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ABSTRACT: Hybrid methylammonium lead tribromide (MAPbBr3) perov-
skite has attracted great attention in ionization radiation detection. However, the
charge collection remains a challenge. Here, fast response and high-sensitivity X-
ray detection based on MAPbBr3 single crystals with a surface barrier Schottky
diode has been achieved at room temperature. The Schottky surface barrier can
overcome the large leakage current at a high electrical field, enabling us to
reduce the noise and increase the charge collection efficiency. This surface
barrier device has been demonstrated a 3 times improvement over the
photoconductor based X-ray detector, which enables usage in nuclear medicine,
especially for X-ray imaging technology.
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High-performance, low-cost X-ray detection has attracted
much attention, because it offers wide applications for

scientific research, medical imaging, home security, non-
destructive testing, and so on.1−4 In order to detect X-ray
photons, two strategies have been developed: the indirect
method that converts them to UV−visible photons by using
scintillators and then converts UV−visible photons to charges
by a photodetector; or direct method that converts these X-ray
photons into electron−hole pairs, which is dominated by
semiconductors.4 A material that can serve as an efficient direct
X-ray detector requires distinct properties: high resistivity, high
μτ product, high atomic numbers, and low charge trap density. A
high atomic number with high density attenuates the incident X-
ray. High purity with low charge density is to avoid charge
trapping while performing the single-event analysis. Thus, high-
quality semiconductor materials (amorphous Se, high-purity Ge,
CdZnTe) have been developed as most successful for
commercial X-ray or γ ray detectors.1−6 In addition, the devices
based on these materials are limited by cost, testing conditions,
or technology. Therefore, a novel material is pursued to
overcome these limitations with good detection performance.
Recently, organic−inorganic methylammonium lead halide

perovskite materials MAPbX3 (MAPbX3, where MA =
CH3NH3, X = Br, I) have received great attrention and have
been successfully employed to detect α particles, X-rays, and γ

rays by using a direct photon to current conversion method.7−12

The outstanding performances of these devices are mainly
ascribed to MAPbX3 perovskite single crystals (SCs) with low-
cost, high atomic and intrinsic properties such as a tunable wide
band gap, high mobility−lifetime product, long diffusion length,
and low trap density.13,14 All these ionization radiation detectors
based on perovskite materials are sandwich structure photo-
conductor devices with two ohmic contacts on both sides of the
crystals. Charges generated by incident X-ray photons are
shifted and collected at metal contacts under the external electric
field. However, charge transportation and collection efficiency
limit the performances of present photoconductor based
devices.15 Two strategies provide the possibilities to increase
the charge collection efficiency: (i) apply a high external electric
field to increase the drift length of charge carriers and reduce the
charge trapping (but this will also decrease the signal-noise ratio
due to the increase of dark current) and (ii) grow high-quality
crystals with high resistivity and mobility−lifetime product (but
this is always limited by crystal growth technology). In addition,
although the photoconductor device has the potential to take
good X-ray images, the dark current of the device is hard to
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satisfy by the operating conditions of commercial flat-panel X-
ray imagers.5

The charge collection and leakage current at a high electrical
field are a source of electrical noise, which decreases the
detection performance. To improve the detection performance,
several methods have been tried to overcome these limitations:
inserting a layer of brominated (3-aminopropyl)triethoxysilane
molecules to reduce the dark current,10 harvesting the high
mobility−lifetime product of single crystals by growing high-
quality alloyed perovskite SCs to improve bulk resistivity, and
using a guard ring electrode to reduce the surface leakage.12

In this study, we have successfully fabricated an X-ray detector
based on solution growth MAPbBr3 SCs with surface barrier
Schottky structure at room temperature. This structure diode
has been employed to overcome charge collection limitations,
which consists of Ohmic contact and Schottky contact on both
sides of the crystals. The surface Schottky barrier could greatly
reduce the surface leakage current at a high electrical field that
could enhance the charge collection efficiency. A high-
performance surface barrier X-ray detector has been achieved
with high sensitivity and fast response time.
All raw chemicals include methylamine (33 wt % in absolute

ethanol), hydrobromic acid (47% in water), ethanol, diethyl
ether, DMF (anhydrous, 99.8%), and lead bromide (PbBr2,
99.99%), which is a commercial product without further
purification. High-quality MAPbBr3 single crystals (SCs) were
synthesized by using the inverse temperature crystallization
growth method with two steps. First, CH3NH3PbBr (MABr)
powder was prepared after mixing a molar ratio of methylamine
and hydrobromic acid at 0 °C in an ice bath for 1 h. The raw
MABr powder was collected after evaporating the solution by
using a rotary evaporator. To increase the purity of the MABr
powder, the raw MABr powder was washed with ethanol and
diethyl ether at least three times. Second, we prepared a
saturated precursor solution by dissolving a molar ratio of MABr
and PbBr2 into DMF solution at 60 °C. Finally, the high-quality
crystals were harvested from the solution after putting the
precursor solution in a vial and keeping it in an 80 °C oil bath for
2 days.
The selected rawMAPbBr3 SCs were fabricated with an X-ray

detector with a Schottky diode. A 50 nm thick Al layer was
deposited onto the surface of crystals in a 1 mm diameter circle
through a shadow mask by using sputtering as the Schottky
contact. Then the devices were obtained after a 50 nm thick layer
of Au was evaporated onto both sides, thus serving as the ohmic
electrode.
Single-crystal X-ray diffraction (XRD) was performed using a

