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ABSTRACT: The radiation-sensitive nature of halide perovskites
has hindered structural studies at the atomic scale. We overcome this
obstacle by applying low dose-rate in-line holography, which
combines aberration-corrected high-resolution transmission electron
microscopy with exit-wave reconstruction. This technique success-
tully yields the genuine atomic structure of ultrathin two-dimensional
CsPbBr; halide perovskites, and a quantitative structure determi-
nation was achieved atom column by atom column using the phase

information on the reconstructed exit-wave function without causing

electron beam-induced sample alterations. An extraordinarily high image quality enables an unambiguous structural analysis of
coexisting high-temperature and low-temperature phases of CsPbBrj; in single particles. On a broader level, our approach offers
unprecedented opportunities to better understand halide perovskites at the atomic level as well as other radiation-sensitive

materials.

KEYWORDS: Atomic resolution, halide perovskites, low dose-rate, in-line holography, radiation-sensitive materials

Halide perovskites have great potential for many
applications such as high-efficiency photovoltaic cells."
Research addressing these materials, in particular their
nanostructures, has recently attracted worldwide attention.
Various morphologies of halide perovskites, such as quantum
dots,”® nanowires,” nanosheets (NSs),‘F6 and thin films," have
been fabricated and their optoelectronic properties were
explored. However, structure—property relationships are
difficult to extract because atomic resolution imaging of halide
perovskites by transmission electron microscopy (TEM) is
greatly impeded by destructive electron beam-sample inter-
actions.”

Conventional TEM, aberration-corrected TEM (AC-TEM),
and aberration-corrected scanning transmission electron
microscopy (AC-STEM) have greatly contributed to the
characterization of oxide perovskites with a spatial resolution
less than one angstrom.g’9 As a result of such investigations, the
correlation of structure with chemical and physical properties
contributes to the discovery and understanding of novel and
unique properties in these materials.'*~"* By comparison, a
precise understanding of halide perovskites is relatively
underdeveloped because of their electron beam-sensitivity" ™’
that prohibits capturing high-resolution TEM (HRTEM) or
AC-HRTEM images with commonly used electron dose rates
of 10*~10° e A~ s7'. The acquisition of HRSTEM or AC-
HRSTEM images in no way relaxes this situation as these
methods require even larger electron doses to form images.'>"*

v ACS Publications  © Xxxx American Chemical Society

Making things even more challenging, electron-beam induced
sample alterations occur much more quickly and severely in
nanosized halide perovskites compared to the bulk material.
Therefore, structural characterizations using electron beams
generally have to be performed at low magnifications, where the
required dose-rate to obtain sufficient contrast is much lower.
Even in this situation, structural damage occurs and is evident
as tiny precipitates or voids in reported TEM and STEM
images.”™” Therefore, a very limited number of conventional
HRTEM images supported reports’~° and the images suffered
from varying degrees of blurring or distortion caused by the
imaging electrons. Clearly, it is hardly possible to make further
progress without addressing the problem of sample degradation
during observation. So far, faithful atomic resolution images
have been neither captured by electron microscopy nor any
other experimental techniques for these materials.

In the present work, we visualize for the first time the pristine
structure of ultrathin two-dimensional (2D) CsPbBr; halide
perovskites with atomic resolution by applying low dose-rate in-
line holography. This emerging method minimizes electron
beam-induced sample alterations by effectively controlling
electron beam-induced object excitations.'> This is a low dose
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technique that retards structural damage while high signal-to-
noise are generated by recording an image series that is
subsequently reconstructed to extract the phase information
and recover electron exit-wave functions'®™'® (In general,
phase information is always missing in TEM images where only
amplitude information preserves.) This process provides
valuable phase information that enables a quantitative structure
determination of 2D NSs on the basis of detecting the element-
specific contrast from single atoms.

