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ABSTRACT 
Halide perovskites are promising light-absorbing materials for high-efficiency solar cells, while the crystalline phase of halide perovskites may 
influence the device’s efficiency and stability. In this work, we investigated the thermally driven phase transition of perovskite (CsPbIxBr3−x), 
which was confirmed by electron diffraction and high-resolution transmission electron microscopy results. CsPbIxBr3−x transitioned from 
δ phase to α phase when heated, and the γ phase was obtained when the sample was cooled down. The γ phase was stable as long as it 
was isolated from humidity and air. A template matching-based data analysis method enabled visualization of the thermally driven phase 
evolution of perovskite during heating. We also proposed a possible atomic movement in the process of phase transition based on our in situ 
heating experimental data. The results presented here may improve our understanding of the thermally driven phase transition of perovskite 
as well as provide a protocol for big-data analysis of in situ experiments. 

I. INTRODUCTION

Halide perovskites are promising optoelectronic materials due 
to their solution-processability and are heavily researched for 
solar cell applications with high power conversion efficiencies.1–4 
Halide perovskites undergo phase transition induced by heating and 
other environmental stimuli, which can influence their photovoltaic 
performance.5,6 Taking CsPbI3 as an example, the classic cubic per- 
ovskite structure (α phase) is unstable at ambient conditions due 
to thermodynamic instability.7,8 α-CsPbI3 spontaneously lowers its 
symmetry and then transforms to a non-perovskite structure 
(δ phase) with double chains of Pb–I octahedra under humid 
conditions.9,10 Moreover, the cubic perovskite structure can be 
undercooled below its transition temperature and maintain its per- 
ovskite phase down to room temperature at the expense of twists 
of Pb–I octahedra (γ phase).8,11 Thus far, the mechanism of the 

thermally driven phase evolution has not been clearly explained at 
the atomic level. Since differences in lattice volume and the arrange- 
ment of Pb–I octahedra between the α phase and δ phase are 
significantly large,12 it is rather interesting to study time-resolved 
thermally driven phase evolution. In traditional experiments, x-ray 
diffraction (XRD) is usually used to confirm the phase of the bulk 
perovskite before and after the phase evolution, whereas nanoscale 
detailed structural information during phase evolution is missing. 
Therefore, a characterization method with a high spatial and tempo- 
ral resolution is needed. In situ transmission electron microscopy (in 
situ TEM) can provide in situ heating capability, and the nanoscale 
structural evolution of halide perovskites could be tracked by using 
a fast camera. 

However, it has been challenging to carry out in situ heating 
TEM experiments for halide perovskites so far. On one hand, halide 
perovskites are beam-sensitive,13,14 which means that prolonged 
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high-resolution TEM (HRTEM) imaging would cause serious struc- 
tural damage to the sample. On the other hand, CsPbI3 converts to 
cubic structure (α phase) at a rather high temperature (∼320 ○C), 
and therefore heating and imaging at high temperature would 
cause decomposition of CsPbI3 under the combined influence of 
electron beam irradiation and heat, hindering the observation of 
phase transition. To address these two issues, here, we come up 
with the following solutions. Instead of imaging, by using selected- 
area electron diffraction (SAED), the phase of halide perovskite 
can be confirmed and the time-resolved thermally driven phase 
evolution can be investigated under relatively low electron doses, 
avoiding the beam-induced structural damage. Furthermore, lower- 
ing the phase transition temperature of halide perovskite is possible 
through alloying. For example, by doping with Br element, the 
alloyed CsPbIxBr3−x (x ≤ 1) has a similar structure with CsPbI3 
but a lower phase transition temperature could be obtained. This 
has been confirmed by cathodoluminescence microscopy.15 Utiliz- 
ing the micro-analysis capability of TEM,14,16,17 here, the thermally 
driven evolutions of the three phases of CsPbIxBr3−x were directly 
observed and recorded in situ. 

