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We present the first report of a water-regulated method for obtain-
ing a cubic-phase CsPbBr; single crystal that could be frozen at low
temperature with a CsBr/PbBr, ratio of 1:1. The cubic CsPbBr;z
single-crystal photodetector exhibits a superior responsivity of
278 A W™, an EQE of 6.63 x 10%%, and an ultrahigh detectivity of
4.36 x 10'® Jones under low-power 520 nm irradiation at 3 V.

All inorganic perovskite CsPbX; (X = I, Br, Cl) materials have
been widely used in the field of optoelectronic devices due to
better thermal stability than that of organic-inorganic
perovskite." CsPbX; single crystals are suitable for high-
performance photoelectric devices because of their intrinsic
properties including high light-absorption coefficients, long
carrier transport distances, and few defects compared with
micro/nanocrystals and polycrystalline films.*”® Importantly,
single crystals also exhibit orderly crystal planes, anisotropic
photoelectric properties, and stability in external environ-
ments, which is superior to micro/nanocrystals or thin
films.>'® CsPbBr; single crystals are the most popular in the
field of inorganic perovskites.'>"" CsPbBr; has several characteristics
including a direct bandgap, narrow emission peaks, wide absorp-
tion, high quantum yield and good luminescence performance,
which provide it with significant application potential in the fields
of light-emitting diodes,"”" photoluminescence,"**> photoelectric
devices,'"” and X-ray/gamma-ray detection.'® >

There are three phases of CsPbBr; crystals: orthorhombic,
tetragonal, and cubic structures. Two phase transitions occur at
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88 and 131 °C for orthorhombic-tetragonal and tetragonal-
cubic transformations, respectively.>*> Most of the reported
CsPbBr; single crystals are orthorhombic structure at room
temperature.”>* Lattice-dynamics calculations demonstrated
that CsPbX; perovskites exhibit vibrational instabilities asso-
ciated with octahedral titling in their high-temperature cubic
phase.”® Also, the Bridgman method was used to grow high-
quality orthorhombic CsPbBr; single crystals from the melt
but post treatments were required including cutting and
polishing.® CsPbBr; single crystals have been obtained using
simple solution methods with CsBr/PbBr, ratios of 1:2 or
2:3.252% However, the unequal molar ratios of Cs/Pb in the
solution and single crystals cause the coexistence of CsPbBr;
with Cs,PbBrs or CsPb,Brs.””2° The main reason is the largely
different saturation solubility of CsBr and PbBr, in dimethyl
sulfoxide (DMSO) solution.

Cubic-phase CsPbBr; nanocrystals or quantum dots were
successfully synthesized using structure-directing agents, but
cubic-phase CsPbBr; single crystals have not been reported so
far.>*"? Very recently, density functional theory (DFT) calcula-
tion results found that the cubic-phase CsPbBr; has smaller
surface energy than that of the orthorhombic phase.®* The
desired method is that the 1:1 ratio of CsBr and PbBr, as
inputs is in proportion to the product (CsPbBr;), which is
beneficial for the synthesis of high-purity CsPbBr; crystals.
Herein, we used water as a cosolvent to enhance the saturation
solubility of CsBr, while decreasing the saturation solubility of
PbBr, in the DMSO-H,0O system. As a result, cubic-phase
CsPbBr; single crystals are successfully synthesized using the
water-regulated method at low temperature. The cubic CsPbBr;
single-crystal based photodetector exhibits superior responsivity,
EQE, and detectivity at under low-power 520 nm irradiation.

We first measured the saturation solubility of CsBr and
PbBr, in DMSO in the temperature range of 40-70 °C as shown
in Fig. 1a. The results show that PbBr, becomes more soluble in
DMSO when increasing temperature. However, there was no
significant change for the saturation solubility of CsBr in
DMSO solution. The cosolvent method was used to control an
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Fig. 1 (a) The saturation solubility curves of CsBr and PbBr, in DMSO
solution at different temperatures; (b) the saturation solubility curves of
CsBr and PbBr, in DMSO-H,0 solution at 45 °C.

appropriate ratio of saturation solubility for inputs in the
solvent. To obtain high-purity CsPbBr; single crystals, the
preferred cosolvent (water) has the following properties includ-
ing non-ionic agent, stability, and low toxicity. In particular,
CsBr has a high solubility of 55 g in 100 g H,O at room
temperature. A clean and non-ionic cosolvent, adding H,O
not only increases the saturation solubility of CsBr, but also
reduces the saturation solubility of PbBr,. We think that high-
quality CsPbBr; single crystals may be grown when the satura-
tion solubilities of both CsBr and PbBr, are close to or equal to
each other. Therefore, it is very important to strictly control the
amount of H,O.

