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ABSTRACT: Organic—inorganic hybrid perovskites have demonstrated exceptional photovoltaic
properties, making them highly promising for solar cells and photodetectors (PDs). However, the
organic components of these materials are vulnerable to heat and strong light illumination, limiting
their application prospects. All-inorganic cesium-based perovskite PDs, on the other hand, possess
enhanced thermal tolerance and stability, making them ideal for perovskite applications. The
utilization of a ternary mixture solvent and additives in combination with single crystal (SC)
growth has enabled the production of highly crystalline SCs with a defect density of 3.79 X 10°
cm ™. The performance of the SC PDs had been evaluated using metal—semiconductor—metal
devices, which demonstrated excellent results with a dark current as low as 0.198 pA at 10 V bias,
on—off ratios exceeding 10°, and a response time of shorter than 1 ms.

Bl INTRODUCTION

Lead halide semiconductors with ABX; stoichiometry show
great advantages and application potentials in light-emitting
diodes, lasers, photodetectors (PDs), memristors, solar cells,
and so on due to their excellent optoelectronic character-
istics.' > A lot of research has been reported in the field of
photovoltaics on perovskite materials, and many methods have
been proposed to improve the conversion efficiency of
perovskite photovoltaic devices, such as improving crystallinity,
optimizing interfaces, introducing additives, etc.” In perovskite
devices, perovskite materials exist in various forms, such as
polycrystalline films, single crystals (SCs), nanocrystals,
quantum dots, etc, which also reflects the outstanding
processability of perovskite.” This diversity of application
forms is attributed to the defect tolerance of perovskite
materials. The SCs possesses greater advantages in terms of
carrier mobilities, environmental tolerance, etc. when com-
pared to polycrystalline thin films.* Unfortunately, organic—
inorganic hybrid perovskites become unstable under the
condition of moisture, strong light, and high temperature,
which limits the long-term stability of the device. The
introduction of additives, enhancement of encapsulation, and
substitution of organic components are among the strategies
that have been suggested to augment the stability of
devices.”'? The use of inorganic components to replace
organic components is one of the most direct and promising
methods, and cesium-based perovskites are a good choice. The
tolerance factor of cesium-based all-inorganic perovskites is
particularly appropriate, and these materials demonstrate long-
term environmental stability without compromising many of
their properties. Additionally, they are highly resistant to
strong light illumination, high temperatures, and other such
conditions."’

© 2023 The Authors. Published by
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CsPbBr; exhibits remarkable optoelectronic properties such
as a direct and tunable band gap, a long carrier diffusion length,
a broad absorption spectra, and narrow emission spectra
comparable to those of organic—inorganic hybrid perov-
skites.'”"? In the past few years, CsPbBr; PDs have been
widely studied. Although devices made from perovskite
quantum dots and nanocrystals often have higher performance,
the study of the optoelectronic properties of perovskite single
crystals is more reflective of the material’s nature and therefore
optimization and research into single crystals is essential." "'
The CsPbBr; single crystal has excellent performance not only
as a photodetector, but also as a high-energy particle and
radiation detector. Due to the free of organic groups and the
large atomic number of atoms, it is more stable under the
action of high-energy particles and rays than organic inorganic
perovskites. ®™'® Most of the reports utilized polycrystalline
thin films, nanocrystals, and quantum dots."”?° The growth of
large SCs has always been a critical technology. For instance,
large SC ingots are commonly utilized in the most state-of-the-
art semiconductor industry to process devices. Therefore, there
is a high demand for CsPbBr; SC suitable for PDs to explore
the inherent properties of CsPbBr; and thus bridge the
differences with its polycrystalline counterparts. For CsPbBr;
SCs, two main growth methods are the Bridgman method and
the solution growth method, respectively. Song et al. obtained
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large CsPbBr; ingots using the Brid%man method and realized
a visible-infrared dual-mode PD.”' Ding et al. fabricated
CsPbBr; SCs using the solution method and investigated their
performance as PDs.”” Li et al. demonstrated that CsPbBr,
SCs exhibit remarkable performance in X-ray and gamma-ray
detection, fabricated a high-performance X-ray detector with
CsPbBr; SCs, and investigated the effect of rubidium doping
on the detection performance.”> Pan et al. reported the
performance of gamma-ray detection using CsPbBr; devices.”*
We found that CsPbBr; SCs grown by either high energy-
consuming melt method or solution method were not
transparent and the interior of the SC always showed a turbid
state, which may be related to the high quantity of defects.

