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Unveiling Nanoscale Heterogeneity of Strain in MAPDI;
Perovskite Films Using Bragg Coherent X-Ray Diffraction

Imaging

Dong Liang, Zhengtong Yao, Jiecheng Diao, Peng Li, Yuting Xiong, Xiaobin Xu,

lan Robinson, and Bo Chen*

Cation alloying and substrate morphology control have proved to be effective
in controlling strains in perovskite films by macroscale characterizations.
However, the nanoscale characterizations of strains are still limited, which
hinder the comprehensive understanding of the strain regulation. Here, the
strain regulation of MAPbl; (MA = CH;NH,) is done by Cs (Cesium) alloying
and introduction of a nano-structured substrate to the perovskite films.
Laboratory X-ray diffraction analysis shows that Cs alloying introduces
compressive strain, whereas providing a nano-structured substrate introduces
tensile strain. Bragg coherent X-ray diffraction imaging further demonstrates
that nanoscale homogeneity of the strain in pure MAPbI; would be destroyed
through 3 at% Cs alloying, as the strain varies from compressive to tensile.
Both compressive and tensile domains exist in the perovskite crystals at the
same time. The application of a nano-structured substrate is found to cause
the nanoscale heterogeneity of strains in the MAPDbI; films. The strain
homogeneity caused by combining both 3% Cs alloying and providing a
nano-structured substrate is found to enhance the structural stability of
perovskite films. The results provide 3D nanoscale monitoring of strains for
the purpose of strain regulation, which contributes to further understanding
of the strains in perovskite materials.

1. Introduction

A and B represent cations and X represents
halide. Due to their suitable bandgap, excel-
lent carrier mobility, and long carrier life-
time, perovskite materials are widely used
in various photoelectric devices, such as
photodetectors,?! light-emitting diodes,!
and solar cells."] In the past decade, the
power conversion efficiency of perovskite
solar cells (PSCs) has rocketed from 3.8%!°]
to 26.1%,!%! making it possible to replace
silicon (Si) cells in the photovoltaic field.
Perovskite materials are thus considered to
be the most promising candidates for the
next generation of designable, low-cost, and
high-efficient solar cells.”]

The structural strain in perovskite ma-
terials has been shown to be influential
to their photoelectrical performance.®! For
commonly used perovskite films, strain
primarily arises from the internal nonpe-
riodicity of the crystal lattice,”! and the
mismatch of the thermal expansion coef-
ficients between the perovskite film and
its substrate.!” Residual strain can in-
fluence various properties of perovskite

films, such as bandgap, carrier transport, defect characteris-

tics, nonradiative recombination, and structural stability, thereby

Halide perovskite materials are promising materials in photo-
electric applications.!!] Their chemical formula is ABX;, in which

affecting the optoelectronic performance of PSCs.['!] Various
methods have been applied to regulate the strain of perovskite
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films, often known as strain engineering, of which cation al-
loying and substrate morphology control are the two most im-
portant ones.['?] Cation alloying introduces cations with differ-
ent sizes, such as Cs* (Cesium ion), MAT (MA = CH,;NH,),
and FAT (FA = NHCHNH,) to regulate strain.¥ Substrate
morphology control, on the other hand, manipulates the inter-
face between the substrate and the perovskite film. The effec-
tiveness of strain regulation can be evaluated by X-ray diffrac-
tion (XRD) monitoring.'*! However, XRD can only charac-
terize the strain field in average on the macroscale. It lacks
the ability to probe the local strain variation at nanoscale.*]
In fact, the strain in most perovskite films is not homoge-
neously distributed, forming heterogeneous strained areas rang-
ing from a few nanometers to hundreds of micrometers.!®
The nanoscale characterizations of strain fields would con-
tribute to the comprehensive understanding of strain regula-
tion mechanisms. Besides, such nanoscale characterization can
promote the understanding of how strain affects the photoelec-
tric performance and long-term stability of perovskite and their
devices.

Bragg coherent X-ray diffraction imaging (BCDI), a strain-
sensitive measurement tool, can image the individual crystal
shape in 3D and map out the strain distribution inside the whole
crystal grain with nanometer spatial resolution.['’] By illumi-
nating the sample with a coherent X-ray beam, the diffraction
patterns at certain Bragg angles could be recorded, which in-
clude extra interference fringes. For data acquisition, a series of
diffraction pattern slices are recorded by making a small rota-
tion of the sample around the selected Bragg peak. The detec-
tor can only record the intensity, but not the phase information
about the diffraction signal, causing the famous “phase prob-
lem”. To address this, iterative phase retrieval algorithms are
used to reconstruct the 3D electron density function p(r) of the
sample in BCDLI"® Generally, p(r) is a complex function con-
sisting of amplitude and phase. The amplitude is proportional
to the crystal’s electron density function. The phase is propor-
tional to the atomic displacement along the direction of the X-
ray scattering vector (Q). As the strain due to atomic displace-
ments breaks the symmetry of the Bragg diffraction patterns,
BCDI can be utilized to quantitatively analyze strain at nanoscale.
This method has been applied to track the volume change of
silver (Ag) single crystals during electrochemical reactions,!*!
the evolution of dislocation in lithium-rich layered oxides,!*!
and the movement of dislocation in MAPbBr; film?! for
example.

