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We report a rapid growth of the CHsNH3PbCls single crystal through microwave irradiation. A systematic
evaluation of the structural and optical properties of the obtained single crystal was also conducted. 1
minute is the optimum microwave irradiation time that generated a large single crystal of dimension (5 x

Received 2nd November 2020 3 . L . ) . )
Accepted 21st December 2020 5 x 2.5) mm>. The obtained crystal exhibits broad absorption in UV range and near-visible light
luminescence under UV excitation with an optical bandgap around 2.8 eV. A fast and simple synthesis

DO 10.1039/d0ra09328a method of CHzNHzPbCls single crystal with these outstanding properties could be potentially applied for
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Introduction

For over a decade, lots of research on the organometal trihalide
perovskites (OTPs) has been conducted that focus on both the
low-cost production and various superior properties. OTPs have
a chemical structure of ABX;, where A is occupied by a mono-
valent organic cation, B is occupied by divalent metal cations
(e.g., Mn**, Cu®", Pb>*, Sn**), and the X site is occupied by halide
elements such as I, Br~ or CI".***

Owing to these outstanding properties, OTPs have demon-
strated excellent performance in optoelectronic devices like
photodetectors and solar cells.>” Superior properties of OTPs
including visible light absorption coefficients,® direct
bandgap,”® long carrier lifetime, and balanced exciton
mobility,"** strongly depend on high purity, especially crystal-
linity. Polycrystalline OTPs is relatively easier to be prepared by
various method than the single crystal OTPs."”®* However, it
suffers more limitations such as grain boundaries, voids, and
defects on the surface that lead to a lower charge mobility
compared to the single crystal OTPs.**"” A single crystal OTPs
contains only one quantum well with a high order crystalliza-
tion resulted in a superior optical and electrical properties
compare to the polycrystalline structure.'®* However, in prac-
tically, the synthesis of single crystal OTPs is still challenging in
various ways.

Recently, a solution growth method has been reported
successfully for synthesizing the single crystal OTPs.**** Dang
et al., successfully prepared a monocrystalline NH(CHj3);SnX; (X
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any optoelectronic application with scale-up production.

= Cl, Br) with the dimensions 13 x 8 x 6 mm® and 8 x 6 x 4
mm?®.? The crystal growth process started from immerse the
crystal seed through a bottom seed solution growth (BSSG)
method under atmospheric environmental condition. The
morphology of the formed crystals strongly depending on the
speed of tool's rotation, the orientation of the crystal seed used,
and the temperature. Maculan et al., prepared a CH;NH;PbCl;
single crystal through an inverse temperature crystallization
(ITC) method in oil bath resulted in CH;NH;PbCl; single crys-
tals in sized 2 x 4 x 4 mm® > The ITC method requires the well-
controlled of the high and continuous temperature conditions
of the solution in range of 100 °C to 120 °C. Despite a large
crystal size, these methods used a conduction or convection
route from an external heat source then spread into a centre of
sample, consuming a relatively long time crystallization
process.??

On the other hand, microwave-assisted preparation has been
reported successful to synthesize the polycrystalline OTPs
films.”*** Contrast to conventional heating, microwave irradia-
tion can exploit the multiple molecules in compounds (liquid,
gaseous, or solid) to convert energy directly from electromag-
netic to heat result in an abruptly heating process.>® Moreover,
the interaction between microwave irradiation and precursors
facilitates the chemical reaction that results in a short time
reaction. A microwave irradiation could then be a potential
method to accelerate the crystallization process of single crystal
OTPs as long a well-controlled heating rate. A microwave irra-
diation has also been reported successfully to promote the
growth of the single crystal OTPs i.e., MAPbI; and MAPbBr;.>
The low power of microwave irradiation that used led to the
well-controlled temperature result in the similar crystal growth
as the conventional ITC. Although the crystal growth process
represents a low energy consumption, it still consumes a rela-
tively long-time crystallization process in several hours with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a relatively smaller bulk dimension compared to the single
crystal prepared from the conventional ITC method. Therefore,
an exploration of an effective and efficient way for preparing the
single crystal OTPs is still needed.

In this research, a rapid growth process of CH3;NH;PbCl;
single crystal through a commercial microwave preparation was
conducted. The crystallization process was undergoing without
the presence of the crystal seed that reduces the consuming
time. A large CH3;NH;PbCl; single crystal in a dimension of 5 x
5 x 2.5 mm® was obtained by microwave irradiation for 1
minute time. To the best of our knowledge, a minute is the
fastest for synthesizing a relatively large CH;NH3;PbCl; single
crystal. The effect of irradiation time to its crystallinity and
optical properties were also investigated systematically. Thus,
a commercial microwave used could reduce the crystallization
time and the production cost of the single crystal OTPs'
preparation.

