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Abstract: In recent years many efforts have been made to figure out the underlying photophysical mechanisms operated in
the perovskite-based devices. Observing and understanding these defects through experimental characterization methods is a
necessary step to obtain high-performance perovskite. Herein, we attempt to systematically summarize the defect determina-
tion techniques based on microscopy from the scale of single perovskite layer, emphasizing the representative mechanisms of
microscopy in explaining the defects.
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1. Introduction

As is known to us all, perovskite materials show promising photovoltaic properties including broad absorption spectrum with
high absorption coefficient, fast carrier mobility, long carrier diffusion lengths and low-cost fabrication processing." > Despite of this,
the persuit of more efficient and stable PSCs is still facing tough bottleneck on the way of industrialization, most of which are related
with the lattice defects and trap states resulting from the polycrystalline and ionic nature of perovskite materials.

In the most common precursor solution preparation of metal halide perovskite films, it is inevitable to produce inherent imper-
fections in the lattice, which are usually element lost or structural disorder formed during the crystallization dynamic equilibrium of
fast solvent evaporation and annealing process.>* What is more, there are various kinds of intrinsic defects in perovskite lattice like
point defects in the bulk and at the and surfaces, including vacancies, interstitials and anti-site occupations.”® For example, regardless
of the difference in formation energy, the point defects that may appear in MAPbL, films are MA, Pb and I vacancies, MA Pb and I
interstitials, and MA,, MA, Pb
in both organic-inorganic hybrid perovskites and all-inorganic perovskites, undercoordinated lead ion (Pb*") is in the majority because

s PP, I, and I, anti-site occupations.” It has been reported that among all kinds of crystal defects
of its relatively lower formation energy.® Pinhole, microcrack, precipitates and impurities are also easily observed in perovskite films,
leading to poor contact with the transport layer and increasing series resistance of the final photovoltaic device. On the other hand,
the appropriate underlying substrate plays a prerequisite role in the crystallization of perovskite film, whose thermal expansion co-
efficients need to match each other.” ' Otherwise, the lattice strain and subsequent defects can be created in the top perovskite film,
reducing the film quality and causing energy loss."

It is paramount to eliminate the complex trap states for the broader applications of perovskite-based devices. Defect passivation
means converting the deep-level defects into the shallow-level defects, greatly suppressing nonradiative recombination in devices.!
It is urgent and necessary to understand the in-depth mechanism and extent qualitatively as well as quantitatively, especially about the
passivation effects on the entire photovoltaic processes from the carrier generation, transport to extraction. Unfortunately, it is difficult
to realize this determination by a single state-of-art technique. Even the bridge connecting the crystal defects and the optoelectronic

properties of perovskites still lack direct experimental characterization. Commonly, the pristine and passivated perovskite films are
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compared with the help of microscopy- and spectroscopy-based methods which provide significant variation of charge carrier dynam-
ics and recombination. For instance, microscopy techniques offer visualized surface coverage of the polycrystalline perovskite film,
to examine the variation of recombination process in the single perovskite layer.

In this review, multiple experimental techniques that have been carried out to characterize the undesirable defects in the per-
ovskite layer are systematically discussed. Surface morphology, crystal structure properties of perovskite films are determined, which
are followed by well-established schemes linking those phenomena with defects rightfully.

2. Microscopy-based Techniques for Defect Characterizations
The surface morphologies of perovskite films can be demonstrated by microscopy-based technologies with different fields of

view, which directly image the grain defects and relevant features.

