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ABSTRACT: The CsPbBr; crystal grown by the solution method
is regarded as an attractive and cost-effective material for radiation
detection. However, approaching large-size, high-quality CsPbBr;
single crystals is restricted by mass nucleation and an unstable
growth interface. Here, the confined geometry assisted solution
method is employed to obtain high-quality CsPbBr; single crystals
with dimensions up to 17 X 17 X 2 mm®. High yield growth of
CsPbBr; seed crystals is achieved by adopting 2-bromopropionic
acid (2-BPA) in the precursor, which expands the metastable zone
twice and reduces nucleation. The crystal growth environment,
simulated with a specific laminar flow model, reveals the uniform
concentration distribution is realized by suitable forced convection

velocity, thereby substantially enhancing the stability of the crystal growth interface. The resulting CsPbBr; single crystal exhibits low
trap density states of 2.27 X 10° cm™>, leading to a high hole mobility of 377.63 cm® V™' s™". Finally, a high sensitivity of 1.6 X 10°

/AC G'Yair_1 cm™

? is realized under 50 kVp X-rays at 500 V cm™". These results promote the application of large-sized CsPbBr, single

crystals in X-ray radiation detection as well as the reference and guidance for the growth of other perovskite single crystals.

KEYWORDS: CsPbBrs, single crystal, solution growth, precursor engineering, kinetic modulation, radiation detection

B INTRODUCTION

Large-sized and highly sensitive X-/y-ray radiation detectors
are conducive for a wide range of industrial and biomedical
applications."” Inorganic lead halide perovskite CsPbBr; single
crystal (CPB SC) has recently shown great promise as a next-
generation radiation detector due to its outstanding optoelec-
tronic properties.’”® Nowadays, the cost-efficient synthesis of
detector-grade CPB SCs through the solution method greatly
facilitates their commercialization.”” However, the reported
solution-grown CPB SC 51ze was limited due to mass
nucleation in the precursor, 8 which is unfavorable to X-/y-
ray spectroscopy and imaging applications.”'® Furthermore,
there is an intense demand for large-sized crystals with superior
carrier transport behavior, but this is restricted by crystal
defects, which are ascribed to the unstable growth inter-
face.''* Therefore, for scalable device production, the
synthesis of large-sized, high-quality CPB SC through a
solution method has been a major challenge.

At present, the introduction of seed crystals in the precursor
is employed to grow large-sized perovskite single crystals.”'*'*
However, the low growth yield (less than 5%'°) caused by
multiple nucleation limits the size of CPB SCs. It is known that
the nucleation rate (j;) in the solution is determined by the
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temperature (T) and supersaturation (o), which is propor-
tional to actual concentration minus solubility.'>"”

, 1
Jo & &P (_H] (1)

As regulating temperature or supersaturation is the way to
reduce the nucleation rate, some precursor engineering
strategies have been proposed in previous studies.” ' By
using a mixture of dimethyl sulfoxide (DMSO) with
dimethylformamide (DMF) and cyclohexanol (CyOH), the
crystal nucleation and growth temperature can be significantly
reduced from over 100 to 25 °C—75 °C. However, multiple
nuclei and polycrystallinity still occurred.'® Therefore, tailoring
the supersaturation to adjust the width of the metastable
region where the nucleation is close to zero is considered to be
a more effective way. The solubility of CsBr was enhanced to
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decrease supersaturation by using ethylene glycol (EG), but
PbBr, was ?oorly soluble in EG and, in turn, easily formed
Cs,PbBrs."” Moreover, the PbBr,-2DMSO and PbBr,-
2DMSO-glyoxylic acid (GLA) were found to lower the rate
of [PbBr,])*™ release, thereby expanding the metastable zone
and reducing nucleation.”””" Consequently, the ability to
expand the metastable zone through precursor engineering is
considered an effective way to produce large-sized crystals.

