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Photoelectronic mechanism investigation of the structural
transformation of CH;NH;Pbl; perovskites from a
subnanosheet to a microwire

A subnanosheet CH;NH;Pbl; perovskite was successfully
structurally transformed into a microwire shape via
temperature tuning and solvent effects. The photoelectronic
characteristics of both types of CH;NH,Pbl; perovskite were
investigated, and the structural transformation mechanism
was demonstrated in experimental and theoretical. This
study provides insight into the characteristic differences

of CH;NH;Pbl; upon structural transformation and offers
suggestions for choosing a suitable perovskite structure

for an application.
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Photoelectronic mechanism investigation of
the structural transformation of CH;NHzPbl;
perovskites from a subnanosheet to a microwire

Yunjia Wang, Junle Qu 2 * and Qiao Wen (2 *

In this work, a subnanosheet CH3NHzPbls perovskite with a side length of 260 nm was successfully
structurally transformed into a microwire shape with a radius of 1.8 um and a length of 4.2 um via
temperature tuning and solvent effects. The photoelectronic characteristics of both types of CH3zNHzPbls
perovskite were investigated, and the structural transformation mechanism was demonstrated. TEM results
showed that the crystal distance increased from 0.254 nm to 0.325 nm when the subnanosheet structure
CH3zNH=Pblz perovskite transformed into the microwire shape. The rotation angle of the covalent bond
decreased by 3.92°, based on the TEM results, which was attributed to the subnanosheet having a
0.03 eV lower energy than that of the microwire shape, as characterized by the fluorescence spectrum.
Further analysis of the structural transformation was performed by employing a DC constant power
source and a laser source at a wavelength of 446 nm. Experimental results showed that the resistance
of the subnanosheet decreased from 14 Q to 13.5 Q under an applied voltage of 1 V and from 18 Q to
15.5 Q under an applied voltage of 5 V, which has the largest reducement ratio of resistance reaching
12.5% when it transformed into a microwire. Compared to the microwire-shaped CHzNHzPblz
perovskite, the power absorption of the subnanosheet was 25% to 50% higher when the incident power
ranged from 115 W to 0.25 W. This study provides insight into the characteristic differences of
CH3sNH=Pbls upon structural transformation and offers suggestions for choosing a suitable perovskite

rsc.li/materials-advances structure for an application.

1 Introduction

CH;3NH;PDbI;, as an organic-inorganic metal halide (OIMH)
perovskite absorber, has drawn much attention due to its power
conversion efficiency (PCE) and played a promising role in the
development of next-generation two-dimensional materials.'™®
Most application research on the CH3;NH;PbI; perovskite is
correlated with its morphology or structure. For example, strip-
shaped CH3;NH,;PbI; perovskites have been mainly reported
for solar cell applications, while subnanosheet CH;NH;PbI;
have mostly been applied to mode locking of lasers and
other optical applications.”'® However, different constructions
of CH3;NH;PbI; perovskites are basically dependent on the
preparation methods.'* To date, two common methods have
been used for preparing CH;NH;PbI; perovskites: one-step and
two-step methods.">™* Compared to the two-step method, the
one-step method mainly involves mixing PbI, and CH;NH;,I in
a solvent to form a CH3;NH;PbI; film. Although the one-step
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method is rather convenient for obtaining perovskites,">™”

changing the morphology or the structure by only dissolving
organic and inorganic precursors appears to be difficult. In
contrast, the two-step method involves first preparing a Pbl,
film by a spin coating method and subsequently reacting it with
a CH;NH;I film to obtain CH;NH;PbI; perovskites.'®™2*
Compared to the one-step method, the two-step method can
be used to slightly tune the morphology or the structure by
changing the composition and concentrations of the Pbl, and
CH;NH;I films or by changing the spin coating method, but
achieving structural transformation under complex conditions
is still difficult.>*>* Therefore, more improved methods should
be developed to obtain ideal CH;NH;PbI; perovskites and apply
them to optical and electrical applications. In 2013, a strip-
shaped perovskite as a solar cell absorber with a PCE of 9.5%
was prepared by an improved two-step method, and in the same
year, a higher PCE of a solar cell with a strip-shaped
CH;3NH;PbI; perovskite obtained by improved methods was
also reported. However, the mechanism of this higher PCE
solar cell with a strip-shaped absorber structure was seldom
demonstrated in the research.>*® In 2017, a CH;NH,Pbl;
perovskite with a nanosheet structure was prepared by the

