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In this report, a facile one-step solution growth method has been proposed to synthesize high-quality all-
inorganic CsPbBrs single crystals. High-resolution X-ray diffraction, photoluminescence (PL), and current—
voltage techniques have been performed to study the properties of CsPbBrs single crystals. The results have
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Accepted 6th May 2022 shown that the as-grown CsPbBr3 single crystals exhibited a narrow X-ray rocking curve with a FWHM (full
width at half maximum) of 0.043°, a narrow room-temperature PL spectrum with the FWHM of 18.9 nm,

DOI: 10.1035/d2ra01900k and extremely low density of traps (~5.1 x 10° cm™). The results shown in this work will provide
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Introduction

As emerging materials, lead halide perovskites (LHPs) (ABX3, A
= Cs, CH3NH, (MA), HC(NH,), (FA), etc.; B = Pb; X = CI, Br, and
I) have attracted tremendous attention in recent years because
of their great success in the field of photovoltaic and photo-
detection technologies due to their remarkable properties such
as long charge carrier diffusion length, high absorption coeffi-
cient, defects tolerance and low-temperature solution-
processed ability.”® For example, the power conversion effi-
ciency of solution-processed planar perovskite solar cells has
reached up to ~25.7% very recently,” which is comparable to
commercial silicon-based solar cells. Besides, LHPs have also
been recognized as promising candidates for light emission
applications owing to their competitive optical properties
including efficient photoluminescence (PL), narrow-band
emission, weak Auger recombination, high optical gain, and
widely tunable energy bandgap.®™°

Single crystals featured with improved crystalline quality and
low density of defects are of vital importance in the develop-
ment of high-performance optoelectronic devices. LHP single
crystals can be grown via a low-temperature solution growth
process.””* In general, the LHPs nucleate and grow inside the
precursor solution containing raw materials (AX and BX,) and
polar aprotic solvents (such as y-butyrolactone (GBL), dimethyl
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a valuable strategy for the fabrication of high-quality all-inorganic CsPbBrz single crystals.

sulfoxide (DMSO), and N,N-dimethylformamide (DMF)). In one
typical growth process, the supersaturation of precursor solu-
tion is achieved through the slow vapor saturation of an anti-
solvent (VSA).* In such a case, the nucleation and subsequent
crystal growth can occur at room temperature (RT), but it
produces several millimeter-sized single crystals and further
limits the crystalline quality improvements due to the slow
species transportation and diffusion at the solid/liquid inter-
face under such a low temperature. In another growth process,
the growth of organic-inorganic hybrid LHP single crystals has
been reported through invariably heating the precursor solution
(HPS). In this case, the supersaturation is realized by slow
evaporation of solvent under a constant temperature heating
process. Similar to the VSA method, the HPS method produces
multiple small-sized single crystals. With the assistance of
crystal seeding, millimeter-scale LHP single crystals have been
obtained, but a high density of defects have been found at the
seed boundaries.*® Recently, an improved method called inverse
temperature crystallization has been proposed by Bakr et al.,*>**
in which the LHP single crystals can rapidly nucleate and grow.
However, this method strongly depends on the retrograde
solubility behaviors of LHPs, which may limit the variety and
quality of as-grown LHPs owing to the limited aprotic solvents
available.

Among the typical growth processes mentioned above, the
HPS method is simple, low-cost, and convenient, but it has
difficulties in growing high-quality large-sized LHP single crys-
tals. In this work, a modified and facile one-step solution
growth method has been demonstrated to prepare high-quality
centimeter-scale all-inorganic CsPbBr; single crystals, where
the supersaturation of precursor solution was realized via
a combination of the HPS method and oil bath heating.
Specifically, the as-grown CsPbBr; single crystals exhibited

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a narrow X-ray rocking curve (XRC), narrow PL spectrum, and
extremely low density of traps.

Experiments

Materials

Lead bromide (PbBr,, >99.5%), cesium bromide (CsBr, >99.5%),
dimethyl sulfoxide (DMSO, anhydrous), dimethylformamide
(DMF, anhydrous), and silicone oil were used as received.

