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X-ray detection is of great significance for medical diagnostics, industrial non-destructive inspection,
nuclear plants and scientific research. However, high sensitivity is needed for X-ray detectors to reduce
the radiation dose applied to human bodies for the applications of medical imaging and security checks.
Here, we reported sensitive X-ray detectors made of solution-grown inorganic lead perovskite CsPbBrz
single crystals and the synthesis of high-quality inorganic lead perovskite CsPbBrs single crystals using
an improved low temperature solution method, which exhibited high transmittance, mobility and mobility—
lifetime products. By designing the detector in an asymmetric electrode configuration, ion migration was
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Accepted 6th November 2019 optimized detector exhibited high sensitivity of 1256 nC Gy * cm~2 for 80 kVp X-ray detection under a
relatively low electric field of 20 V. mm™, which was 60 times higher than that of commercially used a-Se

detectors. Due to its facile synthesis, low cost, long-term stability, and high detection sensitivity, CsPbBrs is
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1. Introduction

X-ray detection is of utmost importance for wide applications in
the fields of medical diagnostics, industrial non-destructive
inspection, nuclear power plants and scientific research.'”
In all the X-ray detection semiconductors, high sensitivity and
detection efficiency are paramount properties to reduce the
X-ray dose that patients and workers are exposed to during
X-ray inspections such as computed tomography.’® Thus,
enhancing the sensitivity of X-ray detectors has important
significance to reduce the risks of cancer and simultaneously
obtain high-resolution images. For semiconductor-based X-ray
detectors, the current state-of-the-art materials used as X-ray
detectors include amorphous Se (a-Se),” Pbl,,® Hgl,,>'® CdTe'!
and CdznTe.'” The application of commercialized o-Se is
limited because of its low absorption ability for higher energy
X-rays over 50 keV. For Pbl, and Hgl,, stability issues hinder
their further applications in X-ray detection. CdTe and CdZnTe
seem to have promising prospects; however, their high cost and
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expected to be an outstanding candidate for commercialized sensitive X-ray detectors.

complicated technology processes must be taken into consid-
eration for their wide applications.?

Recently, metal halide perovskites with the general formula
of ABX; (A = CH3CHj3, NH,CH—NH,, and Cs; B = Pb, Bi, and Sn;
and X = I, Br, and Cl) have been widely studied because of their
remarkable performances in solar cells,"*'® lasing,’”'® and
LEDs'""® and their facile synthesis methods. Due to their
high-Z elements such as Cs, Pb, Bi, I and Br and high mobi-
lity-lifetime (ut) products, these perovskites are considered as
potential materials for a new generation of nuclear radiation
detectors. To date, MAPbI; thin films,>®° MAPbI; sintered
wafers,”® MAPbBr; single crystals (SCs),>*** and Cs,AgBiBr,
SCs** have been demonstrated to be successfully applied in
X-ray detection. However, their issues such as high density of
defects in their crystals, low sensitivity, ion migration under
high electric field, and poor stability are still severe enough to
hinder their further applications.

Accordingly, several efforts have been made to try to tackle
these problems. For example, thermal annealing and surface
treatment have been proven to be effective measures to improve
the surface state of the crystals and carrier transportation.>*>°
In addition, special device designs that use asymmetric
electrodes***” or employ metal oxides such as aluminum zinc
oxide as electrodes® have also been demonstrated to signifi-
cantly decrease the leakage current of the device by increasing
the Schottky barrier or forming p-n junction structures. As a
stable perovskite material without organic molecules,*® 3
cesium lead bromide (CsPbBr;) has received much attention.