This journal is © The Royal Society of Chemistry 2020
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chemical vapor deposition (CVD) method and used for ultrafast
pulsed fiber lasers, achieving stable soliton state mode
locking.?® In the next year, Dong et al. proposed a solvent-
assisted thermal-pressure strategy to promote the secondary
growth of CH;NH;PbI; perovskite grains in the film, and as a
result, photodetectors based on the high-quality perovskite film
exhibited enhanced optoelectrical performance.?® In the same
year, a higher performance photodetector was also reported
by applying a subnanosheet CH;NH;PbI; perovskite, but the
reason why the hexagonal shape was employed was hardly
mentioned.*’ Furthermore, the optoelectrical characteristics
of CH3;NH;Pbl; perovskites with different morphologies
or structures for application were seldom considered or demon-
strated when the structural transformation occurred.**™*
In addition, the growth mechanism of perovskite crystals
has rarely been discussed, and the solvent effect was seldom
noted in applications, nor were the optoelectrical differences
of CH;NH;Pbl; perovskites with different morphologies or
structures.?*®

In our study, subnanosheet and microwire-shaped CH;NH;Pbl;
perovskites were synthesized by an improved two-step method,
and the morphology or the structure was tuned by the solvent
effect and the reaction temperature of Pbl, and CH;NH;I. The
photoelectric properties of the different structure CH;NH;Pbl;
perovskites were analyzed by UV-vis absorption spectroscopy,
fluorescence spectroscopy, and Raman spectroscopy and using
a DC constant power source. The subnanosheet perovskite
showed better optical characteristics and weaker conductivity
than the microwire-shaped CH3;NH;Pbl; perovskite, and the
results demonstrated the mechanism of optoelectronic change
due to the CH3NH;PbI; perovskite structural transformation,
which may be helpful for optimizing the optoelectronic char-
acter of the CH;NH;PbI; perovskite and widening CH;NH;PbI;
perovskite applications.

2 Results and discussion

The flowchart in Fig. 1 shows the experimental processes
involved in the preparation of the CH3;NH,;PbI; perovskite. As
depicted, certain amounts of CH3;NH;I crystals and PbI, crys-
tals were dissolved in DMF solvent and reacted by the two-step
method with stoichiometric coefficients. The reaction process
was as follows:

CH,NH,I + Pbl, — CH;NH,PbI, 1)

The reaction was conducted in a nitrogen air atmosphere,
not only to prevent the CH;NH;PbI; perovskite from reacting
with O,, but also to avoid the DMF solvent from evaporating
from the solution with the increasing temperature. The Pbl,
solution was added dropwise to ensure a smooth and steady
structural transformation. After the reaction process, sample
one was transferred to silica by a spin coating method for
morphology characterization, as was sample two.

Fig. 2(a) shows a SEM image of sample one. As depicted, the
prepared perovskite particle exhibited a regular hexagonal shape,
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Fig. 1 Schematic illustration of the fabrication of the CHzNHszPbls
perovskite.
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Fig. 2 (a and b) SEM image of the CH3NHzPbls perovskite prepared at
room temperature; (c and d) SEM image of the CHsNH3zPbls perovskite
prepared at 80 °C.

and the side length of the subnanosheet perovskite was
approximately 260 nm, as shown in Fig. 2(b). However, with
the increase in the temperature to 80 °C, the structure was
successfully transformed, as shown in the SEM image in
Fig. 2(c). As depicted, the prepared perovskite particle exhibited
a strip shape, with a length of approximately 4.2 pm and a
width of approximately 1.8 pm, as shown in Fig. 2(d). We
observed this phenomenon for two reasons: first, the DMF
solvent applied during the preparation restricted the crystal
growth, which ensured the overall shape of the CH;NH;PbI;
perovskite, but such restriction may differ in different directions;
second, the thermodynamic factor played an important role
in the crystal growth of the CH3;NH;PbI; perovskite, which
accelerated the structural transformation due to the thermal
energy. More details of the transformation mechanism will be
discussed below.