Atomically thin 2D CsPbBry; NSs were successfully
synthesized via a catalyst-free, solution-phase method (SI
section 1). The NSs were characterized using X-ray diffraction
(XRD) (Figure Sla), low-magnification TEM and STEM
(Figure S1b), energy-dispersive X-ray spectroscopy (EDS)
(Figure S2a), and atomic force microscopy (AFM) (Figure
S2b). The edge length of CsPbBr; NSs was measured to be
around 100 nm, while the thickness of the NSs was a few
atomic layers. An AFM image of NSs with 1—3 layer thickness
is depicted in Figure S2b. The CsPbBr; bulk crystals exhibit a
cubic structure at high temperature (above 403 K) and an
orthorhombic crystal structure at room temperature. The cubic
unit cell of CsPbBr; is illustrated in Figure 1a and a model of a
2D monolayer is depicted in Figure 1b. The difference between
the cubic and orthorhombic structures lies in the tilting of the
Pb—Br, octahedrons in the orthorhombic case, which is difficult

Cs

a

Figure 1. Atomic resolution image of 2D halide perovskite CsPbBr;.
(a) Structure model of cubic CsPbBr; perovskite unit cell. Cs (green)
occupies the corner A-site while Pb (gray) occupies the body-center B-
site, and Br (brown) occupies the face-center. Pb—Brg octahedron is
formed within the Cs cube framework. (b) Structure model of single
layer 2D CsPbBr; NS. (c) Atomically resolved phase image of a 2D
CsPbBr; NS obtained by reconstructing 80 low dose-rate AC-HRTEM
images via exit-wave reconstruction. The [001] structure projection of
a unit cell is overlaid on the image.

to capture with standard TEM techniques. Previous reports
suggest that the high-temperature phase could be stabilized in
quantum dots and NSs.”*° However, we emphasize that
Scherrer peak broadening in nanocrystals sometimes impedes
the ability to distinguish the orthorhombic phase from the cubic
one by peak-splitting (Figure Sla). Therefore, assignment of
phases simply by conventional XRD as previously reported is
insufficient and direct atomic resolution imaging is mandatory
for unambiguous structure determination.

The ultrathin nature of CsPbBr; 2D NSs renders them prone
to electron beam-induced alterations (Figures S3 and S4). We
have performed comparative experiments at different accelerat-
ing voltages (80 kV and 300 kV) using different imaging modes
(TEM and STEM) to explore how to minimize electron beam-
induced sample alterations and achieve atomic resolution. In
particular, we use low dose AC-HRTEM at 80 kV (SI Sections
7 and 8) to capture in-line holograms. The method addresses
the shot noise problem in low dose images by acquiring an
image series and solving the phase problem to reconstruct exit-
wave functions.'*™"® For a typical reconstruction process, a
focal-series of 10—100 images is recorded to recover the
specimen’s exit-wave function, which contains the full
information from the elastic scattering process in the form of
amplitude and phase images over the spatial frequencies that
are relevant to form atomically resolved images. All of this data
is intrinsically quantitative and can be fine-tuned even further
by a posteriori aberration correction using numerical wave
processing.'” ™" The reconstructed wave function from low
dose-rate images represents a time average over the duration of
the recording time that exhibits a better signal-to-noise ratio
because it eliminates the well-known contrast reduction by the
Stobbs factor and constitutes a weak-excitation approach that
improves on sample integrity."> Therefore, the pristine
structure of nanocrystals can be better maintained by this low
dose-rate technique.

An example of a focal-series containing 80 AC-HRTEM
images that were acquired at the edge of a CsPbBr; NS with a
dose-rate of ~100 e A~ s™! is shown in Figure S5a. The exit-
wave was reconstructed from all the 80 images and the
reconstructed phase image is shown in Figure lc. It is evident
that all the atom columns are clearly resolved and the contrast
is homogeneous across the whole image. The homogeneous
contrast is only possible if formation of vacancies, voids, or
other electron beam-induced precipitates does not occur. The
same conclusion can be derived by directly inspecting the
contrast of all 80 sequential images (Figure S5a). The CsPbBr;
NS in Figure lc shows a perfect cubic perovskite structure in
the [001] projection with the Cs atom columns and Pb—Br
atom columns exhibiting higher contrast while the Br atom
columns show weaker contrast. The cubic [001] atomic model
is overlaid on Figure lc and matches the experimental atom
positions. The distinction between Cs columns and Pb—Br
columns can be achieved by a quantitative statistical phase
analysis as detailed later. The contrast maxima in Figure lc
mark the atom column positions while the intensities
correspond to phase values that are determined by their
chemical composition. Therefore, all necessary information can
be extracted to characterize the crystal structure. The result is
shown in Figure 2a. Atom positions were obtained by a least-
squares fit to the intensity distribution around contrast maxima
using 2D Gaussian profiles.”> Phase changes were characterized
by the peak-to-valley intensities of each atom column. Element
specific phase changes are larger for Cs and Pb—Br columns
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Figure 2. Quantitative phase analysis. (a) Atomic-scale 2D phase mapping. (b) Plot of the single atom-induced phase changes of different atom
species versus their atomic number, Z. The red curve shows the fitting to the power law aZ*3, where a is a constant. Br and Cs data come from this
work, while the data for C come from refs 23 and 24. (c) Model of [001] structural projection (4 unit cell by 3 unit cell). (d) Enlarged experimental
phase image from a region in the center of Figure lc. The structural model is overlaid. (e) Simulated phase image corresponds to (d). (fg) Line
profiles of two line scans (f shows line 1 and g shows line 2) as indicated in (c—e). In the profiles, black lines correspond to the experiments and red