The seed growth method is essentially an epitaxial method;
the defects and impurities on the surface of the seed crystals
tend to result in the propagation of dislocations and point
defects.”” In addition, since the solute concentration decreases
as the crystal grows, inefficient solute transport leads to an
unstable growth interface and structural defects.”” Yan et al.”*
and Wang et al.” revealed that the heterogeneity of surface
concentration distribution is a key factor affecting the growth
interface stability and formation of liquid inclusion defects. It
has been demonstrated that while the kinetic modulation via
forced convection ensures the uniformity of solute supply to
the growth interface,””’ unfavorable convection conditions
usually cause undesirable surface concentration distribution,
thereby degenerating the crystal quality.”**” Therefore,
numerical simulation is preferable to visualize the flow and
mass transport occurring in the seed solution method to assist
crystal growth. Wang et al.”® and Liu et al.** used numerical
simulation to indicate that the high-quality potassium
dihydrogen phosphate (KDP) and ammonium dihydrogen
phosphate (ADP) crystals could be grown at the suitable
rotation rate range by promoting surface supersaturation and
uniformity with supersaturation variations at the surface below
2.3 and 2%, respectively. However, different from the flow field
of KDP and ADP crystal growth that belongs to turbulence,
the simulation of CPB SC growth with laminar flow and
complex solvent compositions has not been explored so far.
Therefore, the specific model must be designed to reflect the
concentration distribution and flow field during CPB crystal
growth.

In this work, we report the large-sized CPB SC grown by the
confined geometry growth method (CGGM), which is
combined with precursor engineering and kinetic modulation.
The seed crystal growth yield is improved to 32% by tailoring
the precursor solution with a 2-bromopropionic acid (2-BPA)
additive. A stable solid—liquid interface is achieved by
introducing forced convection, in which the parameters are
optimized by the multiphysics simulation. Accordingly, we
synthesized the CsPbBr; crystal with a size of 17 X 17 X 2
mm?®, which realizes the sensitivity of 1.6 X 10° uC Gy, "
cm™2 under X-rays.

B EXPERIMENTAL SECTION

Crystal Preparation. The seed crystals were first prepared
by dissolving 12.5 mmol of CsBr (>99.9%, Aladdin) together
with 25 mmol of PbBr, in 25 mL of DMSO (>99.5%,
Aladdin). Subsequently, 16 mL of DMF and 9 mL of CyOH
were added to create the precursor solution. The mixture was
placed in a water bath and gradually started heating from 40
°C and then stopped heating until an ~3 X 3 X 2 mm®
CsPbBr; seed crystal was obtained. For crystals grown by the
free growth method (FGM), 50 mmol of CsBr together with
100 mmol of PbBr, and 1 g of bromoacetic acid were dissolved
in 100 mL of DMSO with continuous stirring for 6 h at room
temperature. Immediately after, the solution was filtered using
a membrane with a pore size of 0.2 ym. Then, a 100 mL

mixture of DMF and CyOH was poured into the filtered
solution to prepare precursors. Subsequently, the precursor
was poured into the growth container, where a CsPbBr; seed
crystal of 3 X 3 X 2 mm® was placed on the growth platform
that was connected to a rotary motor. After that, the growth
platform was transferred to a growth container. As the quality
of the crystal grown along the [202] orientation is much better
than that along the [040] orientation (Figure S1), all the
epitaxial crystals were grown using [202] orientation seed
crystals. Then, the temperature was decreased to 35 °C for
Ostwald ripening, followed by heating from 40 to 50 °C with
the platform rotating at speeds between 1 rpm and 10 rpm to
obtain CPB SCs. In the case of crystals grown by CGGM, the
steps for configuring the precursor solution are the same as in
FGM. Then, the precursor was put in the growth container,
and a 3 X 3 X 2 mm® CsPbBr; seed crystal was placed between
quartz slices with a spacing of 2 mm placed on the growth
platform, which was contacted with a rotary motor.
Subsequently, the growth container was placed in a water
bath and decreased to 35 °C for Ostwald ripening, followed by
heating from 40 to 50 °C with the platform rotating at speeds
between 1 rpm and 10 rpm to obtain CPB SCs.

Simulation Detail. COMSOL Multiphysics was used to
carry out the concentration and flow field simulation. The
laminar flow was used to define the flow field distribution, and
the dilute substance transfer was used to define the
concentration gradients near the CPB crystal surfaces. The
coupling of laminar flow and dilute matter transfer was carried
out by using a reaction flow and dilute matter physical field. A
stirrer module was also used to simulate the rotation of the
seed rod in the container to introduce forced convection. A
three-dimensional geometric model was created according to
the real crystal growth container, which contains the growth
container, precursor solution, glass platform, and the CPB
crystal (the size of CPB is 10 X 10 X 2 mm?®), as shown in
Figure S2.