The next question is related to the large datasets generated dur- 
ing the in situ heating experiments. How to analyze large datasets 
effectively and efficiently is becoming a matter of concern. Numer- 
ous efforts have aimed to solve this problem by taking advantage 

The temperature treatment of the CsPbIxBr3−x nanowires was con- 
trolled by an in situ heating holder with a ramp rate of 0.5 ○C/s, and 
the temperature was kept at 170 ○C for about 70 min. In the cool- 
ing process, the sample was directly cooled down from 170 ○C to 
room temperature within 1 s, after which the E-chip was stored in 
a glove box. The temperature of 170 ○C is chosen because the ther- 
mally driven phase transition can occur at this temperature and the 
nanowires will not be thermally decomposed. SAED of the nanowire 
indicated that the phase of CsPbIxBr3−x nanowires changed during 
the process so that it can be utilized to investigate the phase evo- 
lution. By capture of large quantities of SAED patterns with high 
temporal resolution, an in situ diffraction movie can be obtained. 
Utilizing the template matching-based analysis method that we have 
developed, structural evolution was revealed and discussed here in 
detail. 

B. Phase confirmation by low dose HRTEM
A typical electron dose for HRTEM imaging is about 104–105

e/Å2. In order to prevent the electron beam damage, low electron 
doses, about 800 e/Å2, were used when recording HRTEM. Wiener 
filtering was applied to HRTEM images in order to improve the 
signal-to-noise ratio and obtain high-quality images. Figure 2(a) 

of deep learning,18,19 image processing technology,20 and so on. In shows the initial morphology of a CsPbIxBr3−x nanowire on the sil- 
this work, a single in situ diffraction video contains thousands of 
diffraction patterns detailing the temporal information of the ther- 
mally driven phase evolution process. The conventional manual 
method analyzes diffraction patterns individually, which is highly 
time-consuming, and erroneous judgments may occur when the 
amount of data is large. Here, by developing an automatic diffrac- 
tion analysis method based on dimension reduction and template 
matching, the changes in the diffraction patterns of the phases can 
be revealed based on objective criteria, and consequentially artificial 
errors could be avoided. Based on these analysis results, a possi- 
ble atomic displacement model for the phase transition is proposed, 
which may be constructive to understanding the thermally driven 
phase transition. 

II. RESULTS AND DISCUSSION
A. Workflow of in situ TEM experiments

For in situ heating, an E-chip with a silicon nitride mem- 
brane film was applied to hold the sample, instead of a traditional 
TEM grid. A schematic of the E-chip is shown in Fig. 1(a). The 
CsPbIxBr3−x nanowires were transferred from the glass substrate, 
dispersed in isopropanol, and then drop-casted on the E-chips. 
Similar to the pure components CsPbI3 and CsPbBr3, CsPbIxBr3−x 
nanowires undergo thermally driven phase transition, as shown 
in Fig. 1(b). δ-CsPbIxBr3−x with non-perovskite phase is stable at 
room temperature, and it will transform to α-CsPbIxBr3−x with 
cubic perovskite phase upon heating. Moreover, a tetragonal per- 
ovskite phase β-CsPbIxBr3−x and an orthorhombic perovskite phase 
γ-CsPbIxBr3−x can be obtained in sequence after the temperature is 
reduced to room temperature. α-CsPbIxBr3−x has a classical cubic 
perovskite structure, while β-CsPbIxBr3−x and γ-CsPbIxBr3−x are 
generated by unique characteristic distortions in Pb–X octahedra. 
Figure 1(c) summarizes the brief process of the whole experiment. 