Fig. 1b shows the DMSO-H,O solution can be obtained with
a molar ratio of 1:1 for CsBr and PbBr, at 45 °C when adding
38.1 wt% H,O0. Table S1 (ESIt) shows that less water needs to be
added as the temperature rises. To obtain the same saturated
solubility for CsBr and PbBr,, the amounts of water added are
38.2, 36.8, and 27.2% at 40, 50, and 60 °C. Finally, pure CsPbBr;
single crystals are successfully synthesized with a Cs/Pb ratio of
1:1in a 38 wt% H,0 in H,O-DMSO solution using acetonitrile
as the antisolvent.

An orange CsPbBr; single crystal 2 mm in length was obtained in
the above method. The inset of Fig. 2a is a photograph of the
CsPbBr; single crystal that was obtained in the H,O-DMSO solution
using acetonitrile as the antisolvent. The XRD pattern of the CsPbBr;
single crystal is displayed in Fig. 2a. as the as-synthesized CsPbBr;
single crystal is assigned to the cubic phase (JCPDS card No. 54-
0752) rather than the orthorhombic and tetragonal phases. There
are typical 2-theta peaks at 15.28° 30.75°, 46.84°, and 63.98°
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Fig. 2 (a) XRD patterns of the CsPbBrs powder and the single crystal and
its photograph (inset), (b) DSC and TGA curves, (c) UV-Vis absorption
spectrum and Tauc plot (inset), and (d) steady-state PL spectrum of the
CsPbBr3 single crystal.

corresponding to crystal facets of (100), (200), (300), and (400),
respectively. The (100) peak centered at 15.28° of the cubic CsPbBr;
single crystal is larger than 15.15° for the orthorhombic phase,
which exhibits smaller lattice parameters to that of the frozen cubic
phase obtained at low temperature. The strong peaks indicated that
the CsPbBr; single crystal has high crystal quality, which is mainly
attributed to the preferred orientation of crystal nucleus formation
and single-crystal growth of the cubic phase. The XRD pattern of the
CsPbBr3 powder matches the orthorhombic phase (JCPDS card No.
72-7929) (Fig. S2, ESIf). A phase change occurs when the cubic-
phase single crystal is ground into a powder via increased defects
and stress induction. We also confirmed that the cubic-phase could
exist on freezing with smaller crystal cell parameters (Fig. S3, ESIt).

Thermal analysis provides a useful tool to analyze the phase
transformations of the CsPbBr; crystal. Fig. 2b shows there is no
phase change based on its differential scanning calorimetry (DSC)
and thermal gravity analysis (TGA) curves from room temperature to
250 °C. This is different from the reported melt-grown CsPbBr;
crystals that have peaks at 88 and 131 °C for orthorhombic-
tetragonal and tetragonal-cubic phase transformations, respec-
tively.>> The thermal-analysis result is consistent with XRD data
for the cubic-phase CsPbBr; single crystal. Fig. 2¢ shows the UV-Vis
absorption spectrum of the CsPbBr; single crystal with an absorp-
tion edge at around 553 nm. The CsPbBr; single crystal has a
bandgap (E,) of 2.24 eV calculated using the Tauc curve (inset of
Fig. 2¢) that is close to the reported value.”***

Steady-state and time-resolved steady-state photolumines-
cence (PL and TRPL) spectra were used to investigate the
photoluminescence performance of CsPbBr; single crystals
with an excitation wavelength of 490 nm. The cubic-phase
CsPbBr; single crystal has a PL emission peak centered at
520 nm (Fig. 2d) and the average carrier lifetime (t,,) is
1.48 ns (Fig. S4, ESIt), which is longer than that of nano-
particles with rich detects.*® The results suggest the photogen-
erated electron is extracted more efficiently for CsPbBr; single
crystals than that of nanoparticles or polycrystalline films.

This journal is © The Royal Society of Chemistry 2021
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Fig. S5 (ESIt) shows the Raman spectrum of the CsPbBr; single
crystal and provides the vibrational modes of the Pb-Br frame-
work excited using a red laser at 633 nm at room temperature.
There are three Raman-active modes for the CsPbBr; crystal at
72.4, 127.2, and 311.9 cm™*! for the Pb-Br vibrational mode, the
motion of the Cs" cations, and the second-order phonon mode of
the Pb-Br framework, respectively.