Fig. 3 shows the lattice fringes of the two different shaped
perovskites, characterized by TEM to further study the inner
structure. As depicted, the distance between the lattice fringes

Mater. Adv., 2020, 1, 3208-3214 | 3209
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Fig. 3 (aand b) Lattice fringes of different CH3sNHzPbls perovskite crystals
characterized by TEM.

was 0.254 nm for the subnanosheet-shaped perovskite, while
the distance was increased to 0.325 nm for the microwire
shape. The results suggested that the inner structure of the
CH;NH;PbI; perovskite was modified due to the thermody-
namic factor in the reaction.

Fig. 4 shows a schematic illustration of the structural
transformation of the perovskites influenced by the thermo-
dynamic and solvent effects. As depicted, the purple balls, blue
balls, and yellow balls represent the iodine atoms, CH;NH;
groups, and lead atoms, respectively. The CH;NH;Pbl; perov-
skite forms a tetragonal crystal with such atoms in a tempera-
ture range from 0 °C to 120 °C.* In this structure, the iodine
atoms located at the four sides of the tetragonal body are less
stable than those on the upper and lower surfaces, resulting in
easy rotation of the CH;NH; group covalent bond with extra
energy. In our work, the CH;NH;PbI; perovskite was dispersed
in DMF solvent, and the hexagonal shape tended to more easily
form at room temperature because the direction restriction for
the solvent was the same as that for the perovskite. However,
the structure of the perovskite was modified with the increasing
temperature and with the help of the DMF solvent due to the growth
of the crystal, resulting in an increase in the lattice distance from
0.254 nm to 0.325 nm. This result indicated that such a change in
the structure may alter the photoelectronic properties and
stability of the perovskite, and further investigation of these two
CH;NH;PbI; perovskites should be performed in a future study.

Fig. 5 shows the XRD analysis of these perovskites. The two
samples were dried to a powder and subjected to incident
X-rays at different diffraction angles ranging from 20° to 80°.
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Fig. 4 Schematic illustration of the structural transformation of the
CH3NHzPbls perovskite.
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Fig. 5 XRD spectral analysis of different CHzNHzPbls perovskites. (a)
Diffraction angle range from 20° to 35°; (b) diffraction angle range from
35° to 50°; (c) diffraction angle range from 50° to 65°; and (d) diffraction
angle range from 65° to 80°.

All the characteristic diffraction peaks of the CH3;NH;Pbl;
perovskite are exhibited in the spectra, confirming the success-
ful synthesis of CH3;NH,;PbI;. The diffraction intensity of
the hexagonal perovskite crystal was significantly higher than
that of the strip shape crystal, which indicated that good
crystallizability was achieved for the hexagonal perovskite,
and the lattice plane reflection was more intense due to the
occurrence of covalent bond rotation and crystal growth. In
addition, rather sharp peaks could be found in the spectra of
the hexagonal perovskite, which were at diffraction angles of
approximately 23°, 24.5°, 26°, 28°, 31.5°, 36.5°, 39°, 41°, and
43.5° indicating a higher regularity and symmetry of the hexago-
nal shape than that of the strip shape; however, evidently broader
peaks were found at diffraction angles of 52.5°, 55°, 61°, 62.5°, 67°,
68.5°, 74° and 77° for the hexagonal structure, and certain
diffraction peaks, for example, those at angles of approximately
52.5° and 55°, showed little change compared to those of the strip-
shaped CH;NH;Pbl; perovskite. These results suggested that the
increase in the lattice distance may be due to the covalent bond
rotation and growth of the perovskite crystal, resulting in a
variation in the diffraction of the CH;NH;PbI; perovskite crystal
lattice, but more details need to be researched.

A schematic illustration of XRD characterization is shown in
Fig. 6. As depicted, X-ray with a certain wavelength impinges
on the atoms of the perovskite crystal, and the propagation
direction is changed due to the surface reflection of the atoms.
Additionally, incident diffraction also occurs when the X-rays pass
through the space between two atoms. However, the reflection angle
is altered with the position variation of the atoms, which results in a
change in the lattice distance that correlates with the diffraction
angle according to Bragg’s law, expressed as follows:*!

k2 = 2dsin0, (2)

where kA represents an integral multiple of the wavelength,
d is the lattice distance and 0 is half the diffraction angle.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Schematic illustration of XRD for the structural transformation of
the CHzNH=zPbls perovskite.