J. Mater. Chem. C


http://orcid.org/0000-0002-2357-8193
http://orcid.org/0000-0002-9333-1436
http://orcid.org/0000-0002-6505-7142
http://orcid.org/0000-0002-1017-9337
http://orcid.org/0000-0002-1874-1881
http://orcid.org/0000-0003-2037-4168
http://crossmark.crossref.org/dialog/?doi=10.1039/c9tc05490a&domain=pdf&date_stamp=2019-11-25
http://rsc.li/materials-c
https://doi.org/10.1039/c9tc05490a
https://pubs.rsc.org/en/journals/journal/TC

Published on 07 November 2019. Downloaded by Auckland University of Technology on 1/2/2020 9:18:10 PM.

Paper

CsPbBr; possesses an effective atomic number, Z.g, of 65.9,
with high attenuation coefficient for absorbing X-rays. CsPbBr;
microcrystals®® and quasi-monocrystalline®® thick films have
been reported recently as X-ray detectors, but controlling the
film quality was challenging and the density of defects in the
film was high. The optoelectronic properties related to life-
times, carrier mobilities and defect tolerance of single crystals
show better performances than those of polycrystalline
materials.*>*® However, the fabrication of X-ray detectors using
CsPbBr; SCs has not been reported so far.

In this work, we demonstrate the application of solution-
grown CsPbBr; SCs to fabricate X-ray detectors with high
sensitivity. CsPbBr; SCs were grown via an improved inverse
temperature crystallization (ITC) method with high crystal-
lization quality. By designing the device configuration into
asymmetric electrodes, the device degradation caused by ion
migration was effectively prevented under relatively high bias
voltages. Additionally, X-ray detectors with high sensitivities
were fabricated using the improved device structure.

2. Materials and methods
2.1. Materials

CsBr (>99.5%), PbBr, (>99.5%), dimethyl sulfoxide (DMSO,
>99.8%), dimethylformamide (DMF, >99.8%) and cyclohexanol
(CyOH, >99.8%) were purchased from Sigma-Aldrich.

2.2. Growth of CsPbBr; single crystals and device fabrication

PbBr, (1 M) and CsBr (0.5 M) were dissolved in 60 mL DMSO
solution and fully stirred to obtain a 2 molar ratio of PbBr, to CsBr.
Then 60 mL of a mixture of CyOH/DMF was added to the DMSO
solution to obtain the precursor solution. To achieve uniform
heating, a 1 x 1 x 1 m® water bath tank was adopted as the
heating system. The water bath tank was equipped with a thermo-
meter, thermocouple, and submersible pump. During the heating
process, precise temperature compensation could be accurately
controlled based on the proportion, integral, derivative (PID)
adjustment. The precursor solution was put into the heating bath
and maintained at the temperature of 50 °C for 12 h. After heating
at a constant temperature, the solution was filtered into a new
container using 30 pm sized filter paper to remove impurities and
small CsPbBr; crystals. After oversaturation at 50 °C, the was
heated solution at a heating rate of 1 °C per day starting from
49.5 °C. After about 10 days growth, several square-shaped CsPbBr;
crystals with a size of 4-5 mm were formed on the bottom of the
container. The as-grown crystals acted as seed crystals and con-
tinued to grow into large-sized CsPbBr; SCs. Detector I was
prepared with a 3 x 4 x 1 mm® CsPbBr; SC with gold electrodes
evaporated on both sides. Detector II was prepared with a 5 x 5 x
2 mm? CsPbBr; SC with aluminium and gold evaporated on each
side separately. The area of each metal electrode was 3.14 mm?.

2.3. Characterization measurements

X-ray diffraction (XRD) patterns of both the powder and single
crystal samples were collected using a D/Max2500PC with
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CuK,; in the 20 range of 10-70°. UV-Vis spectra of the CsPbBr;
crystals were measured on a UV-2550 spectrometer with an
integrating sphere over the spectral range of 300-1500 nm.
TRIAX 550 fluorescence spectroscopy was used to collect photo-
luminescence (PL) time-resolved photoluminescence (TRPL)
spectra, with the excitation wavelength of 325 nm. Current-
voltage (I-V) was measured using an electrical properties
measurement system (Agilent 4155C).

