductor, when negative voltages were applied to the
tip, which was denoted as the CB. In other words, this study
has shown and followed standard STM, which states that the
VB lies in the negative bias of the sample.

In the DOS spectra, the valence band’s position with
respect to Fermi energy decided the p-type nature of NiO and
MoO; (Fig. 13a and b), and the n-type nature of ZnO (Fig. 13d)
nanocrystal semiconductors. The DOS spectrum of BiFeO; NPs
showed an intrinsic semiconductor characteristic (Fig. 13c).
The detailed analysis of the band edges of NiO, MoOj3, BiFeO3,
and ZnO NPs showed both the developed structures, i.e. NiO-
BiFeO3;-ZnO and MoO;-BiFeO;-ZnO heterojunctions would
form p-i-n structures with a type-II band alignment at both
the interfaces (Fig. 13e and f). These kinds of heterojunctions
can further be very efficient at quick charge separation within
their charge carrier lifetime when used in PV materials.
Subsequently, these materials can become proficient in the PV
arena.

3.3.2. Morphologically  defined LSMO. Non-toxic
La,Sr;_,MnO; (LSMO) is an appealing semiconductor, and is
also a member of the perovskite family, possessing several
essential properties including catalytic, magnetic and electri-
cal properties along with good thermal and chemical
stability.’®*™"%* 1t has been used in PV applications owing to
the ease of synthesis processes and stable catalytic activity,
especially in DSSCs as a counter electrode instead of platinum
(Pt)."®> The PCE of LSMO counter electrode-based devices
reaches around 6.6%, which is comparable with the efficiency
of Pt electrode-based devices. The success of the electrode is
mainly due to the better electronic transport properties and
uniform columnar closely packed islands of perovskite
materials. The actual reason for the device’s better perform-
ance is its electronic properties including the conductivity at/
on the grain boundaries.'®® Datar and co-workers have investi-
gated its electronic properties and phase transition using
STM/STS to understand local DOS.®® They synthesized a couple
of Lay;SrosMnO thin films using the PLD technique with
different morphologies, e.g., a packed-island (sample I) and a
smooth morphology (sample II). The different behaviors on
the grain vis-a-vis on the grain boundary have been observed
via STM imaging.

Fig. 14a and b exhibit the surface morphological view of
sample-I and sample-Il. Sample-I showed spherical and
densely packed individual grains; whereas sample-II showed
continuous film formation with irregular grains and their
broad size distribution. Fig. 14c and d depict comparative di/
dV curves of sample-I and sample-II on the grain and grain
boundaries that generate a picture of LDOS near the Fermi
energy of the samples. The difference in dI/dV curves at two
different locations (i.e. on the grain and at the grain bound-
aries) reflected the coexistence of conducting and insulating
regions. This difference typically depended upon the position
of the grain boundary and it was more prominent in sample-II
than in sample-I. Sample-I showed a firm morphology and
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Fig. 13 Current—voltage and density of states (d//dV) plots of (a) a NiO thin film and (b) MoOs (c) BiFeOs and (d) ZnO nanoparticles. STM topography
of the active layer is shown in the inset of each figure. Schematic description of the energy level diagrams of (e) NiO-BiFeO3—-ZnO and (f) MoO3z—
BiFeOs—ZnO heterojunctions. (a—f) Reproduced with permission from ref. 160.

hence the presence of more systematic semiconducting
regions. In this finding, two types of typical characteristics of
both films were studied. Firstly, a linear region at the Fermi
energy, corresponding to the metallic phase, and other plateau
regions that signify the presence of a semiconducting gap in
both samples were observed. Sample-II showed a small shift in
the pseudogap as compared to sample-I. However, the grain
boundary defines the presence of a semiconducting gap. In
comparison with sample-I, the gap increases in sample-II.
Sample-I showed more prominent grain boundary distribution,
where this kind of semiconducting grain boundary can be well
situated for device applications.

LCMO (La,Ca;_,MnO;) also presents some PV properties
with  different heterostructures studied by various
groups.’®”"7° Wei et al. have demonstrated the PV effect in
Lag ¢;Cap.33Mn0O;/LaMnO;/Nb:SrTiO; hetero-junctions, where
the PV response has been observed to improve significantly as
the film thickness increases from 5 to 50 nm (saturates above

15986 | Nanoscale, 2020, 12,15970-15992

50 nm), and Ni et al. investigated the transient PV properties
of Lay 4Cag sMnO;/Nb:SrTiO; hetero-junctions for a wide range
of temperatures from 293 to 723 K.'®® They observed that the
oxygen vacancies may exist in LCMO thin films during depo-
sition at different temperatures, leading to the variation in the
I-V characteristics. Furthermore, they have explained the tran-
sient photo-response with the help of an LCMO/NSTO junction
under applied biases. Upon applying a positive bias to the
LCMO thin films, positively charged oxygen vacancies transfer
from LCMO to the LCMO/NSTO interface and form an inter-
face barrier. Near the interface, highly oxygen-deficient LCMO
experiences a wide bandgap that can be an effective barrier for
the conduction of charge carriers. The surface oxygen stoichio-
metry in LCMO has been studied in detail via STM/STS to
obtain more insights into both chemical (e.g. surface electro-
chemistry) and physical (e.g. LDOS, band structure, etc.) pro-
perties."”" Lag ¢,5Cap.3,5Mn0; thin films on SrTiO (001) have
also been investigated through in situ STM, in a real-time

This journal is © The Royal Society of Chemistry 2020
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fashion. They demonstrated the ability to form oxygen
vacancies along with the removal and deposition of individual
atomic units under different potential stresses. These studies
can help us understand the surface reactions in perovskite
systems.