Growth of CsPbBr; single crystals

2.4 mmol PbBr, and 1.2 mmol CsBr were added into 3 mL
anhydrous DMSO to form precursor solution. The precursor
solution was firstly stirred at 80 °C, and then filtered and heated
at 140 °C in a silicone oil bath (as schematically shown in
Fig. 1a) in sequence. When invariably heating the precursor, the
CsPbBr; nucleated and grew due to the evaporation of DMSO
solvent. The growth process lasted around 5 days. Then, the as-
grown CsPbBr; single crystals were washed by anhydrous DMF
and dried in a vacuum for 2 hours in sequence, and finally
stored in a vacuum before they were further characterized. For
comparison, reference CsPbBr; single crystals were prepared by
HPS method with a same recipe. All experiments were carried
out under ambient conditions.

Characterizations

The structural properties of as-grown CsPbBr; single crystals
were characterized by X-ray diffraction (XRD) with Cu Ko radi-
ation of 1 = 1.5406 A. The optical properties of as-grown
CsPbBr; single crystals were investigated by homemade
micro-PL spectroscopy with the excitation of a continuous-wave
405 nm laser. For the excitation power dependence of PL, the
excitation power is tuned by an attenuator. The absorption
spectra were collected on a UV-VIS spectrophotometer (Agilent
Technologies, Cary-8454). The current-voltage (I-V) of Au/
CsPbBr;/Au structured device is recorded by Keithley 2401
source-measure unit, where Au electrodes were deposited by
a sputtering method at RT.

(a)

View Article Online

RSC Advances

Stimulation

The steady-state temperature field distribution of precursor
solution (solution 1) in the silica glass beaker which is sur-
rounded by silicone oil (solution 2), was numerically calculated
using the COMSOL Multiphysics packages. For simplicity, both
solution 1 and solution 2 are defined as water in the simulation
process. The inner and outer radius of the beaker are 5.0 and 6.3
mm, respectively, and the solution 1 just fills half of the beaker.
The beaker is placed in a silica glass container filled with
solution 2. The radius of the container is 50 mm, and the height
of solution 2 in the container is as twice as solution 1 in the
beaker. The container is placed on a heat source. During the
simulations, the module of heat transfer in solids and fluids is
adopted, in which the heat flux is added at the interfaces
between the system and the external environment. The ambient
temperature is set as 293.15 K (20 °C), and the temperature of
heat source keeps 413.15 K (140 °C). The material parameters
for solution 1, solution 2, and silica glass are imported from the
material library of COMSOL.

Results and discussions

As reported, the all-inorganic cesium perovskite materials can
exhibit various forms of structures such as CsPbBr;, CsBr-rich
Cs,PbBrg, and PbBr,-rich CsPb,Brs according to the connec-
tion manner of [PbBrg]*~ octahedra in the unit cell.>*?° The
molar ratio between raw materials (mCsBr : nPbBr,) is impor-
tant for the final crystallization from DMSO solvent. In general,
either Cs,PbBrs or CsPb,Brs is formed accompanied with the
CsPbBr; under a slight deviation from a perfect ratio of m : n =
1:1 CsBr: PbBr,."®*" To obtain the pure phase CsPbBr3, it is
necessary to add additional PbBr, in the precursor solution
since the solubilities of PbBr, and CsBr in DMSO solvent are
quite different (in fact, CsBr is less soluble than PbBr, in the
DMSO solvent). Herein, the precursor solution was prepared by
dissolving CsBr and PbBr, with a molar ratio of 1:2 in the
DMSO solvent. Notably, only one CsPbBr; single crystal can be
found in the precursor solution during the whole growth
process (Fig. 1b). The resulted CsPbBr; single crystal is cuboid
in shape with a size of ~7 mm (Fig. 1c). We anticipate that the

Fig.1 Growth of CsPbBrs single crystal. (a) Schematic illustration of experimental setup. Optical images of CsPbBrs single crystal captured (b)

during the growth and (c) at the end of growth.
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CsPbBr; single crystal would grow even bigger when extending
the growth time with sufficient raw materials.