The cubic CsPbBr; single crystals were used in photodetec-
tors with a Au-CsPbBr;-Au structure based on a high-quality
crystal interface. The schematic diagram of the CsPbBr; photo-
detector is shown in Fig. 3a. The details of fabrication are
provided in the ESL{Fig. 3b shows an FESEM image of the
device with the actual width of 14 pm between both Au
electrodes. According to the bandgap of CsPbBrz, we choose
520 nm light with low-power intensities of 0.724-13.48 uW cm™ >,
We focused on low-power illumination to ensure light absorption
on the surface of the CsPbBr; single crystal.

Fig. 3c shows the current-voltage (I-V) plots of the single-
crystal photodetector measured in the dark and under illumi-
nation with different light intensities. The dark current is only
0.035 pA at 3 V. The current increases to 0.26 pA at 3 V, when
the light densities increase from 0 to 13.48 uW cm ™2, indicating
the modulation effect of light intensity on the photocurrent.
Fig. S6 (ESIt) shows that the photocurrent changes with biases
from 1-9 V under the illumination of 12.02 pW cm™? for the
CsPbBr; single-crystal photodetector. The photocurrents are
0.49, 2.60, 4.29, 6.44, and 9.57 pA at biases of 1, 3, 5, 7, 9V,
respectively. The photocurrents increase linearly with the
increase of biases, indicating the detector has good high-
voltage sensitivity and high responsiveness.

Therefore, we further determined the responsivity (R), exter-
nal quantum efficiency (EQE), and detectivity (D*) to investigate
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Fig. 3 (a) Schematic diagram, (b) FESEM image, and (c) /-V curves of the
cubic-phase CsPbBrs single-crystal photodetector with 0.724-13.48 pW cm™2
at 3 V.
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Fig. 4 (a) R and EQEs, and (b) Time-dependent photocurrents with
on-off cycles under irradiation of 520 nm with varying light intensities
from 0.724 to 14.45 pW cm™2.

the photoelectric performance of the photodetector. Respon-
sivity represents the ratio of photon-excited current to irradia-
tion flux. EQEs can be obtained from responsivity to evaluate
the photocurrent conversion ability of devices by changing the
ratio of current/incident light power to electron quantity/
photon quantity. D* is used to characterize the sensitivity of
the photodetector. The details are provided in the ESL

Fig. 4a shows the histograms of R and EQEs for single-
crystal photodetector under irradiation of 520 nm with varying
light intensities from 0.724 to 13.48 uW cm™ 2. Interestingly,
there an ultrahigh R of 278 A W' and EQE of 6.64 x 10"%
under low-power irradiation of 0.724 pW c¢cm™ > was observed.
The results show that the R and EQEs obviously reduce with
enhanced power from 0.72-5.09 1 cm™>. However, they reduce
slowly when the power is enhanced to 7.54 uW cm 2. The
performance of the device is one of the best results compared
with previous works on CsPbX;-based photodetectors as shown
in Table S2 (ESIt). The result is close to microconcave MAPbBr;
single-crystal photodetectors."

Fig. S7 (ESIt) shows a high D* of above 4.36 x 10" Jones is
obtained from the cubic-phase single-crystal photodetector
under a low-power irradiation of 0.724 uW cm™ 2. The weak-
light photocurrent still increases when enhancing the light
intensity, indicating that the device exhibits excellent photo-
electric performance for weak light. Fig. 4b shows the curve of
time-dependent photocurrents with on-off cycles under irra-
diation of 520 nm. The photocurrent increases in a near-linear
trend with the increase of light power to 3 V. The photocurrent
increases linearly with light intensity.

In summary, cubic-phase CsPbBr; bulk crystals, which are
stable on freezing with smaller crystal cell parameters at room
temperature, were successfully synthesized at low temperature
using the water-regulated growth method for the first time. The
temperature of crystal growth was 45 °C with a 1:1 ratio of
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CsBr-PbBr, in DMSO and H,O mixed solvents. The cubic phase
has smaller lattice parameters indicating the possibility of
cubic CsPbBr; bulk crystals. In the mixed solution, the con-
trollable processes are obtained by regulating the ratios of
DMSO and H,O and the temperature of crystal growth. The
cubic CsPbBr; single-crystal based photodetector exhibits ultra-
sensitive weak-light photoelectric properties including respon-
sivity, EQEs, and detectivity under low-power irradiation of
520 nm. More importantly, this is a universal strategy for
designing a low-temperature method for inorganic CsPbXj;
single crystals (Fig. S8, ESIT).
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