Bruker D8 Discover X-ray diffraction system. The optical
transmission spectrum was characterized by a Cary 5000 UV−
vis spectrophotometer. The photoluminescence (PL) spectrum
was recorded by an FLS 980 fluorescence spectrometer from
Edinburg Instrument, which was excited with a 405 nm laser.
The capacitance−voltage measurement was carried out using a
KCV-300 capacitance meter with a test frequency of 1 MHz. X-
ray photons were coming from a portable X-ray tube (tungsten
target) operated at 40 kV. The X-ray dose rate of depended on
the operating current of the X-ray tube and was calibrated by a
dosimeter. The X-ray generated current was recorded by a
Keithley 2400 source meter. To measure the time profile of the
device, the collimated X-ray was modulated by a thick steel
chopper, and the current was recorded by a lock-in amplifier and
oscilloscope (Tektronix DPO71254). The distance between the

source and devices is about 2 cm. All measurements were done
in air at room temperature.
Large crystals have been harvested from the precursor

solution by using the inverse solution growth method that
kept the precursor solution in an 80 °C oil bath for several days.
The crystal size is around 13.9mm× 13.8 mm× 2.6 mm (Figure
1a). The crystal structure properties are investigated by single-

crystal X-ray diffraction (XRD) measurement at room temper-
ature. Two main peaks located at around 15.4° and 30.4° have
been observed, which are ascribed to the (100) and (200) lattice
planes, respectively. It reveals that the MAPbBr3 SC is a cubic
structure with space group, which is also consistent with the
literature.14,16

Optical properties of the MAPbBr3 SC were evaluated by
UV−vis transmission and photoluminescence (PL) spectra, as
shown in Figure 2a,b. The optical transmittance of the
MAPbBr3 crystal is about 70%, while the wavelength exceeds
570 nm. The optical band gap could be calculated from the
cutoff edge by using the Tauc plot: αhv ∝ (hv − Eg), where Eg is
the optical band gap, α is the absorption coefficient, and h and ν
are the Planck constant and frequency of the incident photon,
respectively. The calculated optical band gap is 2.2 eV by
extrapolating the linear intercept (the inset of Figure 2a). The
PL spectrum exhibits a sharp peak at 566 nm with the full width
at half-maximum (fwhm) of 14 nm, which was excited by a 405
nm laser at room temperature in air. The optical band gap and
PL spectrum imply that the MAPbBr3 SC is a direct band to
band material. Moreover, the high transmission and narrow PL
peak indicate this is a high-quality material with low trap
density.17

Metal−semiconductor contact is a key metric to characterize
the device performance. To archive excellent detection perform-
ance, Schottky contact between Al and the MAPbBr3 crystal is
evaluated by using capacitance−voltage (C−V) measurements
operated at 1 MHz (Figure 3). The characterization of the
charge collection performance of Schottky diode metrics such as
capacitance (C), barrier height, carrier concentration, and
applied voltage (V) can be expressed as follows18

εε
φ

=
+

C V
q N

qV
( ) A

2( )
d0

2

0 (1)

where A is the area of the diode, ε is the relative permittivity of
the semiconductor, ε0 is the permittivity of vacuum, q is the
electron charge, Nd is the concentration of uncompensated

Figure 1. Structure properties of MAPbBr3 SCs. (a) Photograph of as-
grown MAPbBr3 single crystal with the dimension of 13.9 mm × 13.8
mm × 2.6 mm. (b) Single-crystal X-ray diffraction pattern of MAPbBr3
single crystal.
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donors. φ0 = qVbi is the barrier height, and Vbi is the diffusion
(build in) potential. The above equation can also be expressed as

εε εε
= × − ×−C

A
V

q N A q N
2 2 V2

2
bi

0 d
2

0 d (2)

ε ε
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2
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Therefore, the barrier height and concentration of un-
compensated donors can be obtained from the fitted linear
regression, which is plotted as a solid black line on the basis of

the above equation, and its intercept with the voltage axis. The
obtained Vbi and Nd for the diode are 0.83 eV and 8.6 × 1017

cm−3, respectively. Here, the εR of the MAPbBr3 material is
25.5.13,18 Furthermore, the depletion layer width (W) can be
calculated using the following equation:19,20

εε
= −W

qN
V V

2
( )0

d
bi

(4)

The calculated W is a function of applied reverse voltage, as
shown in Figure 3b. A larger W value can be reached by

Figure 2.Optical properties of MAPbBr3 SCs. (a) Optical transmission of MAPbBr3 SC. The inset is the Tauc plot of calculated optical bandgap. (b)
Photoluminescence spectra of MAPbBr3 SC excited with a 405 nm laser at room temperature.