In this study, the controllable regulation of strain in MAPbI,
perovskite films was achieved by Cs alloying and by using a nano-
structured substrate with nanocolumns on its surface, called a
“nano-substrate”. The Cs alloying introduced compressive strain
up to a maximum of —1.19% (absolute value). Nano-substrates,
on the other hand, introduced tensile strain of 0.27% in MAPDI,
films. Thereby variable Cs* compositions of films on a nano-
substrate can be used to tune the average strain from positive to
negative. The individual MAPDI, crystals were imaged in 3D by
using BCDI, and heterogeneity of strain within the crystals was
visualized, where it was found that the homogeneity of strain of
the crystals can be destroyed with higher than 3 at% Cs alloying.
The impact of strain on the stability against the decomposition of
MAPDI, films was also studied, where the homogeneity of strain
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was found to increase structural stability and inhibit decomposi-
tion. Additionally, compressive strain via Cs alloying was found
to help increase the intensity of infrared absorption due to the
compact lattice. This research provides the direct strain informa-
tion in perovskite films at nanoscale, and is expected to support
the future application of strain engineering to the PSCs.

2. Results and Discussion

2.1. Chemical Components and Surface Morphology

The XRD and scanning electron microscopy (SEM) results
are shown in Figure 1. In the lab XRD patterns, three peaks
are located at 13.96°, 28.29°, and 31.73°, corresponding to
(110), (220), and (310) planes of tetragonal MAPDI;, respectively
(Figure 1a,b).122) The XRD patterns indicate good crystallinity of
the MAPDI, films, which makes them suitable for BCDI. The
peak located at 33° corresponds to the (200) Bragg reflection of
the Si substrates (Figure S1, Supporting Information), which is
due to the X-ray penetrating the perovskite film. This peak is the
basis-forbidden reflection that is often shown in the XRD pat-
terns of Si(100) wafers (as substrates).[?’] The Si substrates used
in this study were cut from single crystal Si wafers (100 mm
diameter, single-side polished), which are P-type doping (boron
doping) and with orientation of (100). The XRD results of Si sub-
strates used in this study have been reported by Xiong et al. as
well.l?*] The peak located at 12.5° in the lab XRD patterns cor-
responds to the (001) plane of PbI, (Figure 1a,b, black arrow
pointed). The appeared Pbl, in the films is the product of MAPbI,
decomposition, indicating the instability of MAPDI,. For the sam-
ples prepared on flat-substrates, as the Cs contents increase from
0% to 7%, the peak heights of Pbl, decrease (Figure 1c). As the
Cs contents increase from 3% to 7%, the integral areas of Pbl,
peaks reduce (Figure 1d), indicating the reduction of Pbl, con-
tents. The decrease of peak heights and the integral areas with
Cs alloying is also found in the XRD patterns of the samples pre-
pared on nano-substrates (Figure 1e,f). This suggests that the Cs
alloying can enhance the stability of MAPDI, and inhibit the de-
composition.

The SEM images of perovskite films prepared on flat-
substrates (Figure 1g—k) show that the films present good crys-
tallinity with distinct grain shapes. The grain size ranges from
200 to 300 nm. Sheets are found on the surface of pristine
MAPDI, film (Figure 1g), which are confirmed to be the Pbl,
according to the energy dispersive spectroscopy (EDS) results
(Figure S2 and Table S1, Supporting Information). It indicates
that the MAPbI,; decomposes into Pbl, due to its instability. Af-
ter 1% Cs alloying, the number and size of Pbl, on the sur-
face both decrease (Figure 1h). As the Cs content increases fur-
ther to 7%, Pbl, nearly disappears and the flatness of films
increases (Figure 1k). The SEM results support that Cs alloy-
ing can enhance the stability of perovskite films and inhibit
their decomposition. The Pbl, sheets on the films prepared
on nano-substrates distribute mainly in the protruding areas,
where the nanocolumns are located. It can be inferred that the
nanocolumns cause a lattice mismatch between the perovskite
film and the substrate. The lattice mismatch introduces stress
and defects, thus accelerating the decomposition.
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Figure 1. The chemical components and surface morphologies of the MAPbI; perovskite films. XRD patterns of the perovskite films on a) flat-substrates
and b) nano-substrates. c) Details of the Pbl, XRD peaks in panel (a). d) The integral areas of Pbl, peaks in panel (a). e) Details of the Pbl, XRD peaks
in panel (b). f) The integral areas of Pbl, peaks in panel (b). SEM images of the perovskite films on flat-substrates g) without Cs alloying, h) with 1% Cs
alloying, i) with 3% Cs alloying, j) with 5% Cs alloying, and k) with 7% Cs alloying. SEM images of the perovskite films on nano-substrates l) without Cs
alloying, m) with 1% Cs alloying, n) with 3% Cs alloying, o) with 5% Cs alloying, and p) with 7% Cs alloying.