Characterization and Measurement. The XRD pattern
was collected using the D/Max2500PC with Cu K, in the
range of S—80° (20). The tube voltage and current were 40 kV
and 40 mA, respectively. The DX-9BJ X-ray crystal orientation
instrument was used to examine the double-crystal X-ray
diffraction rocking curves with a tube current of 0.2 mA and a
scan step of 1”. The morphology of the CPB crystal was
analyzed by using a JSM-7S00F field emission scanning
electron microscope. A Nikon ECLIPSE LVI10OND optical
microscope was utilized to observe in situ the growth process
of the CPB seed crystal. The steady-state photoluminescence
spectra were tested with a Horiba Fluorolog FL-3. The
transient photoluminescence (TRPL) spectrum was obtained
using a modular fluorescence lifetime system (DeltaFlex).

a-Particle Detection Measurement. First, the 1.76 mm?
round Au electrodes were configured in a parallel-plate
geometry without a guard ring. The current—voltage (I-V)
characteristic curve was obtained using an electrical properties
measurement device (Agilent 4155C). The charge carrier
mobility was determined using the time-of-flight (TOF)
technique with a **Am@S.5 MeV a-particle source. The
pulse shape data was collected by connecting the preamplifier
(ORTEC 142) and output to a high-speed waveform digitizer
card. The amplifier (ORTECS570) amplified and shaped the
signals from the preamplifier. Finally, the pulse height spectra
were obtained by using a conventional multichannel analyzer
(ORTEC Easy-MCA).
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Figure 1. (a) The metastable zone of the precursor with the 2-BPA additive and without 2-BPA. (b) The solute consumption rate with a heating
rate of 0.5 °C day ™. (c) The yield of CsPbBr; seed crystals grown with and without 2-BPA. (d) The picture of a seed crystal grown after Ostwald
ripening. The scanning electron microscopy (SEM) image of the crystal cross-section of a seed crystal grown under (e) natural convection and (f)

forced convection.

X-ray Detection Measurement. A tungsten target X-ray
tube was employed as the X-ray source. The Keithley 6517B
provided the bias voltage and recorded the response current.
The tube voltage was set as 50 kV, and the tube current was
tuned from 0.3 to 0.8 mA to adjust the emitted X-ray dose rate.
In the X-ray imaging experiment, a simple point imaging
system was used to evaluate its imaging capability. The X-ray
tube and planar CPB detector were oriented horizontally. The
imaging capacity of the CPB detector was tested by moving an
object on an x—y scanning system that measures the detector’s
response current related to the position of the object. The
imaging items were moved point by point by a 3D-controlled
moving stage. A Keithley 6517B was used to generate a 5 V
mm™" electric field and record detector current.

B RESULTS AND DISCUSSION

The low solubility of CsBr in DMSO (0.5 mol L™") is an
important factor hindering the growth of large-sized CPB SC.
In our mixed solvent system of DMSO/DMF/CyOH, the
solubility of CsBr is only 0.25 mol L™" at room temperature.
Figure la shows that the solubility and supersaturation curves
divide the crystal growth region into three sections:
unsaturated (lower than the solubility curve), supersaturated
(higher than the supersaturation curve), and metastable
(between the solubility and supersaturation curves) zones.
Spontaneous nucleation occurs exclusively in the super-
saturated zone. For seed-assisted growth conditions, maintain-
ing crystal growth within the metastable zone prevents
excessive nucleation, which is crucial for obtaining large-sized
crystals. However, in the precursor without additive, which is
called the wo-2-BPA, the width of the metastable zone is only
0.025 mol L™, significantly narrower than other perovskites, so
that large-sized single crystals can be obtained, as shown in
Table 1. It has been reported that the bromoacetic acid (BAA)
can increase the solubility of CsBr;*° in this work, 2-BPA and
3-BPA were added to the precursor. Our previous study

Table 1. Width of the Metastable Zone of Different
Perovskite Crystals

width of the growth zone (mol L") reference
FAPbBr, 0.1 32
MAPbBr, 02 33
MAPDI, 0.15 34
CsPbBr; 0.025 this work—wo-2-BPA