2.4. Radiation detection measurements

For a-particle-induced pulse shape rise time analysis, the device
was exposed to the illumination of an uncollimated **'Am @
5.49 MeV a-particle source. The pulse shape information was
simultaneously recorded by connecting the pre-amplifier
(Model ORTEC570) and output to a high-speed waveform
digitizer card. For X-ray detection measurements, a tungsten
target X-ray tube (SPELLMAN XRB011) was used as the source.
The X-ray source was constantly operated with the tube voltage
from 40 kV to 80 kV, and the tube current was tuned from 0 to
600 pA. The X-ray dose rate was directly proportional to the tube
current, and it was carefully calibrated using a thermolumines-
cence meter. The CsPbBr; device was placed in a dark shielding
box to prevent disturbance from ambient light. The bias voltage
was applied on the device and the induced photocurrent was
recorded by a Keithley 6517B.

3. Results and discussion
3.1. Crystal growth and characterization

High-quality single crystals are needed for the fabrication of
high-sensitivity X-ray detectors. Among the solution growth
methods, the AVC method has been prevalent because of its
simplicity. However, the repeatability and growth speed control
of this method are not satisfactory. Thus, we employed the ITC
method to grow CsPbBr; single crystals, and their growing
speed could be accurately controlled by adjusting the heating
rate. In our previous work,?” we systematically studied the AVC
method and found that the mole ratio of PbBr, and CsBr (n:1)
is the key factor to obtain a single CsPbBr; phase and high-
quality crystals. Likewise, to make crystals grow in a Br-rich
solution and ensure no other phases precipitate, we set the
initial mole ratio of 2:1 in the precursor. Previous research®'
showed that for the ratio of 2:1, the solubility of CsPbBr;
declines significantly in the range of 75-90 °C. The range of
temperature for the solubility drop can be widened to 25-110 °C
with the addition of a CyOH/DMF mixture to the precursor
solution. By using a water bath heating system (ESLt Fig. S1),
CsPbBr; precipitated in a specific temperature range with its
solubility decreased. The heating rate should be as low as
possible to ensure good crystallization quality. Fig. 1a shows
the single crystals grown by the ITC method in the temperature
range of 50-60 °C at the heating rate of 1 °C per day. CsPbBr;
suffers from two phase transitions, which occur at around
130 °C from cubic (Pm3m) to tetragonal (P4/mbm) and 88 °C
from tetragonal (P4/mbm) to orthorhombic (Pbnm) phase.?®

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9tc05490a

Published on 07 November 2019. Downloaded by Auckland University of Technology on 1/2/2020 9:18:10 PM.

View Article Online

Journal of Materials Chemistry C Paper
() : . —(®) ; : :
o Dat —~
- Fi?ti?\g curve ﬂ 488nm
- —— Difference = ﬁ T=300K
S 81 Peak position| 8 g 3
& | O 8r H % i
= x : — © H
0 (040) =, H {
‘.f-]:_;' | > 4 §
< (020) (080) | ‘»
b c
| o 5
T T T c 0 1 1 1
20 40 60 - 510 540 570 600
(d) 20(degree) (f) Wavelength (nm)
100 T T T 103 3 T T 3
;\3 I :-‘L’\ : 7,=2.9 ns
ol SN - 1S | 1,=25.1ns
E =2.297 eV 0 102k
8 60 L m g i o 10 §
g I © > |
'€ 40t A 112, .
§, . = T = 10"
= = ORI
© 20r = 1€
|: L 2:25/72.30 _2.35 - L
I | hV (eV) — 0 [,
0 o 10
300 600 900 1200 0 50 100 150
Wavelength (nm) Decay Time (ns)

Fig. 1
structure with the space group Pnma. (c) XRD patterns of the powder and sin

(a) As-grown CsPbBr3 crystals with orange color grown by the ITC method in the temperature range of 50-60 °C. (b) Schematic of the crystal

gle-crystal samples. (d) Optical transmittance spectra for as-grown CsPbBr3

crystals. The insert shows the energy gap is fitted as 2.297 eV by the Tauc plot. (e) Photoluminescence (PL) spectra of CsPbBrs crystals at 300 K. (f) PL
lifetime decay upon two-photon excitation. The dots represent experimental data and the solid curve is the best fit with a double-exponential function.