icon nitride membrane of the E-chip. The corresponding HRTEM 
images and Fourier transform patterns are displayed in Fig. 2(b). 
The Fourier transform pattern was indexed to be δ-CsPbIxBr3−x 
in [001] zone axis, confirming the CsPbIxBr3−x nanowire was ini- 
tially δ phase. δ-CsPbIxBr3−x shows the spacings of 3.3 Å for the 
(120) and the (120) lattice planes [Fig. 2(b)]. Here, the index of
CsPbIxBr3−x was referred to the crystal structure of δ-CsPbBr3, as
has been done in previous reports.15 Figure 2(c) shows the mor- 
phology of the CsPbIxBr3−x nanowire after phase transition when
the temperature has reached 170 ○C and been maintained for some
time. The HRTEM and its Fourier transform pattern are shown in
Fig. 2(d). Here, the nanowire has been tilted to a low-index zone axis
before HRTEM. Compared with the Fourier transform in Fig. 2(b),
the change of pattern indicates that the phase of this region has
changed. The Fourier transform in Fig. 2(d) was indexed to be α-
CsPbIxBr3−x in [111] zone axis. The lattice fringes of α-CsPbIxBr3−x
have interplan ar spacings of 4.2 Å, matched well, respectively, with
those of the (110) and the (101) planes. The measured interplanar
spacings for CsPbIxBr3−x have deviations of ∼0.1 Å from standard
CsPbBr3, and minor changes of lattice parameters are attributed to
the doping of I atoms in CsPbIxBr3−x.

Next,  the  thermally  driven  phase  transition  from  α- 
CsPbIxBr3−x to γ-CsPbIxBr3−x induced by cooling was also 
confirmed by HRTEM. The nanowires were directly cooled from 
170 ○C to room temperature rapidly, which was similar to the 
quenching process in preparing γ-CsPbIxBr3−x nanowire samples.11

Notably, due to the rapid cooling rate, the β-CsPbIxBr3−x in the 
cooling process is difficult to be observed. The γ phase was stable 
at room temperature, and it could be confirmed by checking the 
E-chip after the in situ experiments. The E-chip was stored in the
glove box filled with argon to protect the specimen from being
exposed to humidity and oxygen. γ-CsPbIxBr3−x phase was still
preserved when checking the HRTEM afterward.
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FIG. 1. Schematics of the experiments. (a) Schematic of in situ heating E-chip. (b) Schematics of the δ-CsPbIxBr3−x, α-CsPbIxBr3−x and γ-CsPbIxBr3−x crystal structures. 
(c) The evolution of in situ SAED patterns that represent the phase evolution of nanowires in real time. 

FIG. 2. Phase transition confirmed by HRTEM. (a) Morphology of a CsPbIxBr3−x 
nanowire at room temperature. (b) Corresponding HRTEM and Fourier trans- 
form pattern of the region marked by a white circle in (a). (c) Morphology of the 
CsPbIxBr3−x nanowire at 170 ○C. (d) Corresponding HRTEM and Fourier trans- 
form pattern of the region marked by white circle in (c). Low-dose HRTEM images 
are processed by a Wiener filter to achieve a higher signal-to-noise ratio. 

Figure 3(a) shows the morphology of the CsPbIxBr3−x nanowire 
observed in Fig. 2(c) after cooling. The corresponding SAED and 
HRTEM are shown in Figs. 3(b) and 3(c), where single-crystalline 
feature can still be seen. The diffraction [Fig. 3(b)] is different from 
that of α-CsPbIxBr3−x, indicating phase transition has occurred. The 
diffraction pattern is indexed to be γ-CsPbIxBr3−x in [102] zone axis, 
suggesting that the CsPbIxBr3−x nanowire converts to γ phase after 
cooling and being well preserved. HRTEM in Fig. 3(c) shows the 
(040) lattice planes of CsPbIxBr3−x nanowires, which is 2.9 Å. Lat- 
tice planes perpendicular to the (040) plane have a larger spacing in 