2.1 SEM

For the polycrystalline perovskite films, the morphology plays a key role in optoelectronic quality. SEM images provide the
information of surface coverage, grain size and grain boundary. It has been widely recognized that high-performance perovskite
films need to meet the requipment of smooth, uniform and dense morphological features with few pinholes or voids. The mainstream
belief among most research groups is that growing perovskite film with large grain size will lower the amount of defects and im-
prove the phase stability.!? In other words, large perovskite grain can avoid the recombination centers that are sufficiently present at
grain boundaries and benefit efficient transport of charge carriers, which mitigates the loss of voltage fundamentally.'> '* Chen and
colleagues reported that the introduced BA* governed the colloidal size and nucleation sites, thus producing smooth RP perovskite
films with enlarged grain size and optimized crystal preferential orientation and obviously reduced trap states. '* The introduction of
a second space cation including PEA’, PMA", and iso-BA" into BAMA _ Pb I
(Figure 9a,b) and the optimized crystal growth orientation, significantly enhancing the device performance. This contribution has been

5, contributed to the enlarged grain size of over 1 um
attributed to the aggregation in the precursor solution induced by the second space cation, which decreased the nucleation sites and fi-
nally enlarged the crystal grains.'® Moreover, the ion migration which easily occurs thorough grain boundaries in perovskite films was
found to be suppressed, consequently limiting the hysteretic phenomenon and performance degradation of PSCs.!” ¥ The ceaseless
pursuit of enlarging grain size in perovskite film has been encouraging a great number of fabrication methods to control the nucleation
and growth processes and achieving grain size varying from nanometer to micrometer. However, as a matter of fact, Muscarella et al.
demonstrated that oriented large grains of methylammoinium lead iodide (MAPbL,) perovskite did not exhibit longer charge carrier
lifetime or higher carrier mobility than those of film with smaller grain size, which meant that differences in grain size would not affect

optoelectronic properties as the crystallographic grains were usually misidentified in SEM images."

(c) 0.3 PEAI

Figure 1. a-c) Cross-sectional SEM images, e-f) top-view SEM images of BA\MA, Pb

2.2 AFM
As one of the typical microscopy-based techniques, the atomic force microscopy (AFM) is applied to map the surface morphol-

I, perovskite films with different amounts of PEA" as a second space cation. '¢

ogy, thickness and roughness of perovskite films in sub-nanometer resolution. Three-dimensional (3D) and two-dimensional (2D)
topographical images of surfaces provided by AFM cover a great characterization range from 500 nm to 50 pm, what is larger than

that of SEM measurement. Generally speaking, compact perovskite film with full coverage and homogeneous grain size distribution
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is desirable. On the other hand, apart from the detection of particle size and surface coverage which is similar to the above-mentioned
SEM, AFM demonstrates arithmetic roughness (Ra) root mean square roughness by the probe tip contacting with the perovskite mate-
rial directly. Since the highly rough surface with inhomogeneous grain size may be responsible for disappointing interface contact and
adverse effect on charge transport, low roughness is often demanded for the final device performance.? This can indicate the presence,
density and distribution of defects to some extent.
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Figure 2. KPFM images and the corresponding AFM images (insets) of (a) Sb,Se,, (b) Se-Sb,Se,, and (c) CsPbBrl, films. Corresponding surface potential profiles of
(d) Sb,Se,, Se-Sb,Se, and (e) CsPbBrl, films. (f) XRD patterns of Sb,Se, films with and without selenization.”

There are many variant modes of AFM with the help of additional accessories, of which the Kelvin probe force microscopy
(KPFM) offers the chemical potential of perovskite film relative to that of the substrate.”' Potential topography maps of Sb,Se,, Se-
Sb,Se,, and the perovskite films are shown in Figure 2a-c with the corresponding atomic force microscopy (AFM) images inserted.
The surface morphologies of the Sb,Se, and Se-Sb,Se, films are uniform, with no impurity phase observed. There are obvious holes
and relatively sharp crystals in the Sb,Se, film without selenization, in contrast to the Se-Sb,Se, film, which is much smoother and
denser. As a consequence of calibrating the cantilever on the reference Au sample, the work function of each film along the line is
given directly in Figure 2d, e. It can be seen that the work functions of Sb,Se, and Se-Sb,Se, are around 4.91 and 5.05 eV, respec-
tively, whereas that of CsPbBrl, is approximately 4.43 eV. Namely, the Fermi level (EF) of Sb,Se, lies a little shallower than that of
Se-Sb,Se,, probably suggesting a heaver p-type nature of Se-Sb,Se,. The crystallization information of Sb,Se, and Se-Sb,Se, films
is demonstrated by the X-ray diffraction (XRD) patterns in Figure 2f. The stronger intensities of the diffraction peaks for Se-Sb,Se,
compared with Sb,Se, imply that the Se-Sb,Se, film is highly crystallized. >> When the cantilever calibrated on the reference Au,
KPFM can also directly determine the work function (absolute Fermi level) and further confirm the position of the conduction band.
Combined with the data derived from the ultraviolet-visible (UV-Vis) spectrophotometry, the determination of valence band can be