However, in this growth process (50-60 °C), phase transi-
tions were successfully avoided, which reduced the defects
originating from crystal lattice transformations. Millimeter-sized,
high-transparent CsPbBr; single crystals were obtained within
10 days. The centimeter-sized single crystals were grown with
seed crystals.

A schematic of the CsPbBr; crystal structure at room tem-
perature is shown in Fig. 1b, which shows the perovskite crystal
structure known as ABX;. Fig. 1c shows the powder and single
crystal XRD patterns. The results of the XRD pattern refinement
demonstrate that the resulting CsPbBr; has the space group of
Pnma, with cell parameters a = 8.37 A, h=12.011 A, c=8.425 A, 0. =
f=7=90° It is notable that no other phase precipitated during the
growth process. The single crystal pattern shows that the as-grown
CsPbBr; single crystals exhibit a set of (0  0) diffraction surfaces.
The optical properties of CsPbBr; grown via the ITC method were
studied at room temperature. Fig. 1d shows the UV-Vis transmis-
sion spectrum from 300 nm to 1500 nm of CsPbBr;. A sharp rise at
around 550 nm is observed, which demonstrates the low density of
the shallow energy level defects and high purity of the crystal.
From 550 nm to 1500 nm, a relatively high transmittance of ~75%
was obtained, which is higher than that of the crystals (~57%)
grown via the improved AVC method®” in our previous work, which
indicates higher crystalline quality. The inset in Fig. 1d shows the
Tauc plot fitting, and the band gap of the as-grown CsPbBr; was
fitted as ~2.297 eV, which is in agreement with the previous
crystals grown by solution methods and melting methods.>”*
The band gap value shows that CsPbBr; is suitable for

This journal is © The Royal Society of Chemistry 2019

application as a photodetector.?®*! The CsPbBr; single crystal
exhibited strong PL at room temperature with 325 nm excita-
tion. Two PL peaks located at around 530 nm and 560 nm
with strong intensities were observed in the PL spectrum,
as is shown in Fig. le, implying that near-edge defect levels
originated by surface states play an important role in the
emission process.>® Fig. 1f displays the TRPL decay, which
was fitted well to a double-exponential function. According
to the spectrum, the faster decay time (z; = 2.9 ns) and
slower decay time (1, = 25.1 ns) are speculated to be trap-
assisted surface recombination and free charge carrier recom-
bination in bulk, respectively. Both decay times are longer
than that of CsPbBr; grown via the AVC method (7; = 1.9 ns
and 1, = 6.8 ns).*®

3.2. o-Particle-induced pulse shape rise time analysis

The time-of-flight (TOF) technique®' was adopted to evaluate
the charge carrier mobility of the CsPbBr; single crystal. The
schematic diagram of the o-particle (He*")-induced charge carrier
transport process in the CsPbBr; crystal is shown in ESI, T Fig. S2,
and the preamplifier pulse signals are analyzed. Under an external
electric field, electrons and holes drift toward the anode and
cathode immediately. For electron transport mobility calculation,
a-particles act on the cathode. Fig. 2a displays the paths and
stopping range of a-particles with an energy of 5.5 MeV in the
CsPbBr; single crystals by Monte-Carlo calculations using the
SRIM software, and Fig. 2b shows the depth distributions of
the a-particles. Due to the shallow penetration depth of the
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Fig. 2 (a) Stopping and range of a-particles with energy of 5.5 MeV in CsPbBrsz single crystals by Monte-Carlo simulation. (b) Depth distributions of