the reciprocal space, which means a smaller spacing in real space and 
is difficult to be distinguished. The thermally driven phase transition 
of another nanowire (Fig. S1) reproduces the evolution among δ, α, 
and γ phases, confirming the generality of the results in Figs. 2 and 3. 
Moreover, the nanowire in Fig. S1 was not continuously exposed to 
the electron beam during in situ heating experiment, indicating that 
electron beam-induced effects had little influence on the phase evo- 
lution of CsPbIxBr3−x nanowires, and thermal heat from the E-chip 
plays a major role. To compare with the cooled samples stored in the 
glove box, in another experiment, the cooled nanowire was charac- 
terized once obtained (Fig. S2) and was indexed to be γ-CsPbIxBr3−x, 
indicating that γ-CsPbIxBr3−x was formed as soon as the tempera- 
ture dropped. Therefore, it can be concluded that the as-obtained 
γ-CsPbIxBr3−x phase is more stable at room temperature in the inert 
environment than halide perovskite in a humid environment.9,21 
Thus far, the observation of thermally driven phase transition of 
CsPbIxBr3−x perovskite nanowires from the δ phase to α phase and 
from the α phase to γ phase has been confirmed in TEM, making 
use of in situ heating chips. Since the ex situ HRTEM provides only 
the snapshot results and the time-resolved information of the evo- 
lution process is missing, the next question is how these crystalline 
phases evolve in real-time. As mentioned before, in order to avoid 
serious beam damage to the nanowires under the prolonged in situ 
HRTEM exposure, in the following, the thermally driven phase evo- 
lution was revealed by recording and analyzing SAED patterns at 
lower magnifications and much lower dose rates. 

C. Phase evolution revealed by in situ
electron diffraction

The thermally driven phase evolution was monitored by 
recording in situ SAED patterns, whereas a typical in situ SAED 
movie (Movies S1–S3) contains ∼12 000 frames, which means that 
the dataset can hardly be analyzed manually. In addition, subtle dif- 
ferences in SAED movies during phase evolution are also difficult to 
be distinguished manually. Therefore, a template matching-based20 
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diffraction big-data analysis method combined with data dimension 
reduction was utilized to solve this problem, and the schematic is 
shown in Fig. 4. 

The whole process of the template matching method can be 
divided into three steps: template generation, template refinement, 
and template matching. As shown in Fig. 4(a), principal components 
analysis (PCA) was introduced to perform data dimension reduc- 
tion. This is similar to that in face recognition technology, where 
PCA is applied to get a series of so-called eigenfaces, and then any 
face can be obtained by a combination of several eigenfaces. In the 
same way, this data dimension reduction method was applied to ana- 
lyze in situ SAED movies. To generate templates, mini-batches were 
extracted from the whole dataset and applied with PCA. Since the 

heating reaction only contained δ-CsPbIxBr3−x and α-CsPbIxBr3−x, 
two main principal components, i.e., eigen-patterns, represent these 
two phases after PCA [Fig. 4(a)]. After that, the initial templates are 
obtained [in the right of Fig. 4(a)] by applying an intensity mask to 
the eigen-patterns. The details of eigen-patterns and the weight of 
the two main principal components over time are shown in Figs. S3 
and S4. Since PCA is a mathematical data analysis method, the phys- 
ical meaning of initial templates extracted from PCA results needs 
to be revealed and errors need to be eliminated. Based on the partial 
rotation average of standard diffraction patterns applied to the ini- 
tial templates, the identification of phases was achieved [Fig. 4(b)]. 
To be noted that, there are a few weak diffraction spots (2–3 spots) 
in the pattern, which do not belong to either one of the two phases, 

FIG. 3. Phase transition induced by cool- 
ing. (a) Morphology of the CsPbIxBr3−x 
nanowire after cooling and being stored 
in the glove box for a month. (b) SAED 
of the region marked by a white circle 
in (a). (c) Corresponding HRTEM image. 
HRTEM is processed by a Wiener filter 
to achieve a higher signal-to-noise ratio. 