2.2. Average Strain

The experimentally determined average strain in the per-
ovskite films was obtained from the XRD patterns in
Figure 1 on both flat- and nano-substrates and it is shown
in Figure 2a. These calculations were done by measuring
the difference of the interplanar spacing of the (110) plane
(d110) obtained by the Bragg’s law. The calculation is as
follows

1)
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where e is the relative value of strain, d is the d,;, of the Cs al-
loyed perovskite samples, d, is the d,,, of pristine non-Cs alloyed
MAPDI,. Positive e represents for tensile strain and negative ¢
represents for compressive strain.

After Cs alloying, compressive strains are found in the per-
ovskite films on both flat- and nano-substrates. As the Cs con-
tent increases from 0% to 7%, the absolute value of compressive
strain continuously increases. When the Cs content reaches 7%,
the value of strain in film is —0.99% in flat-substrated sample and
—1.19% in nano-substrated sample, respectively (Figure 2a). Ten-
sile strain is usually introduced into the perovskite films by dif-
ferential thermal contraction from an assumed strain-free epitaxy
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Figure 2. The strain of perovskite films. a) Average strain in perovskite
films on flat- and nano-substrates, b) the difference of d;1g, between
the perovskite films on flat-substrates and the perovskite films on nano-
substrates at the same Cs contents. ¢) Schematic diagram of Cs alloying
regulating strain.

at the growth temperature. The strain can be estimated from the
mismatch of the thermal expansion coefficient between the per-
ovskite film (6.1 x 10~5 K~! for MAPbI, film) and the substrate
(2.6 x 107¢ K~ for Si substrate).['*?°] Cs alloying, on the other
hand, can introduce compressive strain to compensate the ten-
sile strain, causing strain relaxation and even compressive strain
in perovskite films. The schematic diagram of Cs alloying on reg-
ulating strain is shown in Figure 2c. Cs* has a smaller ion ra-
dius (164 pm) than that of the MA* (217 pm).12) After Cs* oc-
cupies the A site (the center of the cubes in Figure 2c),[PbI ]*~
octahedral voids will generate more space. Therefore, Pb?" and
I~ will spontaneously approach Cs*, manifested by the contrac-
tion of [PbI(]*~ octahedra toward Cs*. In the (110) direction (the
red plane in Figure 2c), the arrangement of atoms becomes more
compact, resulting in a decrease in the d;;;) and the introduction
of compressive strain.

For non-Cs alloyed MAPDI; films, the d;;,) difference is
0.017 A (Figure 2b) and the calculated strain is 0.27% (dividing
the d;;, difference by d;;10.nun, and taking a percentage). It in-
dicates that nano-substrates introduce tensile strain in non-Cs
alloyed MAPDI, films. The d,,,,, difference reaches a maximum
0f 0.019 A in 3% Cs alloyed perovskite film on the nano-substrate
and a minimum of 0.004 A in 7% Cs alloyed perovskite film on
the nano-substrate (Figure 2b). Table 1 lists the d;;,, of the per-

Table 1. d(y;¢) of perovskite films.
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ovskite films, where the last column gives the d,,,,, difference by
subtracting the 4th column from the 2nd column. At the same
Cs content, the d;, of perovskite films on the nano-substrate are
higher than that of on the flat-substrate. Specifically, d,;,, of pris-
tine MAPDI, film without Cs alloying on the nano-substrate is
0.017 A higher than that of the film on the flat-substrate, 0.015 A
larger when 1% Cs alloying, 0.019 A larger when 3% Cs alloying,
0.018 A larger when 5% Cs alloying, and 0.004 A larger when 7%
Cs alloying. These differences of the d,, at the same Cs contents
suggest that nano-substrate can broaden the lattice of perovskite
films due to the nanocolumns, resulting in the introduction of
tensile strain. The morphology and quality of perovskite films are
strongly related to the textures of the substrates.?”l The morphol-
ogy of the nanocolumns on nano-substrates is shown in Figure
S3 in the Supporting Information. When the perovskite crystals
grow, the nanocolumns will apply constraints, which would cause
lattice expansion of the perovskite films due to the protrusions,
resulting in tensile strain in the perovskite films. Due to the pres-
ence of protruding nanocolumns array on the nano-substrates
and the flexibility of the perovskite materials, the perovskite films
prepared on nano-substrates have curved surfaces with multi-
ple protrusions. In the nanocolumn region, during the crystal
growth, the perovskite film is bent and exhibits a convex dome-
shaped structure, where the surface of the film is stretched and
thereby generating tensile strain in the film. Such physically in-
troduced strain has been applied in the strain engineering of per-
ovskite films.[16228]