a-particles in CsPbBrs. (c) Time-of-flight transients of electrons using a-particles. (d) Electric field-dependent electron drifting rates from 5 to 50 V.cm
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The resulting electron mobility is 1368 + 52 cm? V™1 s72. (e) Time-of-flight transients of holes using a-particles. (f) Electric field-dependent hole drifting
rates from 5 to 50 V cm™*. The resulting hole mobility is 2652 + 158 cm? V= s7%,

a-particles of about 29 um obtained from the simulation, the
majority of electron-hole pairs were generated and concen-
trated near the cathode region. Therefore, the resulting charge
signal is predominantly attributed to the drift of a single-carrier
polarity.*" The induced transit current signal is converted to
pulsed voltage spectra through charge sensitive preamplifier.
We collected the induced pulse voltage output from the pre-
amplifier using a high-speed waveform digitizer card. Fig. 2c
displays the typical voltage pulse spectrum induced by
a-particles at the bias of 4, 6, 8, and 10 V for the electron
transport. The 10-90% amplitude rise time of the spectrum was
extracted as the carrier drift time, ¢. The carrier drift velocity
can be calculated as V = d/t, where d is the thickness of
the CsPbBr; single crystal. Combined with the equation
V = u-E, where p is the mobility and E is the electric field, by
fitting the plot of V-E, as shown in Fig. 2d, the electron mobility
was calculated as 1368 + 52 cm® V™' s™". The charge transport
process with holes is similar to electrons when o-particles
act on the anode. As results show in Fig. 2e and f, the hole
mobility was calculated as 2652 + 158 cm® V' s~ . The carrier
mobility obtained in our work is lower than the reported
~4500 cm? V™' s for CsPbBr; nanocrystals,** but comparable
to that of single crystals (2290 cm®* V™' s~ for electrons and
2060 cm® V™' s for holes).*® The carrier transport property in
the as-grown CsPbBr; single crystals is excellent for high carrier
mobility, which guarantees a favorable performance in radia-
tion detection.

J. Mater. Chem. C

3.3. Optimization of device configuration

A sandwich electrode configuration was adopted to fabricate
CsPbBr;-based detectors. CsPbBr; was demonstrated to be a
p-type semiconductor in previous reports,*® and we considered
its valence band maximum and the conduction band minimum
to be —5.6 and —3.3 €V, respectively. Therefore, Au (¢, = 5.1 €V)
is assumed to be a typical high work function electrode metal for
CsPbBr; to inject holes efficiently. Fig. 3a displays a schematic
diagram of the Au/CsPbBr;/Au sandwich configuration device and
Au-CsPbBr; contact energy band. ¢, is the Schottky barrier for
hole injection from Au to CsPbBr; under a positive bias. V;, is the
Schottky barrier for hole extraction from CsPbBr; to Au under a
reverse bias. As shown in Fig. 3b, this type of device has a low dark
leakage current of 0.4 nA under a 10 V bias, and the resistivity
reached 7.85 x 10° Q cm, which is quite a good performance for a
radiation detector. However, when a high voltage was applied, the
leakage current increased dramatically with 2 pA under 100 V, and
the typical I-V curve is presented in Fig. 3b. This issue is a vital
challenge that exists in lead halide perovskite materials, which is
mainly attributed to vacancy defect activation and ion migra-
tion under a high voltage, especially for halogen atoms.**™*”
The charge accumulation and built-in potential caused by ion
migration lead to a high leakage current and nonlinearity of the
I-V curve.

The photoresponse properties of the Au/CsPbBr;/Au device
under different bias and 420 nm LED light with a power of

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9tc05490a

Published on 07 November 2019. Downloaded by Auckland University of Technology on 1/2/2020 9:18:10 PM.