Materials and methods
Materials

Perovskite CH3;NH;PbCl; solution is synthesized using the wet
chemical routes as reported elsewhere.'*** In brief, the material
used as CH3NH;CI salt is synthesized by reacting the hydro-
chloride acid solution (Merck, 37 wt% in a water solvent) and
methylamine (Sigma Aldrich, 33 wt% in absolute ethanol
solvent), in the absolute ethanol solvent (Merck, =99.5%) and
under nitrogen atmospheric. 2 M solution of PbCl, powder
(Sigma Aldrich, 99%) and CH3NH;Cl salt (1 : 1 molar ratio) in
dimethyl sulfoxide or DMSO (Sigma Aldrich, anhydrous,
>99.9%) was dissolved at 100 °C on a hotplate result in
a precursor solution.

Synthesis of CH;NH;PbCl; single crystal

The prepared CH3;NH,;PbCl; solution was divided by 2 ml into
10 ml vials, then irradiated by a commercial microwave (Pana-
sonic type NN-ST342M). Under a low microwave irradiation
mode, the irradiation time varied from one to four minutes,
resulting in single crystal samples in various dimensions. The
temperature of the solution was monitored through an irradi-
ation process by the infrared thermometer (Infrared Ther-
mometer type GM320).

Characterizations

The crystal structure of samples was characterized by X-ray
diffraction (Philips PW 1710) with Cu anode, Ko, = 1.542 A.
The diffraction angle (26) was monitored in range of 10° into
60°. The absorption features of samples were observed by UV-
Vis spectrophotometer (Ocean Optic UV-Vis spectrophotom-
eter). The resulted absorption feature was evaluated further by
using the Tauc plot to estimate the bandgap of samples. Last,
the photoluminescence properties of samples were also
observed by PL spectrofluorometer (RF 5300PC, Shimadzu
Corp.) using Xe lamps as a light source.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

The samples were prepared from the precursors that consist of
CH;NH;Cl and PbCl, as the starting materials. Microwave
heating was used to accelerate the precursor's dissolution
process due to the difference dielectric characteristics to the
solvent in precursors. Dimethyl sulfoxide (DMSO) was selected
as a solvent due to its excellent performance for dissolving
CH;NH;Cl and PbCl,."*** In addition, as an aprotic polar
solvent, DMSO also plays an important role in kinetic reaction
owing to its high microwave absorbing feature with permittivity
(¢) = 47 and loss factor (tan ¢) = 0.825 at the frequency of 2.45
GHz in 20 °C.**?*”?% The commercial microwave that used can be
adjusted based on two parameters, i.e., duty cycle and irradia-
tion time. The low duty cycle mode is the most reliable mode to
prepare the crystal bulk since excessive evaporation has
occurred when medium or high duty cycle mode was used for
a minute. Then, the microwave irradiation time was varying
from 1 to 4 minutes. Notably, less than 1 minute irradiation
time does not generate the crystal growth and irradiation for
more than 4 minutes suffer excessive evaporation that hinders
the crystallization process.

Photograph of the obtained crystal samples were shown in
Fig. 1. The sample was rapidly growing under a low duty cycle
mode of the 800 W microwave irradiation in several minutes. It
is worth pointing out that 1 minute is the fastest time to grow
the crystal sample reported. Despite the other method, such as
the conventional ITC method, this method does not need
a crystal seed to initiate the crystal growth. The largest sample
has dimension size of 5 x 5 x 2.5 mm”® obtained from 1 minute
microwave irradiation. As a longer microwave irradiation time
up to 4 minutes, the smaller dimension sample size was ob-
tained. Then, the microwave irradiation time longer than 4

Fig. 1 Photograph taken from the as-grown CHzNHzPbCls single
crystal that prepared by microwave irradiation in varying irradiation
time. (a) 1 minute; (b) 2 minutes; (c) 3 minutes; (d) 4 minutes.

RSC Adv, 2021, 11, 1360-1366 | 1361
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minutes provokes the fast evaporation of precursors completely
due to its high temperature.