In this work, we demonstrated an improved additive-assisted
solution crystallization method for the growth of high-quality
CsPbBr; SCs. Additives facilitate the growth of CsPbBr; SCs
into cuboid shapes and prevent the growth of rod-like SCs.
The improved solvent system smoothed the precursor
solubility with temperature and reduced the oversaturation,
which was beneficial to reduce the number of nucleation and
inhibiting the formation of polycrystals. We also investigated
the rapid and delicate detection of CsPbBr; to visible light with
optimized SC response times of less than 1 ms and on—off
ratios of more than 10°, demonstrating that the optimized
solution-cultivated SC has a lower trap density and increased
crystallinity.

B RESULTS AND DISCUSSION

We have compiled the pros and cons of multiple solution
growth techniques and put forward a unique additive-assisted
solution growth technique: CsBr:PbBr, of 1:2 in the precursor
solution to avoid cesium-rich or lead-rich products; adding the
additive choline bromide to inhibit growth in the [002]
direction; using a ternary solvent mixture of DMSO:dime-
thylformamide (DMF):cyclohexanol to optimize the solubility
trend with temperature; lowering the crystallization temper-
ature to 80 °C in order to avoid the phase transition during the
cooling process; and finally, the growth vessel at the top with
air holes to maintain sustainable crystallization by controlling
the evaporation of the solvent. Figure Sla shows a single
crystal grown in DMSO solvent using the inverse temperature
growth method, showing a long rod shape. Figure S1b shows a
single crystal grown in DMSO solvent assisted by the addition
of choline bromide, showing a cubic shape. Although crystals
showing a better cuboid shape were grown, the interior of the
crystals showed a turbid state, which suggests the presence of
several crystal defects inside the crystals. We suggest that the
defects inside the crystal are caused by the rapid change in
solubility, which does not give enough time for the crystal
defects to be eliminated, and therefore the defects remain
inside the crystal showing a turbid state. To obtain a smooth
solubility variation, one is to precisely control the temperature
and the rate of temperature change, which will inevitably put
higher demands on the growth equipment and thus increase
the growth cost; the other is using a new solution system to
regulate the trend of precursor solubility change with
temperature to make it smooth. Figure Slc shows CsPbBr;
single crystals grown in a DMSO:DMF:cyclohexanol ternary
solvent mixture. CsPbBr; single crystals show a translucent
appearance, which benefits from a flattening of the solubility
trend with temperature. CsPbBr; single crystals have a phase
transition around 85°, so using a growth temperature below
85° helps to reduce the effect of the phase transition on crystal

quality. Impressive among these is the contribution of the
additive choline bromide. The choline cation will adsorb to the
surface of the halogen atoms exposed by the single crystal by
electrostatic interaction, which will result in the adsorption of
Cs* and Pb** being inhibited. It is worth noting that the (001)
and (110) surfaces have the same density of halogen surfaces
and therefore the choline cation interacting with the (001)
surface will also interact with the (110) surface. The (001)
surface was found to be more inhibited than the (110) surface
in the experiment, resulting in a reduced difference in growth
rate between the two directions.”

Unlike the high temperatures and inert atmospheres
required for the synthesis of perovskite quantum dots, the
growth of perovskite single crystals requires lower temper-
atures and does not require inert atmosphere protection.”® The
growth of perovskite microcrystals is usually obtained using
solvent volatilization, which produces single crystals of micron
size. Using this method, it is difficult to grow large single
crystals of high quality and tends to lead to polycrystalliza-
tion.”” >’ The development of techniques for the growth of
large single crystals of perovskite is warranted. The
experimental growth of large perovskite single crystals using
the inverse temperature method is very simple. The precursor
solution is put in a glass vial and the temperature of the
precursor solution is raised uniformly by heating in an oil bath,
and over a period of time, the grown crystals can be found at
the bottom of the vessel. When crystals are grown at the edge
of the bottle, space constraints will lead to a change in the
shape of the grown single crystal. The CsPbBr; SC grown by
the optimized SC growth method is shown in Figure S1d,e,
which shows excellent transparency. The growth of the crystals
at different time intervals is shown in Figure S2. The size of the
crystals grown by the optimized method (treatment crystal)
has increased to 8 mm. The crystals grown by the choline
bromide-only method were used as the control crystals, and we
did a series of comparisons.