Journal of Materials Chemistry C

(a)

View Article Online

Paper

@ 420 nm LED 1 mW

pa)
50V
10V
3l i . =10, 0 .10 0.0
100 50 0 50 100 0 50 100 150 200
Voltage (V) Times (s)
(e) (f)

@ 50V bias, 420 nm LED 1 mW

OF

2 L
£
]
o
5
O LON
F \ M
qe, o5 . . L L
qVp=We-Wy 100 -50 0 50 100 0 50 100 150
= Voltage (V) Time (s)

Fig. 3 (a) Au/CsPbBrs/Au device structure and the band diagram of Au-CsPbBrs contact. (b) Typical /-V characteristic curves of the Au/CsPbBrs/Au
device at the range of £10 V and +£100 V. (c) Photoresponse of Au/CsPbBrs/Au device under 1V, 10 V, 50 V bias, illuminated using a LED with a
wavelength of 420 nm and a power of 1 mW. (d) A/CsPbBrs/Au device structure and the band diagram of Al-CsPbBrs contact. (e) Typical /-V
characteristic curves of the Al/CsPbBrsz/Au device at the range of £10 V and +100 V. (f) Photoresponse of Al/CsPbBrs/Au device under 50 V bias using a

LED with a wavelength of 420 nm and a power of 1 mW.

1 mW were further investigated. It is notable that the base line
of the dark current drifted continuously with time under a
relatively high bias, and the on-off ratio also decreased due to
the increase in leakage current, as shown in Fig. 3c. Once the
device suffered degradation caused by a high voltage, it was
irretrievable under a low bias. This property failure caused by
ion migration is a fatal shortcoming for its application in
radiation detection since the dark current is expected to be as
low as possible to get a high gain factor, and the applied electric
field in the device is required to be higher to increase the
charge collection efficiency (CCE).

Thus, to suppress ion migration and improve the perfor-
mance under a high bias, as displayed in Fig. 3d, asymmetric
electrodes were designed on the CsPbBr; device by employing a
lower work function metal, Al (¢o; = 4.28 eV). Under the working
conditions, the electrons were injected from the cathode to
CsPbBr;, and holes injected from the anode to CsPbBrs;.
Because CsPbBr; is a p-type semiconductor, the lower work
function of Al led to greater bending of the energy band of
CsPbBr3;, thus causing a higher Schottky barrier, ¢,, under a
positive bias for hole injection from Al to CsPbBr;. The increase
in the barrier is beneficial to suppress ion migration in the
device under a high voltage. Fig. 3e shows the I-V curves of the
Al/CsPbBr;/Au device under a low and high bias, where both of
them show good linearity with shape asymmetry. The dark
current of the new device under a low bias is the same order
of magnitude as that of the Au/CsPbBr;/Au device, and surpris-
ingly, under a high voltage, the device also performed well with
4 nA at 100 V. This asymmetric electrode configuration

This journal is © The Royal Society of Chemistry 2019

suppresses ion migration significantly without increasing the
contact resistance greatly, which ensures the device works
under a high bias. Fig. 3f shows the photoresponse property
of the Al/CsPbBr;/Au device under 50 V bias and 420 nm LED
with 1 mW illumination. Compared with the former device,
the base line of the dark current was steady with time, and the
on-off ratio reached 10, demonstrating a good photoresponse
property. Further, the operation stability of the Al/CsPbBr;/Au
device was demonstrated to be better than that of the Au/
CsPbBr;/Au device. The dark current under a constant 100 V
bias was steady within 150 s, which is greatly improved compared
with that of the Au/CsPbBr;/Au device, whose dark current
increased dramatically within 20 s, as shown in the ESLf
Fig. S3. Therefore, long-time stability under a high voltage
was achieved in the optimized device.