realized.”

2.3 TEM

TEM is one of the most commonly used techniques for the nano-structural defect feature study of semiconductors, providing
detection of both bulk and surface defects thanks to the penetration depth of the electron beam.?* Equipped with additional acces-
sories, TEM can be carried out to identify the crystallography and element distribution. The former function relies on selected area
electron diffraction (SAED) which is capable of phase detection, while the later one comes from energy dispersive spectrometer
(EDS). However, the microscopic morphology as well as the chemical and structural analysis of the hot perovskite materials by
TEM did not go well, since both organic-inorganic hybrid perovskites and all-inorganic perovskites are not stable enough under
the intense electron beam in high-resolution model. Once the beam intensity rises up to the atomic-resolution level, rapid structural
degradation occurs, hindering accurate investigation of the original perovskites. Some researchers proposed the idea of cryogenic
electron microscopy, where the perovskite samples are examined in low temperature environment with low-dose intensity to re-
duce electron-beam damage.

Cryogenic electron microscopy is carried out for probing both structural and chemical information in inaccessible length scale
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of atomic resolution. Thanks to fast freezing cryogens, cryo-transfer protocols and measured at liquid nitrogen temperature, fragile
samples are protected from side reactions and electron beam damage, maintaining in their native states.”® Li et al. compared the
TEM images for MAPbI, hybrid perovskite that were obtained from standard and cryogenic TEM methods.”” A short exposure to
ambient conditions when transferred and inserted into the TEM column as well as the unavoidable sublimation of volatile organic
components under high vacuum could induce unwanted side reactions of MAPbI, nanowire (NW) sample, leading to clear surface
structural degradation into Pbl,. On the contrary, the cryogenic protocol including cryogenic sample loading and low-dose imaging
with plunge-freezing endowed atomically resolved interrogation without clear degradation, offering [Pbl J* octahedral of the hybrid

perovskite in pristine state.

24 STM

As another powerful tool for structure characterization at the atomic scale, scanning tunneling microscopy (STM) has been
applied in the surface morphology analysis and interfacial structure investigation of perovskites as well. Surface defects and
molecular compounds of perovskite film can be examined, together with crystallographic arrangements in atomic resolution.?®
With the aim to get insight into the local density of states in the surface of perovskite film, STM need to be performed in an inert
atmosphere or vacuum condition to avoid exposure to humidity and air.”*° In Figure 3, the decrease of tunneling conductance
is observed in the passivated film compared with the control one, which is indicative of reduced density of defect states and low

recombination velocity.?

Figure 3. STM images of a) the control sample and b) the target sample. ¢, d)
are their constant current imaging spectroscopies at -2V respectively.”

3. Summary

In conclusion, we comprehensively summarized multiple microscopies utilized to test defect characterization of on the scale of
perovskite thin films. All these above methods highlight the importance of testing environment and point to the relationships between
the chemistry, structure and property. How the defects appear, move and interact with other components remains mystery. The devel-
opment of determination techniques performed in situ and/or in operation will indeed stimulate the path towards viable PSCs with

high performance, expediting the commercial applications in the near future.
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