PL spectra are presented in Figure 1a, the full width at half-
maximum (FWHM) of the treatment crystals is 14.6 nm,

a b
@, G
—~ —— Treatment - —— Treatment
3508 —— Control 512 ~—— Control
© @©
206 809}
3 g o Conve
go4 £ 08J% fezinu]
02 203 Jeiaase
o << 5 %
0 0 hv (eV)
'250 500 550 600 650 '950 500 550 600 650
Wavelength (nm) Wavelength (nm)
(c) (d
10° P SR B
— il T mE W
] & B EE | Bl
S0 % = BE
= °y e -
2 0ef ! = 8
g H H
£ =
= -
10

0 20 40 60 80 100
Time (ns)

Figure 1. (a) Control crystal and treatment crystal photo-
luminescence (PL) spectra. (b) UV—Visible absorption spectra, the
inset is band gap calculation with a Tauc plot. (c) Time-resolved PL
decay spectra of control crystal and treatment crystal. (d) Optical
photos of the control crystal (right) and the treatment crystal (left).
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which is 4.1 nm narrower than the control crystals. Also, the
peak of the treatment crystals is located at 519.9 nm with a
blue shift of 5.3 nm compared to the control crystals, which
usually means fewer shallow defects and higher quality of the
same material.*>’' We use microzonal spectroscopy equipment
to collect photoluminescence spectra of the sample from a
microscope directly above to receive the PL signal. The shape
dependence of the spectra mentioned in previous reports arises
from perovskite microcrystals, which have a huge surface-to-
volume (s-t-v), and the dependence decreases as s-t-v
decreases.” The s-t-v of our fabricated single crystal is
estimated to be 0.002 ym™', and the shape dependence of
such a small s-t-v becomes very small. Also, the excitation light
at 375 nm has a very shallow depth of action. Therefore, the
spectral shape of our sample does not have much internal
filtering effect. As evidenced by Figure 1b, the UV—visible
absorption spectra of the two crystals were collected, revealing
that the treatment crystal exhibited a much lower absorption
when the wavelength exceeded the band-edge, suggesting
reduced defect scattering and absorption levels. The
absorption spectra were fitted by a direct bandgap Tauc plot
(Figure 1b) with a bandgap of about 2.26 eV for the treatment
crystals, which is similar to the previously reported bandgap of
CsPbBr, SC grown by the Bridgman method.*” The band gap
of the control crystal is about 2.18 eV, which is similar to the
previously reported CsPbBr; SC grown by the solution
method, indicating a high level of near-edge defects in the
control crystal.”” Time-resolved PL is a non-contact probe
technique that detects the effects of impurities and defects in
semiconductor samples.”” The time-resolved PL decay of the
two crystals is shown in Figure 1c, which fits the bi-exponential
decay. 7, is called faster decay time corresponding to trap-
assisted recombination, and 7, is called slower decay time
corresponding to free carrier recombination. 7, and 7, of the
control crystal are 0.32 and 2.97 ns, respectively, and those of
the treatment crystal are 0.70 and 6.51 ns, respectively. Both 7,
and 7, of the treatment crystal are longer than those of the
control crystal, which indicates the reduction of traps in the
treatment crystal.>*

XRD patterns of Figure 2a show that both crystals are
orthorhombic structures, which match the PDF card and the
calculated results.®® In addition, we also collected XRD
patterns of single crystals (Figure 2b). The FWHM of the
(110) plane of the treatment crystal is 0.082° (Figure 2b),
narrower than that of the control crystal by 0.011°. Also, it is
shifted to a higher angle by 0.022°, which usually means a
better crystallinity.”® For an accurate analysis of the FWHM of
the XRD, we fitted the diffraction peaks generated on the
surface of (110). Using the Gaussian fitting model, the
corresponding equations and parameters are given in eq 1 and
Table S6.