2.3. Nanoscale Heterogeneity of Strain Distribution via BCDI
Measurements

The reconstruction of the atomic displacements generated from
the measured strain (from BCDI measurements) of the whole
pristine MAPbI; crystal without Cs alloying on flat-substrate is
shown in Figure 3a—d. For all the samples, the low errors (y?
values) show good reconstructions of the crystals (Figure S4 and
Table S2, Supporting Information). The black arrows with letter
“Q” in Figure 3 and Figure 4 are the Q vectors, and the crystals are
rendered in blue-to-red color. The color bar shows the atomic dis-
placement from —2.11to 2.11 A along the Q direction. The crystal
without Cs alloying is a grain with a length of about 200 nm and
a thickness of 80 nm, which is consistent with the SEM images.
The displacement variation is narrowly distributed between 0.44
and 1.14 A across the entire crystal. No negative displacement
being found indicates that no strain deviation from compressive
strain to tensile strain (Figure S5a, Supporting Information). The
strain in pristine MAPDI; without Cs alloying exhibits nanoscale

Nano-substrated sample dmo)_Nano A Flat-substrated sample d(m)_Fm IA] d(m) difference? [A]
Nano-MA 6.355 Flat-MA 6.338 0.017
Nano-Cs1 6.351 Flat-Cs1 6.336 0.015
Nano-Cs3 6.352 Flat-Cs3 6.333 0.019
Nano-Cs5 6.346 Flat-Cs5 6.328 0.018
Nano-Cs7 6.279 Flat-Cs7 6.275 0.004

? d (1) differences were obtained by subtracting d310).¢iat from d10..nano
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Figure 3. BCDI reconstructions of the perovskite crystals prepared on the
flat-substrates. Panels (a) to (d) are from the same crystal reconstruction
but along different orientations. a,b) The reconstructed MAPbI; crystal
without Cs alloying from two different views. The atomic displacements
within slices through the MAPblI; crystal (transparent objects), whose nor-
mal direction is c) along the Q direction and d) perpendicular to the Q
direction. Panels (e) to (i) are from the same crystal reconstruction but
along different orientations. e,f) The reconstructed 3% Cs alloyed per-
ovskite crystal from two different views. The atomic displacements within
slices through the 3% Cs alloyed perovskite crystal (transparent objects),
whose normal direction is g) along the Q direction and h) perpendicular
to the Q direction. i) Tensile and compressive domains in the 3% Cs al-
loyed perovskite crystal. The separated tensile domain from panel (i): j) the
front view of the tensile domain and k) the side view of the tensile domain.
The separated compressive domain from panel (i): I) the front view of the
compressive domain and m) the side view of the compressive domain.

homogeneity of strain. After 1% Cs alloying, no negative displace-
ment was found, which suggests that the sample remains homo-
geneity of strain in the perovskite crystal too (Figures S6 and S7,
Supporting Information).

BCDI reconstruction of typical crystals in the perovskite film
after 3% Cs alloying are shown in Figure 3e-m. The measured
crystal in this sample is a grain with a size of 213 nm (Figure 3e,f).
The histogram of the displacement distribution in this crystal is
shown in Figure S5b in the Supporting Information. Both ten-
sile strain with a displacement maximum of 0.62 A (Figure 3e)
and compressive strain with a displacement maximum (absolute
value) of —0.99 A (Figure 3f) are found on the crystal surface, in-
dicating the heterogeneity of strain. In the slice images along the
Q direction (Figure 3g), the displacement shifts from negative
(blue) to positive (red) from the outer side to the inner side of the
crystal, which indicates the deviation of strain from compressive
strain to tensile strain. In the 2nd and 3rd slices in Figure 3g, the
displacement field manifests as a radical area with a maximum
displacement of 0.62 A, suggesting that there is a tensile strain
core. The displacement decreases as it moves away from the cen-
ter, indicating the relaxing tensile strain. Moreover, two domains
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in the crystal are discovered, as known as the tensile domain and
compressive domain, respectively (Figure 3i-m). Both the ten-
sile domain and the compressive domain are sheet-shaped and
they stick together face to face. The volume fraction of the ten-
sile domain is 1.5 times as large as that of the compressive do-
main (Table 2). The average displacement in the tensile domain
is 0.24 A and the average displacement in the compressive do-
main is —0.28 A (Table 2). This deviation of strain is the result
of component segregation that can be seen in BCDI results.[?%] It
can be inferred that by 3% Cs alloying, the segregated Cs* in the
perovskite crystal causes the deviation of strain.

The reconstructed 3D images of MAPbI, crystal without Cs al-
loying on nano-substrate are shown in Figure 4a—d. Figure 4a,b
presents the same 3D images of the sample from different ori-
entations. The histogram of the displacement distribution in
this crystal is shown in Figure S8a in the Supporting Informa-
tion. It can be seen that the atomic displacement in the MAPbI,
crystal on the nano-substrate shifts from negative (blue area in
Figure 4a) to positive (red area in Figure 4b) from one side to the
other, indicating the change of strain. Such shifts can be further
presented through the slice images of the crystal (Figure 4c,d).
Along the Q direction, the 1st slice in Figure 4c shows a positive
strained area (with red color) with 0.84 A displacement. Then, a
neutral strained area (with gray color) with an average displace-
ment of 0.02 A appears, and it enlarges, which can be seen from
the 2nd to 4th slice in Figure 4c. In the 5th slice in Figure 4c,
a negative strained area (with blue color) is found where