We assumed that the diffraction angles of sample one and
sample two were 0, and 0,, respectively. The deviation of the
diffraction angle was A0, which was correlated with the cova-
lent bond rotation angle of the CH;NH;PbI; perovskite. Here,
the value of k was regarded as 1, and the corresponding
deviation value could be calculated as follows:

0.154 0054 o
2x 0254 MOMIT0325 7 077
(3)

As shown, the diffraction angle decreased by 3.93° due to the
increase in the lattice distance, as characterized by TEM.

To further investigate the photoelectronic difference of
these two CH;NH3Pbl; perovskites, more experiments were
performed using spectroscopy. Fig. 7(a) and (b) shows the
emission spectra and excitation spectra of these two samples.
As depicted, the two emission spectra exhibited similar shapes,
and two emission peaks were evidently found in sample one
and sample two when excited by an incident wavelength of
360 nm. Compared to those for the strip-shaped CH;NH;PbI;
perovskite, the two emission peaks for the hexagonal-shaped
perovskite, which were at approximately 480 nm and 515 nm,
were both enhanced; in addition, a redshift of 5 nm was
also found for the peak located at 515 nm. However, a much
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Fig. 7 (a) Emission spectra of different shaped CHsNHzPbls perovskites;

(b) excitation spectra of different shaped CH3zNHzPbls perovskites; and
(c and d) schematic illustration of the fluorescence mechanisms for
different shaped CH3zNHzPbls perovskites.
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higher excitation intensity was achieved for the hexagonal
CH;NH;PbI; perovskite than for the stripe-shaped CH;NH;PbI;
perovskite, as shown in the excitation spectra, suggesting that a
higher excitation efficiency was achieved with the hexagonal
CH;3NH;PbI; perovskite. Fig. 7(c) and (d) shows a schematic
illustration of the fluorescence emission mechanisms. The
CH;NH;PbI; molecule jumps from the ground state to the excita-
tion state via energy absorption when excited by the incident
beam. Due to the rotation of the covalent bond and crystal growth
in the y-axis direction for the strip-shaped perovskite, the
excitation cross-section became narrowed, contributing to the
lower excitation efficiency. After being in the excitation state,
the CH3;NH;PbI; molecule rapidly returns to the ground state
with radiation and energy loss during emission, along with the
occurrence of internal conversion or vibrational relaxation. Due
to the higher symmetry and stability of the hexagonal structure,
it possessed a 0.03 eV lower energy than the strip-shaped
CH;3;NH;PbI; perovskite, calculated according to the Planck
equations as follows>®

AE:EI—Ezih—C—h—C:O.O?)eV. (4)
A A

The calculation result indicated that the redshift in the
emission spectra around a wavelength of 515 nm further
demonstrated the structural transformation of the CH;NH;PbI,
perovskite, resulting in a stability difference.

Fig. 8(a) shows the results of further investigation of these
two samples using Raman spectroscopy excited by an incident
laser with a wavelength of 632 nm. As depicted, the overall
Raman scattering signal was weaker for the hexagonal-shaped
CH;3;NH;PbI; than for the strip-shaped CH3;NH;PbI;. In addi-
tion, redshifts of the C-C and C-N vibrations at approximately
1500 cm™ " and 1750 cm ™", respectively, were observed in the
hexagonal-shaped CH;NH;Pbl; compared to the strip-shaped
CH;3;NH;PbI;. The electrons around the perovskite molecules
interact with photons when excited, leading to 3D atomic
vibration, and polarization occurs, as shown in Fig. §(b). In
addition to the 3D vibration, the electrons also travel around
the hexagonal plane that consists of atoms but not around the
microwires, which could stabilize the CH;NH;PbI; molecule
and weaken the polarization. The results suggested that lower
scattering was achieved for the hexagonal-shaped CH;NH;PbI;
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Fig. 8 (a) Raman spectra of different shaped CHz;NH3zPbls perovskites and
(b) schematic illustration of the Raman scattering for different shaped
CH3NH=Pbls perovskites.
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perovskite and further confirmed the higher stability of the
hexagonal-shaped CH3;NH;PbI; perovskite due to its symmetry.