Ao

W( 1)

The Vyp, for the control and treatment crystals was
determined by the space-charge-limited-current technique to
be 10.66 and 7.01, respectively, as shown in Figure 2c. By
fitting the I-V curve, we can obtain the trap density and carrier
mobility of the SCs.

The trap density (n,) can be estimated using eq 2
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Figure 2. (a) Powder X-ray diffraction (XRD) patterns of two SCs
with PDF card and simulation results of CsPbBr;. (b) XRD of the
surface of two single crystals (110), the inset solid line is the result of
a Gauss fitting and corresponds to a detailed plot of the diffraction
peaks on the crystalline surface (110). (c) I-V characteristics of
devices of the two crystals. The inset shows the device structure.
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where the relative permittivity & of CsPbBr; is 16.4, g, is the
vacuum dielectric constant, Vg is the trap-filled limit voltage,
and d is the perovskite depth.’’ Defects are inherent in
perovskites and act as compound centers affecting the
quantum yield of perovskite materials, leading to reduced
efficiency when perovskites are used as solar cells or light
emitting diodes, and some macroscopic defects can also lead to
fragmentation of single crystal materials. Therefore, the
preparatlon of single crystals with low defect density is
necessary.”® The trap densities of the control and treatment
crystals are 7.10 X 10° and 3.79 X 10° cm™>, respectively. The
treatment crystal has lower trap density, which also verifies the
conclusion of the spectral characterization. We compared the
previous reported trap densities of CsPbBr;, and we fabricated
single crystals with lower defect densities, as shown in Table
SI.

Scanning electron microscopy (SEM) images of the two SCs
are shown in Figure S3a,b, and their elemental stoichiometry
was characterized by energy-dispersive X-ray spectroscopy
(EDS) as shown in Figure S3c,d. The single crystal surface is
proven to be smooth and flat, and the elemental ratio is close
to 1:1:3. TGA, FTIR, and Raman measurements of the
treatment samples are shown in Figure S5. As shown in Figure
SSa, in the Raman spectrum, we can only observe the PbBrg
cage related bendm% vibrations at 65 c¢cm™ and cationic
libration at 141 cm™.>”*" The carbon—carbon bond stretching
at 1049 cm™' and hydroxyl group stretching at 2950 cm™’,
corresponding to cyclohexanol, do not appear in the Raman
spectrum.*’ Figure S5b shows the FTIR spectrum of the
powder. The perovskite single crystals were crushed and mixed
into KBr-pressed samples, and it was difficult to avoid the
interference of moisture in the test because the perovskite
powder has a strong hygroscopic nature. In Gordon et al,, it
was reported that KBr showed significant interference peaks in
FTIR after a short period of moisture absorption, correspond-
ing to 1680, 2119, 2850, 2928, and 3450 cm™" in Figure S5b.*

ng, =
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Zhang et al. used CsPbBr; single crystals for direct FTIR
measurements, and the same water-induced interference peaks
appeared.” Also, the spectrum does not show the character-
istic peak of 1366 cm™" corresponding to cyclohexanol.** As
shown in Figure SSc, the boiling point of cyclohexanol is 159°
and we did not find any loss of weight near 159° in our TGA
tests. The samples were heated to 500° in steps of 10° per
minute, under nitrogen blowing conditions. Due to the
limitations of the equipment for chloride measurement,
heating was only to 500°. All of these results above indicate
that there is no alcohol inclusion in the single crystals.