Nano-substrate, Cs content = 0

| § “ {

I
100 nm
—
Displacement / A
= =
‘—‘/ Mins 211 Mox 211

Nano substrate, Cs content = 3%

9. &»-m

-

-

100 nm

Displacement / A

-
Min: 2,11 Max: 2.11

Figure 4. BCDI reconstruction of perovskite crystals grown on the nano-
substrates. Panels (a) to (d) present the same crystal reconstruction but
along different orientations. a,b) The reconstructed 3D views of MAPbl,
crystal grown on the nano-substrate. The atomic displacements within
slices through the MAPbI; crystal (transparent objects), whose normal di-
rection is c) along the Q direction and d) perpendicular to the Q direction.
Panels (e) to (h) present the same crystal reconstruction but along dif-
ferent orientations. e,f) The reconstructed 3D views of the 3% Cs alloyed
perovskite crystal grown on the nano-substrate. The atomic displacements
within slices through the 3% Cs alloyed and nano-substrated perovskite
crystal (transparent objects), whose normal direction is g) along the Q
direction and h) perpendicular to the Q direction.
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Table 2. The volume fraction and atomic displacement in specific region of the 3% Cs alloyed perovskite crystal (on flat-substrate).

Region Volume fraction [%)] Average displacement [A] Maximum displacement [A]
Tensile domain 58.52 0.24 0.72
Compressive domain 41.48 -0.28 -1.43

displacement changes to —0.25 A. The positive-neutral-negative
change is also found in the slice images perpendicular to Q di-
rection of the reconstructed MAPDI, crystal on nano-substrated
sample (Figure 4d), but not found in that of the flat-substrated
sample (Figure 3a—d). The change of strain from tensile to com-
pressive among the BCDI results demonstrates nanoscale het-
erogeneity of the strain in the synthesized crystals on the nano-
substrate. This may result from the uneven interface between
the MAPDI, film and the nano-substrate. The morphology and
size characteristics of the substrates will affect the homogeneity
of strain in the thin film.3*] Due to the presence of the nano-
columns on the nano-substrate, the substrate’s surface is not flat
but curved with multiple undulations, with different morpholo-
gies in different nanoregions. The growth of MAPDI; crystals
will be affected by the morphology difference of regions of the
substrate. The tensile strain is introduced in the regions with
nanocolumns, while no strain could be introduced in the regions
without nanocolumns.

The reconstructed 3% Cs alloyed perovskite crystal on the
nano-substrate is shown in Figure 4e-h. This measured crystal
is a particle with one side protruding and the other side concave
(Figure 4e,f). The atomic displacements within the whole crys-
tal are all positive (Figure 4g,h), ranging from 0to 1.63 A (Figure
S8b, Supporting Information), indicating no deviation of strain to
the negative, which suggests the homogeneity of strain within the
crystal. The strain heterogeneity could be caused by Cs* segrega-
tion and unevenness of the nano-substrate surface as discussed
above. However, it can be found that when combining both ap-
plications of Cs alloying with 3% and providing a nano-substrate,
the compressive strain introduced by 3% Cs alloying and the ten-
sile strain introduced by the nano-substrate compensate for each
other, resulting in the strain “homogeneity” in the 3% Cs alloyed
perovskite crystal grown on the nano-substrate.

2.4, Stability Tests

The XRD patterns of the perovskite films cured in Argon (Ar) at-
mosphere are shown in Figure 5a—f, where the intensities of PbI,
peaks are found increased after being cured for 30 d. The integral
areas of Pbl, peaks obtained from XRD patterns are shown in
Figure 5g. After curing, the integral areas increase, indicating the
formations of Pbl, in perovskite samples. The formations of Pbl,
suggest the decomposition of perovskite films and the decompo-
sition rates were calculated according to the method in the “Cal-
culation of Decomposition Rate” part in the Supporting Informa-
tion. The mean decomposition rates are shown in Figure 5h. For
flat-substrated samples, 3% Cs alloyed perovskite film exhibits a
faster decomposition compared with that of non-Cs alloyed per-
ovskite film (Figure 5h). It can be inferred that the nanoscale
heterogeneity of strain in 3% Cs alloyed perovskite crystals on
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flat-substrate (Figure 3e—m) accelerates the decomposition, as the
tensile-strained nanoregion would undermine the structural sta-
bility. When providing a nano-substrate on 3% Cs alloyed per-
ovskite film, the decomposition rate falls rapidly (Figure Sh). Pro-
viding a nano-substrate on 3% Cs alloyed perovskite films can
eliminate the nanoscale heterogeneity of strain (Figure 4e-h), re-
sulting in a much slower decomposition. The 7% Cs alloyed per-
ovskite films exhibit the lowest decomposition rate (Figure 5h),
indicating the best stability among samples.