Fig. 2a shows XRD pattern of the obtained crystal samples
particulates ground from a piece of corresponding large
sample. Comparing to the starting materials (CH;NH;Cl and
PbCl,), the XRD pattern of samples indicated that all samples
are pure CH;NH;PbCl; without any residual or contaminant. All
samples are pure in phase and the crystalline phase of the
CH;3;NH;PbCl; perovskite, indicated by (100) and (110) planes.**
A set of preferred orientations at 15.5°, 31.4°; and 35.2° was
observed, with assigned to (100), (200) and (210) planes of the
CH;NH;3PbCl; perovskite cubic structure,* respectively as
shown in Fig. 2b. Through a Rietveld refined data using Pm3m
space group superimposed on the CH;NH;PbCl; as shown in
Table 1, the crystal lattice constant of sample is in a reasonable
value of @ = 5.6 A which indicated a good quality fitting and
consistent with the other reports.®******%° This value is also in
good agreement with the estimated lattice constant value
calculated based on the Bragg equation. The CH;NH;PbCl; that
was prepared in 1 minute up to 3 minutes has the strongest
peaks located at 26 = 15.5° and 26 = 31.4° that correspond to
(100) and (200) planes in CH3NH;PbCl; crystal structure,
respectively.” These indicated that for the samples that were
prepared in 1 up to 3 minutes microwave irradiation might be
dominated by the crystal in orientation of (100) and (200)
planes. While for 4 minutes microwave irradiation, the crystal
orientation was dominated by (110), (111), (210), (211), and
(220) planes.

The optical properties of the obtained CH;NH;PbCl; single
crystal were characterized by UV-Vis and photoluminescence
spectroscopy. Fig. 3a shows the identical absorption spectrum
of all CH;NH;PbCl; single crystal samples that were prepared in
varying irradiation times. It indicates that all samples are pure
CH;NH;PbCl; corresponds to the XRD results, as discussed in
Fig. 2. The CH3;NH;PbCl; single crystal has a clear colour
showing a strong absorption a noticeably short wavelength
region (<500 nm). All crystal samples also do not exhibit an
absorption tail or excitonic peak indicating high quality crystal
with low defect concentration.*
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Fig.2 X-ray diffraction patterns of the obtained single crystal samples
prepared in varying microwave irradiation time. (a) Full XRD pattern; (b)
zoom-in XRD pattern for 20 = 10-25 degree.
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Table 1 The lattice parameters of CH3sNHsPbCls crystals related to
other research teams

Space group = Pm3m,
a=p=v=90°

Sample a=b=c(A) Volume (A%
Liu, Y. et al., (2015)" 5.6855 183.783(3)
Maculan, G. et al., (2015)** 5.67 182.284(3)
Baikie, T. et a., (2015)° 5.68415(6) 183.653(4)
Cheng, X et al., (2018)*° 5.6768 182.9408(9)
Nandi, P. et al., (2019)*° 5.6834 183.5797
This work (1 min) 5.6904(3) 184.2551(8)
This work (2 min) 5.6854(8) 183.77(5)
This work (3 min) 5.6827(2) 183.513(4)
This work (4 min) 5.6803(7) 183.286(5)

Surprisingly, the obtained single crystals exhibit a strong UV
luminescence with peak ~340 nm under 292 nm excitation
wavelength as shown in Fig. 3b. The UV luminescence was also
observed on the single crystal OTPs that synthesized by other
methods.'*** In varying microwave irradiation time, the PL
intensity of single crystal was varying with the identical emis-
sion spectra. The single crystal prepared under 1 minute irra-
diation exhibits the most intense emission intensity that might
be ascribed to the anisotropic crystal structure. The crystal bulk
consists of the repeating atoms and the arrangements vary in
different crystal orientations, which leads to an anisotropy of
the crystal structure. The crystal anisotropy plays a crucial role
in the optoelectronic properties in perovskite crystals. As dis-
cussed in Fig. 2b, the 1 minute sample was dominated by the
(100) plane that was reported has a higher charge density than
others. This charge density is related to the charge density
distribution for [CH;NH;]" and [PbClg]*~ in the crystal plane.?
While, other samples that were dominated not only by (100)
plane but also (110) plane might be suffering a great defect
migration path, since the CH;NH;PbCl; has a pseudo-cubic
structure.** The lattice defect because of a strong ion migra-
tion was also possibly present even though in a single crystal
structure.