lines correspond to the simulations.

(yellow color) but smaller for Br columns (red color) because it
is a lighter element. The small scattering difference between Cs
columns and Pb—Br columns can only be distinguished by
comparing the average phase values of the different lattice sites
because the heavier Pb—Br columns should have slightly larger
phase change because of the electron channeling effect.” A
statistical analysis reveals that average phase values of the Cs,
Pb—Br, and Br atom columns are 0.625 + 0.006, 0.640 + 0.006,
and 0.322 =+ 0.004 rad, respectively, with a 95% confidence
level. These small error bars are the key to differentiate between
Cs and Pb—Br columns experimentally and are in agreement
with our simulation (Figure S7).

Within an extinction distance for electron channeling, the
phase increases linearly with depth.”” Hence, it is not only
possible to determine the crystal structure and to identify
elements but also to determine the crystal thickness. Figure 2d
shows an enlarged phase image extracted from the center of
Figure 1c. The corresponding structural projection is depicted
in Figure 2c. For comparison, a simulated phase image of a two-
atomic-layer-thick CsPbBr; NS is shown in Figure 2e. Two line
profiles are extracted from the experimental and simulated
phase images, and the results are shown in Figure 2fg,
respectively. The quantitative match between experimental and
simulated data indicates that the CsPbBr; NS of Figure Ic is
composed of only two atomic layers (also see Figure S8).
Knowing the crystal thickness in terms of the number of atoms
per column, we can further obtain the characteristic phase shift
per single atom. The scattering of 80 kV electrons at single Cs
and Br atoms were calculated 0.208 + 0.002 and 0.161 =+ 0.002
rad, respectively, and these are depicted in Figure 2b together
with an experimental value for the phase shift at a single carbon

atom reported previously.”>** All the data can be described well
by the power law for phase shifts caused by electron scattering
from a single atom that is expected to be roughly proportional
to 73 (Z is the atomic number).”>*® Independently of our
image simulation, these quantitative phase measurements can
be used to support the interpretation that our CsPbBr; NS are
indeed double-layers. Moreover, we can also compare
individual AC-HRTEM images of the focal-series with
corresponding simulated images at the measured focus values.
We found that experimental images fit well with the simulation
when the thickness is assumed to be a double-layer (Figures
SSb and Figure S6). Therefore, low dose-rate in-line
holography not only reveals the pristine structure of beam-
sensitive materials with atomic resolution but also allows
identifying elements together with the local column thickness,
which enables electron tomography from single projections.
Beyond a description of crystallographically perfect CsPbBr;
NSs, it is interesting to study structural deviations. Apart from
cubic structure, we have also observed orthorhombic domains

—
O
w

in some of the 2D NSs. Awareness of a possible coexistence of 211

both the high-temperature cubic phase and the room-
temperature orthorhombic phase is of value to the community.
Different from the ensemble-level information obtained from
X-ray techniques, our atomic-scale direct imaging method on
the singe sheet level enables us to explore the structure more
deeply. The existence of the orthorhombic structure as well as
the coexistence of two phases can be confirmed using in-line
holography with different dose-rates. The results are depicted in
Figures S9 and S10. More details of coexistence of two phases
are provided in the SI Section 11. Here, apart from using the in-
line holography method, we demonstrate that a single AC-
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Figure 3. Coexistence of cubic and orthorhombic CsPbBr; within single AC-HRTEM image. (a) Experimental AC-HRTEM image with two regions
denoted as I and II. (b,c) Experimental Fourier transforms from region I (b) and II (c). (d,e) Simulated electron diffraction of cubic (d) and
orthorhombic (e) CsPbBr;. (fg) Enlarged images from region I (f) and II (g). The cubic and orthorhombic structure models are overlaid on (f) and