Due to the absence of oxygen, humidity, and light illumina-
tion, the decomposition can be attributed to the intrinsic instabil-
ity of perovskite films. Their decomposition into Pbl, is related
to the ion migration, which is highly sensitive to the strain.!
Specifically, the activation energy (E,) of ion migration in the
perovskite films is significantly reduced under tensile strain, re-
sulting in the acceleration of ion migration." The accelerated
ion migration is responsible for the faster decomposition of per-
ovskite films into Pbl,, because MA* and I~ ions would migrate
more easily from MAPDI, lattice sites, producing Pbl,. Moreover,
tensile strain can decrease the formation energy of halide ion
vacancies, providing channels for ion migration.['*32] Compres-
sive strain, on the other hand, can decrease both the activation
energy of ion migration and the formation energy of halide ion
vacancies. Thus, the ion migration and the subsequent decom-
position are suppressed under compressive strain. After 3% Cs
alloying, the introduction of compressive strain is expected to en-
hance the stability.*] However, averagely compressive strain of
—0.07% (Figure 2a) is too low to effectively improve the stability.
At this strain degree, the nanoscale heterogeneity/homogeneity
of strain has a more significant effect on the structural stability
(Figure 5h). The influence of the tensile-strained region on the
stability of perovskite films at low average strain degree cannot be
ignored. In these regions, the tensile strain provides additional
driving force for ion migration and promotes the formation of
ion vacancies. The accelerated ion migration facilitates the dis-
ruption of the [PbI(]*~ framework and the decomposition into
Pbl,, resulting in the decreased stability of the perovskite films.
In homogeneously strained perovskite films, the tensile strain is
lacking. The compressive strain decelerates ion migration in per-
ovskite films, improving their intrinsic stability. After 7% Cs al-
loying, the averagely compressive strain in perovskite films reach
to relatively high absolute values (—0.99% for flat-substrated sam-
ples and —1.19% for nano-substrated samples) (Figure 2a). At this
strain degree, average strain can suppress the detrimental im-
pacts of strain heterogeneity and starts to play a dominant role
for influencing the stability. Due to the relatively large degree of
compressive strain, the adverse effect of tensile strain on ion mi-
gration is offset. Since the ion migration in the perovskite films
is inhibited by compressive strain, both the phase separation
and decomposition caused by vacancy defects are suppressed.
The compressive strain can compact the lattice, enhancing
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structural stability and suppressing the decomposition into
PbI, B4 In addition to enhancing the intrinsic stability, Cs alloy-
ing is found to enhance the resistance of perovskite films against
moisture and oxygen, preventing their decomposition to hydrates
(Figure S9, Supporting Information).

The FTIR spectra of perovskite films are shown in Figure 6a.
After Cs alloying and providing nano-substrates, the locations
of the infrared absorption peaks remain unchanged, indicating
the remaining functional groups and the lengths and angles of
the chemical bonds (Figure 6a). Specifically, the peaks observed
at 3185 and 2957 cm™ can be assigned to N—H stretching and
C—H stretching, respectively. The peaks at 1580 and 1462 cm ™
can be assigned to NH, asymmetric bending and NH, symmetric
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Figure 5. The stability and properties of the perovskite films. The XRD patterns and the zoomed-in views of the dashed areas (gray areas on the right
of each panel) of the perovskite films prepared on flat-substrates cured for different times (fresh and 30 d) when the Cs content is a) 0, b) 3 at%, and
c) 7 at%. The XRD patterns and the zoomed-in views of the dashed areas (gray areas on the right of each panel) of the perovskite films prepared on
nano-substrates cured for different times (fresh and 30 d) when the Cs content is d) 0, e) 3 at%, and f) 7 at%. g) The integral areas of Pbl, peaks in the
XRD patterns of perovskite films with different curing times. h) The decomposition rates of different perovskite films.

bending, respectively. The peaks at 1105, 1018, and 904 cm™~! can
be assigned to symmetric C—N stretching, C—N stretching and
CH,—NH, rocking, respectively. These peaks are consistent with
the previous reports,[*] suggesting the vibration of MA* ions in
the perovskite films. After Cs alloying from 0% to 7%, the inten-
sities of the peaks of MA* enhance (see the insert of Figure 6a),
suggesting the enhanced absorption intensity with the introduc-
tion of compressive strain. The MA* ions in the nonstrained per-
ovskite films rotate freely, and the variations of dipole moments
in all directions cancel each other out. After Cs alloying, the intro-
duced compressive strain would cause the impact arrangement
of [PbI]*" octahedra, thus the MA* ions are compressed and or-
derly orientated.*] The ordering orientations of MA* lead to the
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Figure 6. The optical spectra of the perovskite films. a) The Fourier transform infrared (FTIR) spectra of the perovskite films. The inserts are the zoomed-in
views of the parts in the red boxes. b) The PL spectra and the photoluminescence quantum yield (PLQY) results of the perovskite films. c) The time-
resolved photoluminescence spectroscopy (TRPL) spectra and the fitted PL lifetimes of the perovskite films. The inserted table lists the fitted 7, and 7,

values of the TRPL decays.

same direction of variation of the dipole moments. As a result, the
pronounced net dipole moment variation enhances the infrared
absorption intensity.