Fig. 4 shows a Tauc-plots that derived from the absorption
spectra of CH;NH;PbCl; single crystal. The optical bandgap (E,)
is obtained by fitting the linear region between the axis of
photon energy (hv) and the (ahv)"/" with n = 1/2, owing to its
direct bandgap properties.'****>* Based on this approximation,
the optical bandgap of the CH3;NH3;PbCl; single crystal was
estimated at ~2.8 eV. This value is closed to the thin film
polycrystalline perovskite (~3.1 eV) that is in the preferable
range for optoelectronic application, including solar cells and
field effect transistor.*® It indicates that the obtained CH;NH;-
PbCl; single crystal could be potentially applied in the opto-
electronic application.

Varying the microwave irradiation of precursor results in
various dimensions of single crystal. The correlation between
the sample dimension that was evaluate in volumetric crystal
value with the microwave irradiation was shown in Fig. 5. The
final temperature of sample right after the microwave

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optical properties of the obtained single crystal samples that
prepared in varying microwave irradiation time; (a) absorbance spectra
of samples, (b) photoluminescence spectra under 292 nm excitation
wavelength, right inset is PLE spectra of sample monitored at 340 nm
emission wavelength.

irradiation was also presented in that figure in right y-axis.
When the microwave irradiation time is prolonged, the single
crystal size is getting smaller. Longer interaction between
microwave with the precursor gives an elevated final tempera-
ture of sample. The microwave irradiation from 1 to 2 minutes
gives a slightly elevated temperature of 2 °C, while the crystal
size decrease significantly. It was an intriguing phenomenon
since in conventional heating methods, the crystal size strongly
depends on the synthesis temperature.**** Thus, the possible
mechanism of crystallization process might be also differing
from the conventional heating.

As a comparison, several CH;NH;PbCl; single crystal that
have been prepared by other methods were summarized in
Table 2. In conventional heating, a crystal seed was required to
preserve the crystal growth process via a first-order mechanism
to the crystal seed surface.'** The crystal seed was prepared
from a precursor solution through conventional heating for
several hours at high temperatures (i.e., 80 and 100 °C). The
nucleation process of crystal seed was controlled by the
temperature and precursor concentration. Since the perovskite
has inversely dissolution temperature characteristic, the crystal
seed was limited only to the small size seed. Then, the obtained
single crystal was strongly depending on the crystal seed's

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Tauc-plots obtained from the absorbance spectra of samples.
The intercept dash line with the horizontal axis estimate the optical
band gap energy of samples.

surface area itself. While the inverse temperature crystallization
method utilizes the room temperature as a growth crystal
environment condition from a prepared single crystal seed.**'
Even though the crystal seed process took place under a lower
temperature than the conventional heating, the crystal growth
process took a set of repeated crystallization processes for a long
time, up to several weeks. It might correspond to the slow
kinetic crystal growth process under room temperature. Despite
of both methods, the solvent evaporation method that was
proposed by Nandi et al., did not required a crystal seed.*® The
nucleation was initiated along the evaporation of precursors
solution under room temperature. Thus, several weeks was
required to obtain the CH3;NH;PbCl; single crystal with the
dimension of 8 x 5 x 1 mm. Regardless of the single crystal
dimension, this microwave method successfully obtained
a single crystal in noticeably short time without involving the
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Fig. 5 The dependence of the sample dimension to the microwave
irradiation time and the sample temperature right after microwave
irradiation.
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Table 2 Summarize of the CHsNHzPbCls single crystal that were prepared by various methods

CH;3NH;PbCl; single

crystal dimension (in Required seed
Preparation method mm) crystal Crystal growth duration Ref.
Conventional heating (13.5 x 13.5 X 4.5) Yes 100 °C, 72 h Liu et al.™*
Conventional heating (5x5x2) Yes 80 °C, 6-7 days Cheng et al.*®
Inverse temperature crystallization (ITC)* (2x4x4) Yes 50 °C, 6h Maculan et al.*!
Modified inverse temperature (6 x 6 x 2) Yes 20-60 °C, 5h Chen. et al.*'
crystallization (M-ITC)”
Solvent evaporation (8x5x1) No Room temperature, 2 weeks Nandi et al.*®
Microwave heating (5 x 5 x 2.5) No 50 °C, 1 minute This work

“ The written of crystal growth duration of ITC methods was referred to the crystal seed preparation time. ?