CsPbBr; 0.05 this work—2-BPA

indicated the nucleation could be seen at 40 °C;""*! therefore,

the precursor was kept at 40 °C for 24 h. It can be seen in
Figure S3a,b that with the addition of 2-BPA, the nucleation
number is significantly lower compared to the precursors
without the additive or with the 3-BPA additive. Therefore, the
2-BPA additive is selected to grow CPB SCs. As shown in
Figure la, both the solubility and the supersaturation are
increased with the 2-BPA additive because 2-BPA will first
react with DMSO, producing Br™ and a compound, which will
next decompose into pyruvic acid (PYA) and dimethyl sulfide.
The expansion of the metastable zone is caused by the PYA
connecting with PbBr, via Pb = O, which can slow the rate at
which [PbBr,]>™ participates in the reaction to create
CsPbBr;, resulting in less CsPbBr; precipitated at the same
temperature (Figure S4), so that the metastable zone can be
substantially expanded to 0.05 mol L™". The expansion of the
growth zone makes it easier to regulate seed crystal growth
progress and reduce redundant nucleation (Figure S3c).

In order to achieve the large-sized CPB SC, the solute
consulrgnption rate (R) should also be considered, as shown in
eq2:

dm _ 1,91 dT
dt 2 dT  dt (2)

where m is the mass of the crystal in grams, C is the solution
concentration, V is the solution volume, M is the molar weight

R =
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Figure 2. (a) The XRD pattern of CPB SCs. (b) The time-dependent rotation schedule that is adopted for CsPbBr; seed crystal growth. The
concentration distribution at different times in the line segments on the (c) (202) surface and (d) (040) surface. The concentration distribution
with different rotation speeds at 115 s in the line segments on the (e) (202) surface and (f) (040) surface.

of CsPbBr;, T is the temperature, and t is the growth time. It
can be seen that the solute consumption rate is proportional to
both the temperature ramp rate and the first-order derivative of
the concentration with the temperature, the latter of which can
be calculated from the solubility curve. Figure 1b shows the
solute consumption rate calculated using eq 2. It can be seen
that AR is large in the low-temperature range (<50 °C), while
AR changes little with temperature above 50 °C. Therefore, it
takes a long time for CPB crystals to grow above 50 °C, and
the growth temperature gradient is identified from 40 to 50 °C.
To indicate the difficulty of obtaining a large-sized single
crystal, the seed crystal growth yield is defined in this work in
eq 3:
Y = Mgeed
m + Mgeed (3)

nucleation

where m,,q is the mass of seed crystal growth and m,eaon IS
the mass of the excess nucleation growth. The higher yield
demonstrates less excess nucleation, resulting in the solutes
being more enriched in the seed crystal and leading to large-
sized CPB SCs. As shown in Figure ¢, the seed crystal grown
with 2-BPA exhibits a 3 times higher yield (32%) than the wo-
2-BPA crystal (10%), indicating that the addition of 2-BPA is
an effective way to reduce excess nucleation.

During the seed growth process, as illustrated in Video S1,
the steps and growth mounds on the seed crystal are first
repaired before growth commences. As the rou§h surfaces and
defects can degrade epitaxial crystal quality,” the Ostwald
ripening (decreasing temperature to partially dissolve the seed
crystal, followed by increasing temperature for growth) was
employed. Figure 1d shows a CPB seed crystal grown with
Ostwald ripening but reveals the interface that can gather
dislocations and point defects. Because the forced convection

introduced in crystal growth can make the surface super-
saturation more uniform and guarantee stable step movement
on the crystal surfaces,’®®’ the interfaces between the seed
crystal and the epitaxial region in CPB SCs grown under
natural convection and forced convection are compared. To
ensure that the interface could be fully revealed, the crystals
were separated in the middle and then corroded in 15% HBr
acid for 10 min. The results indicate that under natural
convection, a clear interface can be observed between the seed
crystal and the epitaxial region (Figure le). Conversely, forced
convection eliminates this interface (Figure 1f), as the
deposition molecules take a longer time and a more stable
step to settle in the correct crystal sites, reducing the number
of structural defects. Therefore, forced convection is advanta-
geous during the seed growth process.