XRD measurements were performed to study the structural
properties of as-grown CsPbBr; single crystal. As shown in
Fig. 2a and S1 (ESIf), the XRD pattern of as-grown CsPbBr;
single crystal is dominated by the set of (0 0 J)/( h 0) crystalline
plane of orthorhombic CsPbBr; without traces of Cs,PbBrs and
CsPb,Brs. Generally, CsPbBr; crystallizes in the orthorhombic
space group at RT and it transits to tetragonal and cubic phases
at 361 K and 403 K, respectively.?”*® Interestingly, there is no
trace of the tetragonal and cubic phase CsPbBr; in the as-grown
samples. According to the Bragg equation, the lattice constants
are calculated to be a = 8.23 A, b = 8.29 A, and ¢ = 11.83 A,
which are consistent with the values of CsPbBr; bulk materials
(@ = 8.21 A, by = 8.26 A, and ¢, = 11.76 A, obtained from the
PDF card: 01-072-7929, Fig. 2b). In contrast, orthorhombic
phase CsPbBr; with slight traces of CsPb,Brs were obtained
from the HPS method (Fig. S1, ESI).

The crystalline quality of as-grown CsPbBr; single crystal was
further analyzed by high-resolution XRC measurement, and the
result is shown in Fig. 2c. A narrower XRC spectrum suggests
a higher crystalline quality. As can be seen, the full width at half
maximum (FWHM) of (002) XRC is as small as 0.043° (155
arcsec). This is much smaller than CsPbBr; single crystal ob-
tained from the HPS method (623 arcsec, Fig. S2, ESIt) and
other LHP bulk materials reported in the literature.’®*"* Fig. 3a
shows the RT PL spectrum of as-grown CsPbBr; single crystal.
As can be seen, the as-grown CsPbBr; single crystal shows
a strong and narrow excitonic emission centered at 532.5 nm
(3.328 eV) with the FWHM as narrow as ~18.9 nm (82.5 meV).
The narrow PL spectrum can be an indication of the high
crystalline quality of as-grown CsPbBr; single crystal, which is
well consistent with XRC results shown in Fig. 2c. In contrast,
the PL spectrum of CsPbBr; single crystals prepared by the HPS
method slightly blueshifts (~6 meV) and broadens (~10 meV)
(Fig. S3, ESIt), which may be associated with strain induced by
the secondary phase (i.e., CsPb,Brs, shown in Fig. S1, ESI{). In
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addition, a redshift of the absorption edge is observed (Fig. S4,
ESI{), which is caused by the optical absorption in the thick
CsPbBr; single crystal.

Besides, the type of exciton transition from as-grown
CsPbBr; single crystal was then investigated by the excitation
power dependence of PL spectroscopy. In general, the rela-
tionship between the integrated PL emission intensities (I) and
the excitation power (P) follows the eqn (1):*

I~ P* (1)
where £ is the power coefficient. Qualitatively, for bound exci-
tons and defect-related transitions, the parameter k is less than
1.0, while for free excitons transition the parameter k is higher
than 1.0.*° The PL emission linewidth of as-grown CsPbBr;
single crystal keeps almost unchanged with the increase of
excitation power (Fig. 3b inset), suggesting that the excited
excitons recombine via a similar process. Fig. 3b shows the
excitation power dependence of PL emission intensities of the
as-grown CsPbBr; single crystal. The best-fitting gives the power
coefficient (k) as 1.45, showing that the RT PL spectra of
CsPbBr; single crystal (Fig. 3b inset) are dominated by the free
exciton transition.

Then, the deep-level charged-trap densities in as-grown
CsPbBr; single crystal were further calculated with the space
charge limited current (SCLC) theory.* Shown in Fig. 4 is the I-V
curve of an Au/CsPbBr;/Au structured device. As can be seen, an
ohmic region (I ~ V", n = 1) followed by a steep increase (I ~ V",
n > 3) can be observed, indicating the presence of a typical trap-
filling region. According to SCLC theory, the trap density (map)
is calculated to be ~5.1 x 10° em?, from the eqn (2):*