FIG. 4. Schematic of the template match- 
ing method for big-data analysis. (a) 
Generation of the initial templates. (b) 
Refinement of the initial templates with 
partial rotation average and dilating. 
(c) Matching the data with the refined
templates. 
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in the [001] zone axis. Comparing the initial state [Fig. 5(a)] 
with the first snapshot when the temperature reaches 165.8 ○C 
[Fig. 5(b)], there was no obvious change in the diffraction pattern 
during the heating process, indicating that CsPbIxBr3−x remained 
in δ phase. After reaching 170 ○C, the diffraction spots of α- 
CsPbIxBr3−x appeared at 436.42 s [Figs. 5(c) and 5(d)], which were 
indicated by green square in corresponding color, matched well 
with (211) planes of α-CsPbIxBr3−x, and more and more α-spots 
appeared over time [Fig. 5(e)]. Meanwhile, the diffraction spots of 
δ-CsPbIxBr3−x labeled in red gradually vanished and SAED pat- 
terns were dominated by diffraction spots of α-CsPbIxBr3−x labeled 
in green [Figs. 5(f)–5(i)]. It could be seen from Fig. 5(i) that the 
diffraction pattern deviated from the low-index zone axis, so we 
tilted the specimen back to zone axis for better confirmation after 
the diffraction pattern was stable and unchanged [Fig. 5(j)]. The 
SAED pattern was indexed to be α-CsPbIxBr3−x in the [011] zone 
axis. Figures 5(k) and 5(l) show the morphology and HRTEM of 
the nanowire after phase transition, and the white circle repre- 
sents the aperture area where in situ SAED patterns were acquired. 
T he α-CsPbIxBr3−x shows the spacings of 2.9 and 3.4 Å for the 
(200) and the (111) lattice planes, respectively. Phase evolution data
points in Figs. 5(a)–5(i) were marked by sticks in different col- 
ors in Fig. 5(m), which represent the appearance of δ-CsPbIxBr3−x
(red) and α-CsPbIxBr3−x (green). The delay between reaching 170 ○C
and the onset of the phase transition may cause by poor thermal
diffusivity of the sample or the non-uniform heating of the sample
cell. The entire phase evolution was rapid, changing from a diffrac- tion pattern of δ-CsPbI Br to a diffraction pattern dominated by 

x  3−x 

and they are defined as secondary spots. These secondary spots were 
removed and will not be involved in the following analysis. The ori- 
gin of these secondary spots may come from the impurities on the 
nanowire surface or tiny impurity particles that have been included 
inside the selected-area aperture [as can be seen in Fig. 5(k) in the 
following]. After that, the templates were dilated for better match- 
ing accuracy in the next step (see the supplementary material for 
details). In the next stage [Fig. 4(c)], the SAED patterns were com- 
pared to the refined templates and different phases were labeled by 
different colors. Once the templates have been refined, the SAED 
patterns in each frame are labeled by using the template matching 
method, and labeled diffraction spots of each phase are shown in 
the same color as the refined template. This operation is repeated 
automatically until the whole datasets are processed, and hence the 
efficacy of the template matching method is far greater than manual 
analysis. 

The corresponding analysis result of the SAED patterns in 
in situ heating experiments (Movies S1–S3) is shown in Fig. 5. 
Two templates representing δ-CsPbIxBr3−x and α-CsPbIxBr3−x are 
used in the analysis, and corresponding diffraction spots are marked 
in red and green, respectively. Nine representative SAED pat- 
terns are shown in Figs. 5(a)–5(i), and the temperature control 
for CsPbIxBr3−x nanowires heating up to 170 ○C at a ramp rate of 
0.5 ○C/s is provided in Fig. 5(m). In the initial state [Fig. 5(a)], 
only the diffraction spots from δ-CsPbIxBr3−x were found. The cor- 
responding diffraction pattern was indexed to be δ-CsPbIxBr3−x 

α-CsPbIxBr3−x in about 150 s. 

D. A possible atomic movement trajectory
proposed based on TEM observations

For the thermally driven phase transition, δ-CsPbIxBr3−x con- 
verts to α-CsPbIxBr3−x with a 7% increase in volume and atom 
rearrangement,12 and therefore it is interesting to understand how 
the atoms move and re-arrange during the phase transition. Based 
on the in situ SAED movies, the initial state (δ-CsPbIxBr3−x in 
the [001] zone axis) and final state (α-CsPbIxBr3−x in the [011] 
zone axis) can be confirmed, which provides a basic framework for 
discussing the atomic motion during the transition from the ini- 
tial to final state. The three-viewing drawing of δ-CsPbIxBr3−x and 
α-CsPbIxBr3−x is shown in Fig. 6(a), and two top views of lattice are 
δ-CsPbIxBr3−x in the [001] zone axis and α-CsPbIxBr3−x in the [011] 
zone axis. It can be seen from the three-viewing drawing that the 
two lattices are very different in the structure of the Pb–X octahe- 
dra. For δ-CsPbIxBr3−x, the Pb–X octahedra, which are indicated by 
green rectangles, are edge sharing, forming a special double chain 
structure; On the contrary, the Pb–X octahedra in α-CsPbIxBr3−x 
are corner sharing, which is the classical perovskite structure. There- 
fore, the double-chained Pb–X octahedra structure was extracted 
and analyzed specifically. 