To further reveal the effect of forced convection on the
crystal growth interface, a finite element simulation of the
concentration field for CPB seed crystal growth was carried out
to aid in the design for the crystal growth method. The 3D
model consists of a growth container and a crystal that is
placed at the center of a rotating platform. Figure 2a illustrates
the XRD pattern of CPB SC, which has two surfaces (202) and
(040). Therefore, two lines are used to represent the
concentration distribution on the center of the (202) and
(040) surfaces, respectively. Figure 2b shows the time-
dependent rotation schedule adopted for seed crystal growth,
where alternating forward and backward rotations are used to
promote the homogeneity of the precursor solution.

Figures 2¢ and 2d display the concentration gradient at the
line segments on the (202) and (040) surfaces, respectively.
The concentration gradient is defined as eq 4:

AC=C,-C, (4)
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Figure 3. (a) The concentration distribution of the (202) surface in the FGM at 115 s. (b) The concentration distribution of the (040) surface in
the situation of FGM and CGGM at 115 s, respectively. (c) The schema of CGGM.

Figure 4. (a) The picture of the CGGM and the pictures of CPB SCs grown from Seed-1 and Seed-2. (b) The PL mapping of CPB-2. (c) The
vertical projection at row Y = 0.5 mm and horizontal projection at column X = 0.5 mm at the indicated line; the inset is the PL spectrum from pixel
A. (d) The X-ray rocking curve of the Seed-2 crystal and the epitaxial crystal grown by Seed-2. (e) The mapping of dark current at different regions

on CPB-2.

where C, is the concentration at location x and C,, is the
minimum concentration on the line. It can be seen that once
the platform begins to rotate, introducing forced convection, a
more uniform concentration distribution on the crystal surface
is achieved in both the forward (35 s) and reverse (115 s)
rotation regions, even at the stopping time (75 s). The uniform
concentration distribution weakens the “hunger center”
phenomenon at the crystal growth interface, where higher
concentration at the crystal edges results in the liquid being
trapped in the crystal.”> Such liquid inclusion defects can
reduce crystal quality and deteriorate carrier transport
behavior.*® Thus, the forced convection promotes a more
stable crystal growth interface and reduces structural defects,
including liquid inclusion defects.

The concentration distribution with different rotation speeds
at 115 s is also calculated as shown in Figures 2e and 2f. For
both line segments, the uniform concentration distribution can
be achieved at rotation speeds from 1 rpm to 10 rpm.
Moreover, the concentration gets higher with higher rotation
speed, which is due to the thinning of the crystal growth
boundary layer. The boundary layer is caused by solute
transport and deposition and creates a low concentration zone
in front of the crystallization interface. Therefore, a higher
rotation speed increases the shear rate at the crystal surface,
reducing the thickness of the boundary layer, as shown in
Figure SS, thus raising the concentration at the crystal surface.

To provide a comprehensive view of the homogeneity of the
concentration distribution on the crystallization surface, a 2D
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Figure S. (a) The trap density of large-sized CPB SC according to the SCLC method. (b) The TRPL spectrum for the crystal at $33 nm. (c) The
I-V curve of large-sized CPB SC from —1 to 1 V. (d) The hole mobility of large-sized CPB SC compared with CPB SCs grown in other
works;' 74 the inset is the hole mobility of CPB SC in this work. (e) The hole mobility—lifetime product of CPB SC is fitted by the Hecht
equation. (f) Photocurrent of the CPB-2 planar device measured at different dose rates under X-ray radiation at 0 V bias. (g) The variation of
current density with X-ray dose rate. (h) Sensitivity of the CPB-2 device under various biases. (i) Comparison of the X-ray response sensitivity of

other CsPbBr; detectors.”®>*#775¢

map distribution is shown in Figure 3. To meet the
requirements of crystal thickness in radiation detection,
which has been proven that 2 mm thick CsPbBr; can
completely absorb $59.5 keV y-rays,” as well as avoid
mechanical damage caused by cutting, the confined geometry
model was also constructed. Figure 3 shows the surface
concentration distributions of both the CGGM and the free
growth method (FGM).

The results indicate the low concentration area at the center
of the (202) surface is visible with the rotation speed in the
range of 1 rpm to S rpm. After the speed is higher than 7 rpm,
the concentration distribution over the entire (202) surface is
rather uniform and beneficial to obtain the stable crystal
growth interface, which helps to obtain a high-quality CPB SC.