4. Conclusion and outlook

The morphology and local electronic properties of the
materials are highly correlated with their relevant physical,
chemical, and electronic parameters, which in turn affect the
device performance, for example of solar cells. While tra-
ditional imaging techniques such as SEM, AFM, and TEM can
offer excellent information about the quality, roughness, and
thickness of thin films, all of them lack the ability to identify
different materials that in general are binary components in
solar cells. In this regard, STM/STS based on its unique oper-
ation principle presents the powerful ability in terms of many
aspects. With STS/STS, the electronic states of materials can be
readily analyzed at nanoscale precision. For example: (i) the
band diagram of solar cells can be drawn based on the aspect
of charge carriers in a device; (ii) the band alignment in a
junction of a PV device can be drawn before actually incorpor-
ating into a device; and (iii) the d7/dV function in STM/STS can
reveal the energetic mapping domains of the heterojunction of
the energy maps of different materials. KPFM is basically an

This journal is © The Royal Society of Chemistry 2020

AFM mode, and functions in the similar way of STM/STS.
However, STM/STS obtains electronic spectroscopy from the
LDOS for the target materials presenting a relatively much
more straightforward manner in analytical propose. Besides it,
the tips of STM are easier to prepare compared with those of
AFM (e.g., by just mechanically cutting a metal wire, typically
either Pt/Ir or tungsten).

As mentioned earlier, we have witnessed the unprecedented
power of STM/STS in analyses of energy materials. We have
thus reviewed recent examples to strengthen the basic under-
standing of the structural studies of both oxide and halide per-
ovskite materials by using the STM/STS technique in conjunc-
tion with their related applications in solar cells. In particular,
STM/STS among other analytical tools stands out as a comp-
lementary means to unveil the unique information of
materials at the atomic and electronic levels. It allows in situ
measurements capable of real-time monitoring of the growth
and evolution of materials-formation processes. A sample with
an atomically flat surface is a requirement in STM analysis,
facilitating in-depth and clear electronic information. Different
deposition techniques lead to the formation of surface defects
in a crystal or during thin-film formation. As reviewed, the
cleaving method is also known as X-STM, which has been used
for sample preparation from single-crystals for STM obser-
vations. In addition, samples can also be deposited through
spin coating and CVD techniques. Sometimes, the samples
prepared by spin coating and CVD techniques may need
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further processes using a cleaving method, subject to the
requirement of the sample for the cross-sectional interfacial
study.

The STM/STS techniques can provide an in-depth under-
standing of the stability, charge carrier dynamics, and other
optoelectronic conversion-related properties at heterojunction
interfaces of materials. For the halide perovskites, STM/STS
studies of the MAPbBr; electronic structure reveal the contri-
bution of Br and MA orbitals for the electron density states on
the perovskite surface along with the real-time view of dis-
location and intrinsic defects in a single crystal. Such results
are crucial for understanding the behavior of the halide per-
ovskite surfaces at the atomic scale, where the orientation of
MA modifies the dipole strength and hence the stability of the
structure. The various kinds of defects such as, cationic,
anionic, excess halide, and antisite defects on the perovskite
surface affect the band structure and the local work function,
which will further alter the charge carrier dynamics, lifetime
and subsequent recombination at the interface of the hetero-
junctions. Such surface and energy levels related to systematic
STM/STS analysis can directly correlate the atomic interface
phenomenon with the device performance from the perspec-
tive of defects and interface engineering.

The mixing of halides provides stability to the hybrid per-
ovskites under specific moisture, temperature, and light con-
ditions. For example, the amount of variation in I and Cl con-
centrations as a part of MAPDbBTr; depicts the stability without a
destructive band gap alteration, which further provides a con-
clusive direction for the fabrication of stable and efficient
hybrid perovskite PV devices. These studies offer convincing
responses to the current discussion in the world energy forum
on halide variation or incorporation in hybrid perovskites for
durable large-scale devices. CsPbBr; has become a novel
halide perovskite material in the PV domain due to its nearly
defect-free nature and improved stability. Even structurally
different forms of CsPbBr; also show quite similar electronic
properties. Furthermore, this tool has been used to explore
oxide perovskites that bear ferroelectric properties, believed to
carry dynamic force for the charge carrier generation and
extraction mechanism due to the strong intrinsic dipole inter-
actions. The rapid movement of charges enhances the open-
circuit voltage in the PV devices, and hence the overall per-
formance. These literature reports provide important infor-
mation regarding the stability improvement of the materials
and the efficiency enhancement of the corresponding devices,
based on their structural properties such as compositions,
defects, vacancies, and terminations of the structure. Upon
studying these structural properties, one can follow a similar
theoretical approach for studying an atom experimentally to
its utmost depth. To this end, STM stands out as the best tech-
nique. Along this direction, further research efforts should
focus on defect tolerance and its origins, which will help
researchers design new materials with better defect tolerance,
higher stability, and minimal toxicity. We expect that the
in situ atomic and electronic visualizations of the real-time
sample preparation and their time-dependent evolution
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through STM works will pave the way for uncovering numerous
crucial and puzzling phenomena in oxide and halide perovs-
kites, such as ion/charge carrier migration, hysteresis, and the
stability mechanism, eventually enabling commercialization of
PVs soon.
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