Figures 6(b)–6(e) demonstrates the possible trajectory of the 
atomic movements of the double chain structure during the ther- 
mally driven phase evolution. A 3 × 1 × 1 supercell of double- 
chained Pb–X octahedra is generated in order to better show the 
atomic movements. In Fig. 6(b), the initial stage of double-chained 
Pb–X octahedra is shown, and parts of the Pb–X bonds are marked 
in red. These bonds could first be cleaved by heating. On one hand, 

FIG. 5. In situ diffraction revealing phase transition. Snapshots from the diffrac- 
tion movie at (a) 0 s, (b) 286.12 s, (c) 351.74 s, (d) 436.21 s, (e) 511.68 s, (f) 
540.00 s, (g) 553.65 s, (h) 562.94 s, and (i) 583.69 s. Spots from different phases 
are labeled in colors (red represents δ-CsPbIxBr3−x, and green represents α- 
CsPbIxBr3−x). (j) SAED acquired after specimen tilting. (k) TEM morphology of 
the α-CsPbIxBr3−x nanowire after heating. (l) Corresponding HRTEM image. (m) 
Temperature vs time. Phase evolution data points in (a–i) are marked by sticks 
in different colors (red represents the appearance of δ-CsPbIxBr3−x, and green 
represents the appearance of α-CsPbIxBr3−x). 



The Journal 
of Chemical Physics 

ARTICLE 

 

FIG. 6. The proposed atomic movements for phase transition (a) Three-viewing drawing of δ-CsPbIxBr3−x, α-CsPbIxBr3−x. (b) Three-viewing drawing of edge sharing Pb–X 
octahedra in δ-CsPbIxBr3−x. Broken bonds are marked in red. (c) Unfolding of Pb–X chains and generation of Pb–X atom columns. (d) Position adjustment of Pb–X atom 
columns (e) Final result leading to corner sharing Pb–X octahedra in α-CsPbIxBr3−x (f) Reconstruction of α-CsPbIxBr3−x with the proposed atomic movements. 

this bonding cleaving enables the freedom of atomic movement and 
the next unfolding steps. On the other hand, two closest Pb atoms 

are linked by two Pb–X–Pb bonds in double-chained Pb–X octahe- 
dra, whereas there is only one Pb–X–Pb bond between two closest 

Pb atoms in α-CsPbIxBr3−x; hence, parts of the Pb–X bonds are 
proposed to be cleaved in order to match the structure of the α phase. 

After this initial bond breaking, the next step is the genera- 
tion of Pb–X atom columns [Fig. 6(c)]. The corresponding Pb and 
X atom movements are marked in yellow arrows, and the zigzag dis- 
tribution of Pb–X atoms chain, which is marked in yellow bonds, 
can become Pb–X atom columns in classic perovskite structure by 
simply unfolding, leading to the increase in volume. Moreover, the 
Pb atoms in the two Pb–X columns are not on the same horizon- 
tal position. Therefore, the two columns of atoms need to shift as 