(g), respectively.
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Figure 4. Quantitative structure analysis. (a) Br displacement map. The Br displacement is defined as the deviation of Br columns from the center of

two neighboring Cs columns, as illustrated in the upper right model. The length of the red arrows represents the modulus of the displacements with
respect to the scale bar in the lower right corner. The arrowheads point into the displacement directions. (b) Lattice distance map. The lattice
distance is defined as the distance between two neighboring Pb—Br columns. (c) Octahedron tilting map. The tilting angle is defined as the model

shown on the upper right corner.

223 HRTEM image can also be utilized to determine structural
224 details as long as the dose-rate is sufficiently controlled and the
225 material can maintain its structure at the given dose-rate. Figure
226 3a is an AC-HRTEM image from the edge of a CsPbBr; NS
227 recorded with the dose-rate of 3800 e A~ s™" (exposure time 1
228 s). By imaging with an optimum focus and a negative spherical-
229 aberration,””” we also obtain a direct structure image with Cs
230 and Pb—Br columns exhibiting a brighter contrast compared to
231 the Br columns. Looking into the details of the atomic
232 structure, we notice that the lower region (marked as II) of
233 Figure 3a differs structurally compared to the upper region
234 (marked as I). The difference is most evident in the
235 corresponding Fourier transforms of regions I and II as
236 shown in Figure 3b,c, respectively. The simulations of the
237 electron diffraction patterns of cubic and orthorhombic
238 CsPbBry in a [001] zone axis orientation are provided in
239 Figure 3d,e, respectively. Comparing the experimental data with
240 the simulation, we can conclude that we observe the case of a
241 mixed structure where region I crystallized in the cubic
242 structure while region II is in the orthorhombic structure.
243 Figure 3f,g shows enlarged images from region I and II,
244 respectively, with the atomic structural model overlaid.

Experimental images agree well with the structure models,
and the tilting of the Pb—Bry octahedrons in the orthorhombic
phase is directly observable.

A further quantitative examination allows us to extract
additional complementary information. First, the Br displace-
ment map shown in Figure 4a reveals that the lower region
exhibits larger displacements from the midpoint between two
neighboring Cs columns as a result of tilting octahedrons in
orthorhombic structure. This clearly marks the boundary
between the orthorhombic and cubic phases. Second, we
have measured lattice parameters unit cell by unit cell and the
result is shown in Figure 4b. For bulk CsPbBr;, the distance
between Pb—Br columns in [001] projection differs by only 5
pm between cubic (5.87 A) and orthorhombic structure (5.82
A). Experimentally for the 2D NS, both the cubic and
orthorhombic phases exhibit a lattice expansion compared to
their bulk counterpart, but this map can still identify the
orthorhombic region from the map as it exhibits smaller
distances (blue color). The presence of a lattice expansion in
ultrathin 2D CsPbBr; NSs is confirmed by our grazing-
incidence wide-angle X-ray scattering (GIWAXS) experiments
(Figure S13). Finally, we have measured the tilting angle of the
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Pb—Brg octahedrons and the tilting map is shown in Figure 4c.
The chessboard pattern in the lower region is another clear
confirmation that the orthorhombic structure is present. These
results may have relevance for the understanding of the growth
and structure—property relationship in the halide perovskite
materials.

The combination of dose controlled AC-HRTEM imaging
and low dose-rate in-line holography enables atomic resolution
imaging of halide perovskites without introducing structural
damages in CsPbBr;. The crystallographic structure of plate
shaped nanocrystals is revealed at atomic resolution with single
atom sensitivity. A reproducible determination of absolute
phase values for electrons that are scattering at single atoms
shows that the method has become fully quantitative if beam-
sample interactions are controlled. We fully characterize
coexisting high-temperature and low-temperature phases that
are studied in this manner. Importantly, the method can be
applied to any beam-sensitive material and does not require
uncommon TEM attachments so that it can be easily
popularized in most of the laboratories. This work shows that
another door opened for atomic resolution imaging of beam-
sensitive materials in general, and it can be further explored and
developed, such as utilizing direct electron detection”’ or
complementing with other low dose techniques.”**’
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