The photoluminescence (PL) was performed to investigate the
nonradiative recombination of charged carriers, which is adverse
in the operation of perovskite device.’”] After 3% Cs alloying,
the intensity of PL peak of the perovskite film decreases com-
pared with that of the non-Cs alloyed MAPDI, film (Figure 6b).
The decrease of the PL peak indicates the increasing nonradia-
tive recombination of the carriers in the semiconductor materi-
als, which is caused by the increasing trap density.?¥] After 3%
Cs alloying, due to the strain heterogeneity, the tensile strain re-
gions in the perovskite films accelerate ion migration and pro-
mote the formation of the defects. The increased defect density
would cause the increased trap density and the enhanced nonra-
diative recombination, resulting in the PL quenching. When the
Cs content increases from 3% to 5%, the PL intensity reduces,
which indicates further increased trap density (Figure 6b). The
increased trap density in 5% Cs alloyed perovskite films may orig-
inate from the Cs segregation, which causes the strain hetero-
geneity and would introduce extra traps to capture the carriers.
The photoluminescence quantum yield (PLQY) measurement re-
sults are shown in Figure 6b. As the Cs content increases from
0% to 5%, the PLQY of the perovskite films decreases from 1.00%
(non-Cs alloying) to 0.89% (3% Cs alloying) to 0.79% (5% Cs al-
loying). The continuously decreased PLQY validates that the het-
erogeneous strain promotes defect formation and thus enhances
defect-induced nonradiative recombination.**'The time-resolved
photoluminescence spectroscopy (TRPL) was conducted to verify
the increased trap density and the results are shown in Figure 6c.
The double-exponential fitting function was used to fit the TRPL
decays:

I= A7) + A el/7) 2)
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where I is the PL intensity, A; and A, are corresponding coef-
ficients, t is time, and 7, and 7, are PL lifetimes, respectively.
7, (shorter lifetime) is assigned to charge carriers trapping into
nonradiative trap states, while 7, (longer lifetime) is assigned to
radiative recombination.[*] After 3% Cs alloying, 7, of the per-
ovskite films decreased from 6.33 to 5.95 ns (see inserted table
in Figure 6¢), which indicates the increased trap density. After
3% Cs alloying, the strain is not homogeneous and the impact
of the tensile strain cannot be ignored. The defect density in the
tensile domain increases due to the lower formation energy of
defects, such as MA* and I~ vacancies. These increased defects
would serve as the nonradiative centers to capture charge carri-
ers, which results in the enhanced nonradiative recombination
of carriers and the decrease of their lifetime.[*!] While Cs content
increases from 3% to 5%, 7, further decreases from 5.95 to 1.56
ns, possibly due to the higher Cs content causing the Cs segre-
gation and enhancing the strain heterogeneity. As a result, the
enhanced strain heterogeneity in 5% Cs alloyed perovskite films
leads to the increase in the trap density and the nonradiative re-
combination rate. The bandgap of perovskite films after 5% Cs
alloying remains unchanged (Figure S10, Supporting Informa-
tion).

3. Conclusions

Controllable regulation of strain in MAPbI, crystals was achieved
by using Cs alloying and by providing nano-substrates. Cs alloy-
ing can introduce compressive strain to the MAPDI; films with
a maximum of —1.19% (averagely) in 7% Cs alloyed perovskite
films in this study. This is due to the smaller size of Cs* oc-
cupying the A site in the MAPDI, lattice. The lattice contrac-
tion results in compressive strain. On the other hand, providing
nano-substrates can introduce tensile strain to the non-Cs alloyed
MAPDI, films with 0.27% (averagely) in this study. This could
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be caused by the nanocolumns on the nano-substrates increas-
ing the constraint on the nucleation and growth of the MAPbI,
crystals.

The homogeneity/heterogeneity of strain in different per-
ovskite films at nanoscale was revealed by using BCDI measure-
ments on the selected crystals. The pristine MAPDI, crystal with-
out Cs alloying on the flat-substrate exhibits good homogeneity
of strain distribution. Through 3% Cs alloying, the strain ho-
mogeneity is destroyed, as the strain starts to vary from tensile
to compressive, and both kinds of domains were found in the
crystals. This heterogeneity of strain should be the result of Cs
segregation. The nano-substrate application can also cause het-
erogeneity of strain in the perovskite film crystals, as nanostruc-
tural difference can influence the nucleation and growth of the
MAPDI, crystals. Atlow strain degree (—0.07%, absolute value), it
was found that the strain heterogeneity accelerates the decompo-
sition and the strain homogeneity inhibits the decomposition. At
high strain degree (more than —0.99%, absolute value), compres-
sive strain can significantly enhance the structural stability. Be-
sides these, it was found that the introduced compressive strain
via 3-7% Cs alloying could compact MA* cations and enhance
the dipole moment variation, which results in the enhanced in-
frared absorption capabilities. It was found that the strain hetero-
geneity would increase the trap density and enhance the nonra-
diative recombination of the carriers. The findings in this study
improve our understanding of strain engineering and application
of PSCs in the future.