A comparison of the concentration distribution on the (040)
surface of the FGM and CGGM can be seen in Figure 3b.
Obviously, CGGM displays a more uniform concentration
distribution. For the FGM, a stable crystal growth interface can
only be achieved at a rotation speed of 10 rpm, which means
the unstable surface with a lower rotation speed will trigger
step bunching and increase the probability of inclusion

formation.”®> However, the stable interface with concentration
difference at the surface below 2 X 10™° mol L™ can be
achieved when the rotation speed is higher than S rpm in the
CGGM, which may be due to the elimination of the (202)
surface effect on crystal growth. As the (202) surface has a
growth boundary layer that causes a concentration gradient
and natural convection, it may also affect the concentration
distribution on the (040) surface. Therefore, the CGGM
should be used as shown in Figure 3c. In addition, Figure S6
shows that a more stable average concentration can be
obtained through CGGM. Moreover, the flow field of CGGM
can be seen in Figure S7. It demonstrates that a rotation speed
lower than 7 rpm causes a circular vortex cell in the confined
space, which may hinder the solute transport in the confined
space, resulting in the solute accumulation in the confined
space and nucleation. Therefore, 7 rpm is a suitable rotation
speed to grow CPB SCs.

According to the simulation results, the CGGM with a
rotation speed of 7 rpm was used in the experiment to obtain
large-sized CPB SC. Two seed crystals (Seed-1 and Seed-2)
were used to grow large-sized crystals by this method as shown

https://doi.org/10.1021/acsphotonics.5c01079
ACS Photonics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5c01079/suppl_file/ph5c01079_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5c01079/suppl_file/ph5c01079_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01079?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01079?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01079?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01079?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.5c01079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

in Figure 4a; the co-growth of multiple seed crystals is to
increase the efliciency of obtaining crystals. The obtained
crystals were named as CPB-1 and CPB-2, which exhibit large
sizes of 12 X 10 X 2 mm® and 17 X 17 X 2 mm?>, respectively.
The polarized optical microscopy images of CPB-2 are shown
in Figure S8, which indicate that the crystal shows high quality
and high uniformity. It is worth noting that the 17 X 17 X 2
mm® size CPB SC is the largest regular-shaped CPB SC
obtained by the solution method.”~"'>!%20404!

To confirm crystal uniformity, the mapping of photo-
luminescence (PL) intensity was measured using CPB-2
(Figure 4b), indicating the good surface uniformity of the
large-sized crystal. As shown in Figures 4c and S9, the
consistent PL peak position at different locations proves no
other phases appear on the crystal surface, as the inset picture
shows the typical PL peak of CsPbBr; is ~533 nm (consistent
with other literature® ’42). In addition, as shown in Figure S10,
no other phase appears in the CsPbBr; powder. To evaluate
the epitaxial crystal quality, the X-ray rocking curve was also
collected, and Figure 4d shows that the full width at half
maxima (fwhm) of seed and epitaxial crystals is basically the
same. However, the fwhm of crystals grown in FGM is much
higher than that of CGGM, as shown in Figure S11. For single
crystals, the fwhm broadening is mainly due to the angular
rotation at dislocations.** Therefore, the result indicates that
the stable growth interface facilitates the production of high-
quality crystal while minimizing the generation of dislocations
in the epitaxial crystal using the CGGM. Subsequently, the
Au/CsPbBr;/Au device was fabricated to test dark currents at
different regions on CPB-2 under 50 V cm™. The results are
shown in Figure 4e, and the measured dark currents map
shows the difference below 10 nA. Such a low dark current
would increase the detection capability of the detector under
radiation and ensure the homogeneity of the radiation
detector.