Nirap = 2ee0Vrrr/(ed”) (2)
where ¢ is the relative dielectric constant of CsPbBr; (=22),** ¢y
is the vacuum permittivity, e is the electron charge, d is the
distance between the Au electrodes (d = 0.88 mm, Fig. S5, ESIT)
and Vi is the trap-filled limit voltage (Fig. 4). Notably, the trap

( ? [
o @) (D04)/(220) Sampla © (002) x-ray rocking curve
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Fig.2 Structural properties of as-grown CsPbBr3 single crystal. Powder XRD patterns of (a) as-grown CsPbBrs single crystal and (b) CsPbBrsz bulk
material obtained from PDF card: 01-072-7929. (c) (002) XRC curve of as-grown CsPbBrs single crystal.
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Fig. 3 Optical properties of as-grown CsPbBrz single crystal. (a) RT PL spectrum of as-grown CsPbBrz single crystal. (b) Excitation power
dependence of PL emission intensities of as-grown CsPbBrs single crystal. The inset in (b) shows the normalized PL spectrum captured under

different excitation power.
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Fig. 4 [-V curve of an Au/CsPbBrz/Au structured device. The -V
curve is fitted using a power law (/ ~ V") (shown as red line).

density of our sample is about 1-2 orders of magnitude lower
than similar perovskite single crystals reported in the literature
(Table S1, ESIt) and about 7 orders of magnitude lower than
spin-coated polycrystalline films.**=** Due to the low density of
defects, the resistivity of as-grown CsPbBr; single crystal is as
high as 1.8 GQ, which is derived from the ohmic region of the I-
V curve.

In the end, the mechanisms of crystal growth of CsPbBr; in
the oil bath heating process are discussed. For the solution
growth method (as shown in Fig. 1a), the growth kinetics of
CsPbBr; is generally governed by the species transportation and
diffusion at the solid/liquid interface. As a result, an uniform
distribution of temperature field of precursor solution is
prerequisite for growing high crystalline quality and low defects
single crystals.** Here, the steady-state temperature field
distribution of precursor solution shown in Fig. 1a was calcu-
lated using COMSOL Multiphysics packages, and the result is
shown in Fig. 5a. It can be seen that the precursor solution is
uniformly heated in the oil bath heating process. In this case,

© 2022 The Author(s). Published by the Royal Society of Chemistry

the crystal growth driving force is mainly related to constant
and uniform supersaturation induced by the constant evapo-
ration of solvent, which is responsible for the growth of high
crystalline quality CsPbBr; single crystals with extremely low
density of defects. On this basis, the growth process is proposed
as follows: initially, the CsPbBr; nucleates when the precursor
solution approaches saturation concentration (Fig. 5b). After
that, a competitive CsPbBr; nucleus survives (labelled by blue
box) and acts as a seed simultaneously, maintaining the
subsequent crystal growth. In contrast, a temperature gradient
was found when directly heating the precursor solution on the
hot table (Fig. S6, ESIt). In this case, additional crystal growth
driving forces related to the precursor concentration gradient

(@

Solution

(b)

Nucleation Crystal growth

=

- B = E—
Fig. 5 (a) Calculated steady-state temperature field distribution of the
precursor solution (labeled as solution 1) heated on the hot table with
an oil bath (labeled as solution 2). (b) Proposed growth process of
CsPbBrs single crystal.
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can be expected, which accelerates the growth of CsPbBr;
nucleus before they were re-dissolved. Meanwhile, the rapid
growth rate will lead to a high defect density,*” and further
deteriorates the crystalline quality of the as-grown CsPbBr;
single crystals.

Conclusions

In summary, we have shown a facile one-step solution growth
method for growing high-quality all-inorganic CsPbBr; single
crystals. By employing the oil bath heating strategy, the as-
grown CsPbBr; single crystals have shown improved crystal-
line quality and extremely low density of defects, as verified by
structural, optical, and electrical properties investigations.
Simulation on the steady-state temperature field distribution
indicated that the precursor solution was uniformly heated in
the oil bath heating process, providing constant and uniform
supersaturation as crystal growth driving force. This work
provides a promising way to achieve high-quality all-inorganic
CsPbBr; single crystals via a facile solution growth method.
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