Photon capture is a critical factor for a CH;NH;PbI; perov-
skite when applied to optoelectronic research, such as solar cell
applications or photodetector applications.”®" Fig. 9(a) shows
the UV-vis spectra of the two samples. As depicted, broad
absorption across the UV-vis region was found for both sam-
ples; however, the hexagonal-shaped CH;NH;PbI; exhibited
higher absorption than the strip-shaped CH;NH;PbI;. In addi-
tion, the absorption peak originated from the transition of
unbound electrons, which was located at approximately 380 nm
for the strip-shaped CH;NH;PbI;, while a redshift of ~20 nm
was observed for the hexagonal-shaped CH;NH;Pbl;. The
energy deviation after structural transformation can be calcu-
lated according to the following equation:

he  he

AE:E2_E1:A_2_Z

_6.63x 1073 x 3.0 x 10°  6.63 x 1073 x 3.0 x 10°
B 3.8 x 107 4.0 x 10-7

=0.16¢eV. (5)

The calculation results suggested that the redshift of the
absorption peak for the hexagonal CH;NH,PbI; was attributed
to the electron conjugation effect and the higher symmetry of
the structure, which may explain the higher fluorescence
excitation efficiency. Fig. 9(b) shows the absorption measure-
ment results of these two samples when subjected to an
incident laser with a wavelength of 468 nm for further demon-
stration of the absorption mechanism. Here, we defined the
absorption ratio oy as follows:

- [‘727 (6)

where P; is the absorbed power and P, is the initial power of the
incident laser. As depicted, the absorption ratio increased for
both perovskites with the increasing initial power from 0.25 W
to 1.15 W. However, the absorption ratios of the hexagonal-
shaped CH;NH;PbI; were all higher than those of the strip-
shaped CH3;NH;PbI;, and the highest absorption increase of
50% was achieved for the hexagonal-shaped CH;NH;PbI; for an
initial incident power of 0.25 W. These results well coincided
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Fig. 9 (a) UV-vis spectra of two different shaped CH3zNHzPblz perovskites
and (b) absorption measurement of two different shaped CHsNHzPbls
perovskites, subjected to an incident laser with a wavelength of 468 nm.
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Fig. 10 Experimental scheme of resistance measurement for different
CH3NH=Pbls perovskites.

with the UV-vis spectrum characterization and further sup-
ported the above studies.

In addition to photon capture, the conductivity is another
important factor for solar cell application.**° Fig. 10 shows
the experimental scheme of the conductivity investigation,
which was performed on the CH;NH;PbI; perovskite combined
with ITO glass under different voltage excitation. As shown in
Fig. 11(a), the resistance of the hexagonal-shaped CH;NH;PbI;
decreased from 14 Q to 13.5 Q under an applied voltage of 1 V
when it transformed into a microwire shape, and the largest
decrease of 2.5 Q, from 18 Q to 15.5 Q, was achieved when the
applied voltage was 5 V. To the best of our knowledge, the
resistance of the CH3;NH;PbI; perovskite would increase with
the increasing voltage excitation, and we attributed the reason
to the higher heat energy accumulated due to the electric field,
resulting in more collision of excitons and an increase in
resistance. This result suggested that the structural transforma-
tion optically changed the resistivity of the CH;NH;PbI; per-
ovskite, resulting in better conductivity of the strip-shaped
CH;3;NH;PbI; compared to the hexagonal-shaped CH;NH;PbI;,
which may be due to the strip-shaped structure being more
suitable for electron migration.

Based on the above study, the resistivity, which was deeply
impacted by the structure of the material, was a critical reflec-
tion of the conductivity. Regardless of this, different resistivity
perovskite materials may be suitable for different applications,
for example, lower resistivity and higher photon absorption
perovskite materials are more suitable for solar cell applica-
tions, but higher resistivity materials would be more suitable
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Fig. 11 (a) Resistance—voltage curves of the two different shaped

CH3NH=Pbls perovskites on ITO glass substrates and (b) resistances of
the two different shaped CH3sNHsPbls perovskites on ITO glass, with the
length of the ITO glass ranging from 2 mm to 10 mm.
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perovskites on different days and (b) resistance deviation ratio of different
shaped CH3NHzPbls perovskites on different days.

for optical applications.>’° To thoroughly analyze the con-
ductivity of these two different shaped CH;NH;PbI; perovskites
coated on ITO glass, the resistance of the ITO glass coated with
different perovskites was tested for different lengths. The
experimental scheme is shown in Fig. 10, and the results are
shown in Fig. 11(b). As depicted, the resistances of both the
hexagonal-shaped and strip-shaped CH;NH;PbI; crystals line-
arly increased with the increasing length of the ITO glass,
which indicated that a well-distributed CH3;NH;PbI; perovskite
was coated on the ITO glass. In addition, the resistances of the
hexagonal-shaped CH3;NH,;PbI; perovskite were all higher than
those of the strip-shaped structure for lengths ranging from
2 mm to 10 mm, as shown in Fig. 11(a). This further confirmed
that the resistivity of the CH;NH;Pbl; perovskite can be effec-
tively altered through structural transformation.