Our I-V characteristic curves are prepared by magnetron
sputtering of an inserted finger gold electrode onto the surface
of a perovskite single crystal. Two probe electrodes are
connected to the left and right side of the inserted finger
electrode, bias voltage is applied, and the current signal of the
device is collected using the Keithley 4200A. The single crystal
detector uses a planar structure where gold inserted finger
electrodes are prepared onto the polished single crystal surface.
Thin film detectors are classified into vertical structures, which
are sandwich structures with an active layer between the upper
and lower electrodes, and lateral structures, where perovskite is
prepared onto side-by-side electrodes. Figure 3 shows the -V
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Figure 3. I-V curves of the crystals at different wavelengths and
powers of excitation light and I—V curves in dark conditions. (a)
Control crystal and (b) treatment crystal under 405 nm excitation
light. (c) Control crystal and (d) treatment crystal under S1S nm
excitation light.

curves of two CsPbBr; SCs measured under laser irradiation of
405 and 515 nm wavelengths, respectively. With the optical
power of laser increasing from 1 to S mW (Figure S4). At a
bias voltage of 10 V, the dark current of control crystal is 0.23
HA and the treatment crystal is as low as 0.20 yA. The on—off
ratios of the control crystal and the treatment crystal reach 508
and 1017, respectively, at a bias voltage of 10 V @5 mW 405
nm; when 10 V @5 mW 515 nm, conditions are 430 and 752,
respectively.

Figure 4 shows the responsivity and EQE of both crystals at
different wavelengths, respectively. The responsivity and EQE
are calculated by eqs 3 and 4:
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Figure 4. Responsivities and external quantum efficiency (EQE) of
the crystals under different wavelengths and powers of excitation light.
(a) Control crystal and (b) treatment crystal under 405 nm excitation
light. (c) Control crystal and (d) treatment crystal under S1S nm
excitation light.
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R-hc
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where I, and I, are the currents measured under excitation
light irradiation and dark conditions, respectively. P,., is the
power irradiated by the excitation light, and 4 is the wavelength
of the irradiated light. Both responsivity and EQE can reveal
the conversion ratio of irradiated power to photocurrent,
which depend on the incident optical power density and
applied voltage. Because two incident wavelengths of 405 and
515 nm were applied to both crystals during the measurements
in this study, the responsivity and EQE were expressed in four
groups of curves. While the wavelength is 405 nm, the
irradiation power is 1 mW, and the applied voltage is 10 V, the
maximum responsivity and EQE of the control crystal are
0.051 A/W and 15.6%, respectively, and the maximum
responsivity and EQE of the treatment crystal under the
same conditions are 0.063 A/W and 19.3%, respectively. For
S1S nm, the irradiation power remains at 1 mW, the bias
voltage remains at 10 V, the maximum responsivity and EQE
of the control crystal are 0.035 A/W and 8.5%, respectively,
and the maximum responsivity and EQE of the treatment
crystal are 0.040 A/W and 9.6%, respectively.

The detectivity of a perovskite SC PD can be expressed
according to eq S:

_ R
(2"1'Iclark)1/2 (5)

where g, R, and Ig,, are the elementary charge, responsivity,
and dark current, respectively. As shown in Figure Sa,b, the
maximum detectivities of the control crystal and the treatment
crystal are 1.89 X 10" and 2.06 X 10" Jones, respectively,
under a light power of 1 mW and wavelength of 405 nm. The
maximum detectivities of the control crystal and the treatment
crystal at the same power of 1 mW and 515 nm are 1.15 X 10"
and 1.58 X 10" Jones, respectively, Figure Sc,d. Our detectors
have a higher detectivity for light with shorter wavelengths, a
difference that is due to the band gap and surface
compounding of the active layer. Also, the detector has a

EQE =
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Figure S. Detectivity of the devices under the action of excitation light
of different wavelengths and powers. (a) Control crystal and (b)
treatment crystal under 405 nm excitation light. (c) Control crystal
and (d) treatment crystal under 515 nm excitation light.

better detectivity for low power light, as reported in its research
in the field of weak light imaging applications. Single crystal
photodetectors have a much different order of electrode
fabrication than the common perovskite thin film detectors.
Thin film detectors are usually fabricated from perovskite onto
the surface of prepared electrodes with structures to achieve
the detection signal, such as vertical and lateral electrodes.* ™"
In contrast, single crystal detectors are prepared on the surface
of grown single crystals, which are usually centimeter-thick and
use flat electrodes in order to achieve good signal derivation,
which have a smaller contact area with the active layer than
vertical and lateral electrodes.