3.4. X-ray detection performances of CsPbBr; detectors

To investigate the X-ray detector performance of the typical
Au/CsPbBr;/Au device and the improved asymmetric electrodes
Al/CsPbBr;/Au device, their X-ray response and sensitivity were
measured. During the measurements, the devices were exposed
to a tungsten anode X-ray source, with the tube voltage ranging
from 50 to 80 kV and tube current from 1 to 600 pA. To obtain
correct sensitivity values, the radiation dose rates were carefully
calibrated using both an ion chamber dosimeter and thermo-
luminescence meters. We measured the dose rates of various
tube currents under specific tube voltages and distances, r,
from the device to the X-ray source. By fitting the data, we
obtained a directly proportional relationship between dose rate

J. Mater. Chem. C
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and tube current when the tube voltage and distance, r, were
fixed. The fitting results of the dose rate as a function of tube
current under different tube voltages and distances, r, are
presented in the ESL{ Fig. S4. Furthermore, there is a good
direct ratio relation between dose rate and 1/r> according to the
planar irradiation of the source (ESL Fig. S5). Therefore, the
dose rate at any tube current and r can be calculated using
the calibrated results, and dose rate can be altered accurately by
means of changing the tube current.

A schematic illustration of the photoelectric process and
photoconductive gain during the working state of detectors is
shown in Fig. 4a, and a picture of the CsPbBr; single crystal
X-ray detector is shown in Fig. 4d. As shown in the ESI, Fig. S6,
the stopping power of CsPbBr; is similar to that of CdTe, and
stronger than MAPbBr; and o-Se, due to its relatively high
average atomic number. Ignoring the very thin electrodes, the
CsPbBr; SCs used in this work attenuated almost all the X-ray
radiation within the energy range of 50-80 eV. Thus, electron—
hole pairs were generated within the bulk SC when illuminated
by X-rays. Under a bias, the electrons and holes separated and
drifted toward the two electrodes to increase photoconductive gain.

Fig. 4b shows the response of the Au/CsPbBrz/Au device
(detector I) upon turning the X-ray source on and off at a field
of 1 V mm™", and under continuously changed X-ray flux at
8 V mm !, which is the maximum bias for detector I. The
results demonstrate a sharp rise and fall edge and steady signal
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current. The detector sensitivity was defined as S = (Iox — Iopr)/
dose rate, which was calculated by fitting the data. As displayed
in Fig. 4c, the sensitivity of detector I under different bias was
fitted, and the highest sensitivity was 61 pC Gy * em 2> under
8 Vmm ™' and 80 kVp X-rays, which is three times higher than
that of the commercially used o-Se detectors*® working at a
much higher field of 10 V um™" (20 pC Gy " ecm™?) for 60 kvp
X-ray detection. Due to the higher CCE, the sensitivity increased
with an increase in the electric field. For detector I, the
sensitivity of different X-ray photoenergies was also investi-
gated under 1 V mm ™', as demonstrated in the ESI,} Fig. S7. It
showed that in the same range of dose rate, the detector has
higher sensitivities for X-rays with a lower photoenergy, which
is caused by the longer hole drift length. By calculating the
linear attenuation coefficient using XCOM of NIST,*® photons
of 50 kvp and 80 kVp are adequately attenuated within the
0.2 mm and 0.7 mm CsPbBr; samples, respectively. Due to the
thinner active layer of 50 kvp, the average hole drift length is
longer than that of 80 kvp, which contributes higher photo-
currents because of the higher hole mobility compared with
electrons (ESLt Fig. S8). For the same photon energy of X-rays, the
sensitivity and CCE were lower in the range of high dose rate,
which is mainly due to the higher built-in electric field established
by the generated charge carrier under high dose rate exposure
(ESL T Fig. S9). The CCE was calculated as CEE = Iy/Ip, where I is
the induced photocurrent, and Ip is theoretical photocurrent
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Fig. 4 (a) Schematic illustration of the photoelectric process in the Au(Al)/CsPbBrs/Au devices under X-ray radiation. (b) X-ray photoresponse of the