The stability of a perovskite material directly affects the
operation life of a device when applied as an absorber in solar
cells.*® In general, the stability of a perovskite, which includes
the conductivity and photon capture, decreases with the
increasing storage time due to the redox reaction.** To analyze
the stability of these two samples, absorption experiments and
resistance examinations were both performed. In the absorp-
tion experiment, the CH;NH;Pbl; perovskite samples exposed
to air for several days were subjected to an incident laser with a
wavelength of 468 nm and compared with the samples not
exposed to air, and the result is shown in Fig. 12(a). Here, we
defined the absorption deviation op expressed as follows:

P —P)

op
Py

)

where P; is the absorbed power of the CH;NH;Pbl; perovskite
not exposed to air, and P, is the absorbed power of that exposed
to air for several days. As depicted, the absorbed power
decreased as the exposure time increased from 3 days to 21 days.
However, the absorbed power deviation of the hexagonal-shaped
CH;3NH;PbI; could be controlled at 2.5%, while that of the strip-
shaped CH;3;NH;Pbl; was approximately 5%. Fig. 12(b) shows
the resistance deviation of these two types of CH3;NH,PbI;
perovskite, which was defined as follows:

R R

OR
R,
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where R, is the resistance of the CH;NH;PbI; perovskite not
exposed to air and R, is the resistance of that exposed to air for
several days. As depicted, the resistance increased as the
exposure time increased from 3 days to 21 days. However, the
resistance deviation of the hexagonal-shaped CH;NH;PbI;
could be controlled at 3.3%, which was lower than that of the
strip-shaped CH3;NH;Pbl; with a resistance deviation of
approximately 4.8%. These results suggested that the stability
of the hexagonal-shaped CH;NH;Pbl; was better than that of
the strip-shaped CH;NH;PbI;.

3 Conclusions

In conclusion, we successfully synthesized microwire- and
subnanosheet-shaped CH;NH;PbI; perovskites via temperature
tuning and solvent effects, which were characterized by SEM
and TEM, suggesting that the lattice distance increased from
0.254 nm to 0.354 nm when the hexagonal structure was
transformed into a microwire structure. Further analysis
showed that the structural transformation originated from
the covalent bond rotation and crystal growth in the y-axis
direction, and the calculation results showed that the rotation
angle decreased by 3.93° after the structural transformation,
which was attributed to the subnanosheet having a 0.03 eV
lower energy than that of the microwire shape. Compared to
the microwire-shaped CH;NH;PbI;, the power absorption of
the subnanosheet increased by 25% to 50% when the incident
power ranged from 1.15 W to 0.25 W. This result suggested
that the optical characteristics of the hexagonal-structured
CH;NH;PbI; perovskite were better than those of the
microwire-shaped CH;NH;PbI; perovskite. The electrical
measurement results further indicated that better conductivity
was achieved for the microwire-shaped CH;NH;PbI; perovskite
than for the subnanosheet-shaped CH;NH;3;PbI; perovskite.
However, the stability test showed that the absorbed power
deviation of the subnanosheet CH;NH,PbI; could be controlled at
2.5% when exposed to air for 21 days, while that of the strip-shaped
CH;NH;PbI; was approximately 5%. In addition, the resistance
deviation of the hexagonal-shaped CH;NH;PbI; could be controlled
at 3.3%, which was lower than that of the strip-shaped CH;NH;Pbl;
with a resistance deviation of approximately 4.8%. These results
have experimentally and theoretically demonstrated the structural
transformation mechanism of a CH;NH;Pbl; perovskite and
suggest that the hexagonal structure CH;NH;PbI; perovskite is
more suitable for optical applications, whereas the microwire
structure may be more suitable for electrical applications.
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