The written of crystal growth duration of

M-ITC methods was referred to one cycle of crystal seed preparation up to room temperature cooling process. The crystal growth took place under

room temperature for a couple of days through repeated cycles.

crystal seed. It suggested that this method could meet the large-
scale production requirement for commercial application.
Possible mechanism of crystallization process of the CH;-
NH;PbCl; crystal bulk could be considered based on the clas-
sical nucleation theory, which explains three consecutive steps
of the crystallization process, namely supersaturation, nucle-
ation, and growth of the solid phase.>”~** In the initial phase, the
precursors solution is converted to the supersaturation of ionic
solution. A systematic experiment revealed that the optimum
precursor is found to be = 2 M in DMSO that was also observed

in other repots."** When microwave irradiation started, an
elevated temperature of solution led to the dissolution of
complex compounds increase of ion concentrations (CH;NH;",
Pb**, and Cl7) and acid content of the ionic solution.* This
resulted ionic solution perform an efficient microwave absorp-
tion owing to its high ionic conductivity and polarizability and
subsequently, the nucleation process was initiated.”>**

The possible mechanism of nucleation and growth process
of CH3NH;PbCl; single crystal by microwave irradiation was
proposed in Fig. 6a shows. The nucleation stage of the crystal
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(a) The schematic crystallization mechanism of CH3NHzPbCls perovskite under microwave irradiation. (b) Schematic representation of

plane direction based on (100) and (110) networks, obtained from cut line of the parent CHzNH=zPbCls cubic structure.
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was generated by an abrupt supersaturation through a micro-
wave irradiation. Short time irradiation (1 minute) gives an
elevated solution temperature only up to ~50 °C that might be
drift the low resulted nuclei concentration. In contrast, the
longer evaporation was occurred when medium or high duty
cycle mode was used for a minute. Then, the microwave irra-
diation time was varying from 1 to 4 minutes. Notably, less than
1 minute irradiation time do not generate the crystal growth
and irradiation for more than 4 minutes suffer excessive evap-
oration that hinder the crystallization process irradiation time
(up to 4 minutes) give an elevated solution temperature up to
~70 °C that could possibly generate more nuclei. Subsequent
growth of nuclei could depend on its nuclei diffusion that
correspond to the provide energy from microwave irradiation.
Naturally, the low concentration of resulted nuclei could harvest
a larger crystal than a high concentration of nuclei. The
nucleation and growth process could possibly inhomogeneous
correspond to the abrupt supersaturation during microwave
irradiation.

Based on the XRD results, the resulted CH;NH;PbCl; single
crystal could be anisotropically growing in two major directions,
i.e. (100) and (110).** Fig. 6b shows the possible crystal orien-
tation of the CH;NH;PbCl; single crystal that was prepared by 1
minute microwave irradiation time. This crystal was dominated
by (100) plane that might be originated from strong interaction
between [CH;NH;]" and [PbClg]'™ ions. The [CH;NH;]" ions
rotate disorderly in the ab plane and over four similar orienta-
tions in the form of the orthorhombic phase and subsequently
directed towards the distorted cubic faces in the direction of
(100), (010) and (001) plane.*?

The CH;NH;PbCl; single crystal has highly potential appli-
cation in various applications including photovoltaics, LEDs,
lasers, photodetectors and other optoelectronic devices.>***® It
is worth to note that the CH;NH;PbCl; single crystal with the
(100) and (110) planes orientations exhibits superior opto-
electronical properties compare to other crystal orientation,
especially for the photodetector application. Owing to its
anisotropic properties, the (100) planes was reported to
possesses stronger charge transportation capacity than other
orientation.?® It was led by the high charge density of (100) plane
that is attributed to the higher distribution density of
[CH;NH;]" ions and [PbCI]™ ions. In addition, the electron
excitation energy in (100) plane lies on wide range and resulted
high photocurrents. Thus, it was implied that the obtained
CH;NH;PbCl; single crystal by microwave heating method was
highly potential applied as a photodetector with excellent
performances.

Conclusions

In summary, the CH;NH;PbCl; perovskite single crystal has
been successfully synthesized through microwave irradiation in
a short time. The crystal size could be well controlled by
adjusting the microwave irradiation time. Short microwave
irradiation time could possibly generate a low nuclei concen-
tration result in a large crystal size. The XRD characterization of
the resulted crystal indicates the as-grown crystal are in cubic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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phase of CH3;NH;PbCIl; with a lattice constant of a = 5.6 A. The
obtained crystal also exhibits broad absorption and a strong
luminescence in near-visible light range under UV excitation.
The Tauc-plots of the absorption spectra estimate the optical
bandgap of the resulted crystal is around 2.8 eV. These
outstanding properties of the CH;NH;PbCl; single crystal
generating by short time microwave irradiation could be
potentially applied in any optoelectronic application. Moreover,
a simple apparatus, commercially microwave that used open
the development of an efficient perovskite single crystal prep-
aration method for scale-up production.
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