shown by the red arrows to align the Pb and X atoms during the 
unfolding process. As shown in the left view, the same operation is 
performed, which aligns the other direction of the atom columns in 
the three-dimensional space. It is noteworthy that the proposed gen- 
eration of Pb–X atom columns could be the most likely way as other 
possible trajectories may have higher energy barriers. Apart from the 
chosen X atoms as proposed, another X atom columns linked later- 
ally to Pb atoms can be excluded because there must be a X atom 
column between the two Pb–X atom columns in the α phase. More- 
over, for X atom columns linked vertically to Pb atoms, as the X and 
Pb atoms are on the same plane, it is quite difficult to generate a 
Pb–X atomic column due to the steric hindrance effect. Therefore, 
the Pb–X atomic column is more likely to be obtained from the 
unfolding of Pb–X chains as marked in yellow circles. 
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The next step is to adjust the relative position of the X atom 
columns and Pb–X atom columns [Fig. 6(d)]. In the standard per- 
ovskite structure, two closest Pb–X columns are on the edges of 
the lattice and in a straight line, but two Pb–X columns in the 
front view do not meet this condition. Hence, the Pb–X columns 
marked by yellow circles need to move along the yellow arrow; 
meanwhile, X atom columns and Pb–X atom columns should adjust 
the position in order to make the lattice constant match that of 
α-CsPbIxBr3−x. The final result of the double-chained Pb–X octahe- 
dra after these atomic movements is shown in Fig. 6(e), which forms 
an α-CsPbIxBr3−x fundamental unit as marked in green rectangles 
in Fig. 6(f). Another series of double-chained Pb–X octahedra are 
axisymmetric to the structure in Fig. 6(b) before the phase evolu- 
tion. Therefore, the structure after the phase transition should also 
be axisymmetric to the final result in Fig. 6(e), which is marked in 
purple rectangles in Fig. 6(f). Through the combination of the two 
structures marked in green and purple, the complete α-CsPbIxBr3−x 
structure is obtained. The movement of Cs atoms could be much 
easier than Pb–X octahedra. The Cs atoms only need to adjust the 
position in the three-dimensional space and enter the gap of the 
structure in Fig. 6(e). Overall, the proposed atomic movements suc- 
cessfully reconstructed the phase evolution process based on the 
experimental in situ SAED results. However, it should be noted that 
a rigorous model for structure evolution requires further support 
from direct atomic-scale imaging and theoretical simulations, which 
deserves future investigations. 

III. CONCLUSIONS
In summary, the thermally driven phase transition of

CsPbIxBr3−x was studied in situ inside the TEM. δ-CsPbIxBr3−x con- 
verts to α-CsPbIxBr3−x after heating, while α-CsPbIxBr3−x converts 
to γ-CsPbIxBr3−x after cooling. A template method was developed 
for analyzing the big data of in situ SAED movies, which successfully 
reveal detailed information of the phase evolution. δ-CsPbIxBr3−x in 
the [001] zone axis converted to α-CsPbIxBr3−x in the [011] zone 
axis in the in situ heating experiment. On this basis, a possible atom 
movement trajectory was proposed to recover the process of phase 
transition. It explains the increase of lattice volume during phase 
evolution, which could be caused by the unfolding of the Pb–X 
chain. The microstructure analysis provides a better understanding 
of the thermally driven phase evolution for halide perovskites. More- 
over, the big data analysis based on the data dimension reduction 
and template method we have developed may be applied to other 
material systems including phase change, which is worth expecting. 

IV. METHODS
A. Materials

For the TEM specimen preparation, CsPbIxBr3−x nanowires
synthesized by surfactant-free solution method, isopropanol [high- 
performance liquid chromatography (HPLC), 99.80%, from damas- 
beta], were used. 

B. Transmission electron microscopy
TEM experiments were performed on the JEOL JEM-F200

microscope. An in situ heating holder (Protochips Fusion 350) was 

used to carry out in situ heating experiments. Images and diffraction 
data were obtained by a Gatan RIO 16 camera. 

SUPPLEMENTARY MATERIAL 

See the supplementary material for the ex situ morphology and 
SAED patterns of another nanowire in the in situ heating experi- 
ment; ex situ morphology and SAED patterns of another nanowire 
after cooling; the details of eigen-patterns and the weight of the two 
main principal components over time in PCA; and three movies 
showing the evolution of diffraction spots. The diffraction spots 
were labeled and colored by using the template matching method. 
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