Since the stable growth interface can lead to fewer defects in
the crystal and thus improve the carrier transport behavior, the
defect density and carrier transport performance of CPB-2
were measured. First, the defect density state is determined
using the space-charge-limited current (SCLC) technique that
is shown in Figure Sa; the calculated trap density is 2.6 X 10°
cm™, and the average trap density of the whole crystal
calculated from Figure 4e is 2.27 X 10° cm™ (Figure S12).
The low trap density attests to the high quality of the large-
sized crystals grown in this work. In addition, the time-resolved
photoluminescence (TRPL) spectrum was collected to
estimate the carrier lifetime 7, as shown in Figure Sb. CPB-2
shows a surface component (7; = 3.8 ns) and a long bulk
component (7, = 67.1 ns). A longer 7 suggests fewer
nonradiative recombination centers (traps or defects) in the
crystal, which demonstrates a lower trap-induced recombina-
tion rate in the crystal that is beneficial from the stable growth
interface. Moreover, the lower trap density also helps to
achieve the resistivity of 1.76 X 10° Q cm (Figure 5c), which
determines the operation bias voltage, leakage current noise,
and, in turn, the radiation detection capacity of the device.

To evaluate the carrier transport performance of CPB-2, the
Au/CsPbBr;/Au devices’ response to a particle by using the
*Am@S.5 MeV source was tested to obtain the hole mobility
(u). The time-of-flight technique was adopted to evaluate the
hole mobility of CPB SC, and the y value was calculated to be
377.63 cm®> V™' 57! (Figure S13), which is higher than the
previous studies, as shown in Figure 5d. The high mobility due

to the low trap density in the large-sized crystal is critical for
the charge collection efficiency that dominates the sensitivity of
the detectors. The pulse height spectrum of the device
irradiated using a **Am@5.5 MeV source was measured as
shown in Figure S14, and the hole mobility-lifetime product
(/n'(h)) is fitted as 3.49 X 10™* cm® V™! (Figure Se). The large
ut@y product is conducive to carrier collection and radiation
detection signal perception.

Owing to the low defect density and excellent carrier
transport properties of obtained CPB SC, the X-ray detection
capability of CPB-2 was studied. Unlike the charged particle
energy spectrum test conditions, X-ray response detection is
based on the current mode. First, the asymmetric Sn/CPB-2/
Au electrodes were formed to build the Schottky barrier to
further decrease the dark current. Figure S1S shows the
schematic diagram of the electrode structure, and the dark
current at 100 V can be lower than 1 nA, which ensures the
device’s signal-to-noise ratio and stability during high-voltage
detection. In addition, the built-in electric potential due to the
Schottky barrier makes the device act as a self-driven detector
operating without external energy. It can be seen in Figure 5f
that, after eliminating the influence of gas ionization (Figure
S16), the detector also shows an obvious response to X-rays
under a 0 V bias. In addition, the X-ray response of the device
from 100 V cm™! to 500 V cm™ is also measured, as shown in
Figure S17. The linear relationship between current density
and the X-ray dose rate represents the X-ray sensitivity (Figure
Sg). Figure Sh shows the calculated sensitivity that can reach
165479.37 uC Gy,, ' cm™ under 500 V cm™'. The optimal
sensitivity of the detector is much higher than that of the
commercial a-Se detector (20 uC Gy, ™' em™2)* and also
higher than that of the other CsPbBr; detectors, as shown in
Figure 5i. Moreover, it can be seen in Figure S18 that with high
X-ray detection sensitivity and stable dark current, the CsPbBr;
detector also achieves a high-resolution (1.0 LP mm™") X-ray
image. The corresponding results indicate that the large-sized
CPB SC grown by the CGGM has excellent application
prospects for radiation detection.

B CONCLUSION

In this work, the developed CGGM was explored to grow
large-sized and high-quality CPB SC. First, the 2-BPA additive
was employed to modify the precursor, for which the
metastable zone was expanded twice and the growth yield
increased from 10 to 32%. Whereafter, the finite element
simulation was used to reveal the laws of forced convection
velocity at crystal growth interfaces. A stable solid—liquid
interface was obtained with the CGGM and a platform
rotation speed of 7 rpm. Finally, the record large-sized CPB SC
of 17 X 17 X 2 mm® was obtained, showing excellent
homogeneity and low trap density of 2.27 X 10° cm™. The
large-sized crystal exhibited high hole mobility (377.63 cm*
V™' s7!) and excellent X-ray detection response with an X-ray
sensitivity of 1.6 X 10° uC Gy, ' cm™, which also shows
operational stability in a self-driven mode. Our work provides
strategies for obtaining large-sized and high-quality CPB SCs,
which can promote the further application of solution-grown
CsPbBr; for radiation detection and hopefully stimulate and
guide the growth technology of other large-sized perovskite
single crystals for more applications.
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