Au/CsPbBrs/Au devices under different dose rates. (c) Dose rate-dependent photocurrent densities of Au/CsPbBrs/Au device under 2V, 4V, 6 Vand 8 V.
The resulting slopes, which represent the X-ray response sensitivities, are 14 C Gyt cm™2, 29 C Gy * cm™2, 44 C Gy * cm 2 and 61 C Gy * cm™2,
respectively. (d) CsPbBrs single crystal X-ray detector. (e) X-ray responses of the Al/CsPbBrs/Au device under variable dose rates, which can bear a higher
electric field strength than the Au/CsPbBrs/Au device. (f) X-ray response sensitivities of the Al/CsPbBrs/Au device under 4 V, 10 V, 20 V and 40 V are
398 C Gy tem™ 622 C Gy tcm™2 895 C Gyt cm™2 and 1256 C Gyt cm™, respectively.
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induced by X-ray ionization, which is defined as> I, = ¢fle, where
e is the quantity of electric charge. The photon absorption rate ¢
can be defined as ¢ = eDmy/E,,;,, where ¢ is the fraction of photons
in the sample (100% for the samples in this study), D is the dose
rate, m is the mass of the sample, and Ey, is the photon energy. 8
is the number of carriers generated by per X-ray photon, which is
given by 8 = Ep/4, where 4 can be calculated using the empirical
model® of 4 = 1.43 + 2E,.

Because of the lower dark current and higher applied bias, the
Al/CsPbBr;/Au device (detector II) is expected to have better
performance. Fig. 4e shows the X-ray response of detector II
upon turning the X-ray source on and off at an electrical field
of 10 V. mm™, and under continuously changed X-ray flux at
20 Vmm . Even under relatively high electric fields, the detector
exhibited good on-off ratios, and steady photocurrents. However,
the fall edge of the current of detector II is slower than that of
detector I with hysteresis of the photocurrent, which may
be attributed to the slower recombination of photogenerated
electron-hole pairs under a higher electric field strength and
the increase in defects in the crystal. Different from detector I, the
photocurrent gain was much higher with the same increase in
dose rate under a high electric field. The sensitivities of detector II
increased significantly with the value of 398 uC Gy ' cm 2,
622 uC Gy ' em™2, 895 uC Gy ' em 2 and 1256 uC Gy ' ecm™>
for 4 v, 10 V, 20 V and 40 V, respectively (Fig. 4f). This improve-
ment is mainly attributed to the high CCE of detector II. The ESL,}
Fig. S9 shows the CCE values under various electric fields for
detector II. Further, we fitted the data using the Hecht equation™’

. (1 - e!:f_dbz') )

This journal is © The Royal Society of Chemistry 2019

CCE(x) = “;—ZU

and the mobility-lifetime product (ur) was calculated as
(2.5 £ 0.2) x 107° em™> V' under an X-ray dose rate of
7.1 w0 Gy " s™'. A comparison of the sensitivities obtained from
published data'®>°* is shown in Fig. 5. It reveals that the
highest sensitivity obtained in detector II (1256 pC Gy ' cm™?)
is 60 times higher than that of the o-Se detector,’® 15 times
higher than that of the Au/MAPbBr;/Cgo/BCP detector,”® and
12 times higher than that of the Cs,AgBiBrg detector.** Thus,
CsPbBr; is a potential material for X-ray detection with high
sensitivity and a low working voltage.

4. Conclusion

High quality CsPbBr; SCs were gown via an improved low
temperature solution method, which exhibited high trans-
mittance, mobility and carrier mobility-lifetime product.
X-ray detectors were fabricated based on our CsPbBr; SCs.
Modification of the device configuration (from Au/CsPbBr;/Au
to Al/CsPbBr;/Au) was demonstrated to be an effective method
to suppress ion migration under high bias voltages and obtain
long-term stability. The optimized detector could work under
50 V with low dark currents of ~3 nA and outstanding
photoresponse on-off ratios of ~10% Due to its high CCE at
high bias, the sensitivity of the optimized detector reached
1256 pC Gy ' ecm™ > under 40 V, which exceeds that of most
state-of-the-art detectors and recently reported perovskite
detectors at the same electric field. Thus, our work demon-
strates that CsPbBr; is an excellent material for sensitive X-ray
detection owing to its facile synthesis and excellent detection
performance.
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