Currently, the nonuniform distribution of strain in perovskite
films has attracted great attention of the researchers. Future re-
search could focus on the dynamic evolution and regulation of
the strain fields in perovskite materials. Thanks to the upgrades
to the diffraction-limited synchrotron sources and the applica-
tion of the machine learning techniques, fast data acquisition and
complex reconstruction are available for BCDI measurements,
which allows the researchers to investigate the material kinet-
ics at the nanoscale, such as the real-time dynamic strain evo-
lution in perovskite materials under operational conditions. Be-
sides, the higher temporal resolution would allow the study of
the rapid reaction processes of materials, such as the rapid charg-
ing/discharging of battery materials and the phase transition of
photoelectric materials.

4. Experimental Section

Preparations of MAPbI; Films: The precursor solutions were obtained
by mixing MAPbI; and CsPbl; in predetermined molar ratios, using a
solvent mixture of dimethyl sulfoxide (DMSO) and dimethylformamide
(DMF) with a volume ratio of DMSO: DMF = 4: 1. The 1 m precursor so-
lutions were stirred for 5 h until completely dissolved. The single crystal Si
wafers (diameter = 100 mm, single-sided polished) were purchased from
Suzhou Crystal Silicon Electronic and Technology Co, Ltd, China. The dop-
ing type is P-type doping (Boron doping) and the orientation is (100). The
Si wafers used in the process were categorized as follows: untreated ones
were called as flat-substrates, while those etched to feature nanocolumns
on their surfaces were called as nano-substrates. Both types of substrates
underwent a cleaning regimen that included DMSO, deionized water, and
a 5-min oxygen plasma treatment. The perovskite films were prepared
in a glove box filled with an argon (Ar) atmosphere. The process began
with dropping 30 pL precursor solution onto each substrate, followed by
a meticulous two-step spin-coating procedure (1000 rpm for 3 s and 2850
rpm for 45 s). Toluene was added 30 s before the end of spin coating. Af-
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Table 3. The names of the samples.

Samples of different cationic Name
configurations and substrates

MAPbI; on flat-substrate Flat-MA
Cs.01MA g5 Pbl; on flat-substrate Flat-Cs1
Csg.03MAg 47 Pbl; on flat-substrate Flat-Cs3
Csg.0s MAg g5 Pbl; on flat-substrate Flat-Cs5
Csg,07MA( 3 Pbl; on flat-substrate Flat-Cs7
MAPbI; on nano-substrate Nano-MA
Csg,01MA; g9Pbl; on nano-substrate Nano-Cs1
Csg93MA o, Pbl; on nano-substrate Nano-Cs3
Cs.0s MA 45 Pbl; on nano-substrate Nano-Cs5
Cs,07MA( 43 Pbl; on nano-substrate Nano-Cs7

ter spin coating, the intermediate phase films were annealed at 100 °C for
10 min to obtain the perovskite films. The films on flat-substrates were
named as Flat-MA (for those without Cs alloying) and Flat-Csx, where x
denotes the molar percentage of Cs (x=1, 3, 5, 7). Correspondingly, films
on nano-substrates were named as Nano-MA (Cs-free) and Nano-Csx. A
list of sample names can be found in Table 3.

Laboratory X-Ray and Electron Characterization: The XRD patterns
were recorded by a Brucker D8 Advance diffractometer, with 40 kV volt-
age and 40 mA working current. The scanning range of 26 is 10°-50°, with
step of 2° and speed of 2° min~'. The SEM images were obtained by a
Zeiss Sigma 300 VP machine with 3 kV voltage. The elemental analysis
was carried out by an EDS, Oxford X-MAX. The newly synthesized per-
ovskite films were placed in the glove box with Ar atmosphere at room
temperature for 30 d without exposure to light, oxygen, or moisture. The
new and the stored perovskite film samples were measured by XRD once
they reached the specific target storing time.

BCDI Measurements:  BCDI measurements were carried out at the 113-
1 beamline of the Diamond Light Source (UK) using X-rays with energy
of 9 keV. The diffraction patterns were recorded using an Excalibur X-ray
photon-counting detector, which was placed at a distance of 2.81 m from
the sample. The 26 during BCDI measurement is set to 12.5°, which cor-
responds to the (110) Bragg reflection of MAPbI; crystals according to
the XRD measurement. The samples were rotated with a step of 0.01°
around the Bragg peak within a range of 0.40° to collect the slices of
diffraction patterns to cover the full 3D diffraction patterns in reciprocal
space.

An iterative algorithm with error reduction and hybrid input—output
steps was used for reconstructions.[4?] The iterations were performed back
and forth between the diffraction patterns (in reciprocal space) and crys-
tal electron density (in real space). During each iteration, a support was
applied to the results in real space. The shrink-wrap method was used to
update the support during the iterations.[**] 300 iterations were used for
phase retrieval, in which full convergence of a chi-square error metric was
reached and the reconstruction was found to be reproducible from differ-
ent random starts.

Spectral Characterization: FTIR spectra were acquired using a Brucker
Tensor |l spectrometer, with the testing wavenumber ranging from 5998
to 400 cm™!. UV-vis spectra were recorded using an Agilent Cary 60 spec-
trometer. PL and TRPL were recorded using FLS 1000 photoluminescence
spectrometer, in which the excitation wavelength is 468 nm, with a step of
1 nm and a dwell time of 0.1 s. PLQY was calculated using the integration
sphere.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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