The response time is also an important parameter of the PD,
and we collected the switching characteristics of the device at
different wavelengths and different bias voltages with an
incident power of S mW (Figure 6). The rise time and decay
time of the device with different light powers and different bias
voltages are summarized in Tables S2—SS. There is no
significant relationship between the switching characteristics
and the bias voltage. It has been observed that the crystal
exhibits a rapid response to the light signal; specifically, when
the bias voltage reaches 10 V, the rise time and decay time of
the response to 405 nm excitation light are 0.33 ms.

B CONCLUSIONS

High-quality CsPbBr; SCs were successfully obtained by the
solution method with optimized growth conditions. The
crystal exhibits a trap density as low as 3.79 X 10° cm™.
The PD device fabricated using the high-quality CsPbBr; SCs
exhibits remarkable performances, with a dark current of 0.198
UA at 10 V bias, on—off ratio of greater than 10°, and response
time of less than 1 ms. This research provides a facile and
effective strategy for high-performance CsPbBr; PDs and other
optoelectronic applications of CsPbBr;.

B EXPERIMENTAL SECTION

Materials. CsBr (99.0%), PbBr, (99.9%), and cyclohexanol
(98.5%) are from Aladdin. DMSO (analytically pure 99.5%),
and DMF (analytically pure 99.5%) were purchased from
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Figure 6. Transient photocurrent response of the device under the
action of excitation light at different voltages and different
wavelengths. (a) Control crystal and (b) treatment crystal under
405 nm excitation light. (c) Control crystal and (d) treatment crystal
under S1S nm excitation light.

Hushi. Choline bromide was purchased from Macklin
Corporation. All chemical raw materials and solvents were
purchased and used directly without further purification.

Single Crystal Growth. Growth of the control SC: in 5.3
mL of DMSO solution, CsBr (2.4 mmol) and PbBr, (4.8
mmol) were added in a molar ratio of 1:2, and finally 0.25
mmol CB was added. The solution was stirred overnight on a
hot plate at 60 °C and then filtered through a 0.22 ym PTFE
filter, and the clear solution was transferred to a vial. The vial
was set at 85 °C, and a perforated cap was used to promote
solvent evaporation, which was used to provide a sustained
growth driving force that would take out the crystals in about
100 h.

Growth of the treatment SC: DMSO, DMF, and cyclo-
hexanol were mixed in the ratio of 20:7:3 to obtain the solvent
mixture. The mixed solvent was used to dissolve 0.7 M CsBr,
1.4 M PbBr,, and 0.02 M choline bromide. The solution was
heated and stirred on a hot plate at 60 °C. The solution was
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filtered through a 022 um filter, and the solution was
transferred to a vial after filtration. The vials were put in
silicone oil at 80 °C, and the caps were staked out with an
appropriate number of air holes. The sustained driving force
for growth was supersaturation obtained by slow evaporation
of the solvent. High-quality crystals of centimeter size are taken
out of the solution around 100 h.

Device Fabrication. Well-polished SC surfaces before
fabricating PDs. Gold-interdigitated electrodes were prepared
using radio frequency (RF) sputtering with metal masks on the
SC surface.

Characterizations and Measurements. The surface
morphology and elemental ratios of the SCs were obtained
using field emission SEM (Hitachi S-4800). The 375 nm laser
(Pico Quant, Taiko PDL M1) was used as the excitation
source, and the PL spectra were collected using NOVA 2000
(Ideaoptics). UV—Vis absorption spectra were collected using
V-5100. Powder XRD patterns of SCs were collected by Smart
APEX II (Bruker AXS). The 26 range was set to 10—50° steps
of 0.02°. The I-V and transient currents of the PDs are
collected by a semiconductor parametric analysis system
(Keithley 4200A-SCS, USA) and a manual high-precision
probe station (KARL SUSS, PMS, Germany). A semi-
conductor laser was used as the excitation light source whose
spectral characteristics are shown in Figure S5, and the
intensity of the light was calibrated by an optical power meter
(SANWA, LP1, Japan).
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