Figure 3. Electrical properties. (a) C−2 plot as a function of applied voltage, V. The black line represents the linear fitting. (b) Calculated barrier height
width of the depletion layer versus applied voltage.

Figure 4. Detector design. (a) Schematic diagram of the MAPbBr3 single crystals perovskite device. (b) Typical current−voltage curve of the Au-
MAPbBr3−Al sandwich structure device operating at low voltage and dark atmosphere.
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increasing the applied reverse voltage. W is approximately 8.1
μm at the reverse voltage of 200 V.
Considering the p-type behavior of MAPbBr3 SCs (demon-

strated by CV), high and low work function metals were usually
employed to form the Ohmic and Schottky electrodes,
respectively. Because of the relative high work function of Au
(5.1 eV) and the small work function of Al (4.28 eV), these two
metals were chosen to deposit on the surface of crystals as
Ohmic and Schottky electrodes.21,22 To minimize the incident
X-ray attenuated by the Al electrode, the evaporated thickness of
the Al was about 50 nm. The typical Schottky behavior current−
voltage (I−V) curve of the Au/MAPbBr3/Al structure has been
observed in Figure 4b.
Obviously, X-ray imaging in nuclear medicine has become a

common and effective tool to diagnose and treat patients. A high
performance with low dose rate detection and fast response is
essential to minimize the dose rate exposure of the patient for
decreasing cancer risk, especially for young patients.23,24 The X-
ray generated a strong, producible photocurrent (Figure 5a) that
is dependent on the incident X-ray dose rate, as shown in Figure
5b. The devices were stable without obvious degradation, while
operating at a reverse voltage of 200 V. The photocurrents of the
device under the dose rate at 1.3, 4.2, and 22.1 μGy/s were

investigated in this study (Figure 5b). As shown in Figure 5c, a
linear relationship between exposure X-ray dose rate and the
current response has been observed. The sensitivity of the device
at 50, 100, 150, and 200 V are 109, 204, 271, and 359 μC Gy−1

cm−2, respectively, which was derived from the slope of the fitted
line.
Figure 5c shows the time response of the device operated at

200 V, irradiated with a collimated X-ray that chopped at 2 kHz.
The response and recovery time of devices are defined as the
time interval between 10% and 90% of the maximum
photocurrent, respectively. The value of response time and
recovery time are 76.2 ± 2.5 and 199.6 ± 2.5 μs, respectively.
The X-ray detection performance of the photoconductor device
with Au/MAPbBr3/Au structure has been investigated. The
sensitivity and response time of the photoconductor device are
62 μCGy−1 cm−2 and 272± 5 μs (Table 1), respectively. These
values are greatly matched with previous photoconductor
values.10 After comparison between these two structure devices,
the sensitivity and response time of the Al/MAPbBr3/Au
Schottky device are 3 times higher or faster than those of the
photoconductors detector. The enhanced detection perform-
ance is mainly attributed to the 4 order increase of the electrical
field (1.43 × 107 V/m), compared with that of the previous

Figure 5. X-ray detection performance. (a) Current responses of devices on and off under a 50 keV X-ray, with a tungsten target. (b) Photocurrent
versus applied voltage of the Au/MAPbBr3/Al Schottky radiation detector at various X-ray dose rates for the same device. (c) Photocurrent at various
dose rates with different reverse voltages. (d) Transient photoresponse of the detector measured at reverse voltage 200 V, dose rate 22.1 μGy/s. The
time response of the devices was measured using a collimated X-ray chopped at 2 kHz.

Table 1. Summary of X-ray Detection Performances for Perovskite-Based X-ray Detector

devices sensitivity (μC Gy1−cm−2) response time(μs) X-ray (KeV) dose rate (μGy/s) ref

Au/BCP/C60/MAPbBr3/Si 2.1 × 104 255 8 11.8 10
ITO/PI-MAPbBr3(dilute)/MPC/PI-MAPbI3/ITO 1.1 × 10−2 5 × 104 100 1000 11
Ag/ZnO/PCBM/MAPbI3/PEDOT:PSS/ITO 2.527 × 103 NA 70 6720 25
Au/MAPbBr3/C60/BCP/A 80 216 50 NA 8
Au/poly-TPD/MAPbBr3 PSC/C60 doped PCBM/Ag 2.36 × 104 26 30 100 26
Al/MAPbBr3/Au 359 76.2 ± 2.5 50 22.1 this study
Au/MAPbBr3/Au 62 272 ± 5 50 22.1 this study
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photoconductor device (several hundred V/m).9,10,27,28 In
addition, the leakage current can be greatly suppressed by the
barrier between Al and MAPbBr3 SCs.
The observed photocurrent density at 22.1 μGy/s is linearly

increasing with the applied voltage (Figure 6a). This is
attributed to the charge transportation at various W values. As
discussed above, we know that the W value is increasing by the
applied reverse voltage. TheW value is 8.1 μm under the reverse
voltage of 200 V. Although the W value is smaller than the
theoretical penetration depth of 50 keV in MAPbBr3 SCs, it is
low enough to attenuate the incident 50 keV X-ray. In this case,
the current density is increasing linearly with the applied voltage.
The dramatically enhanced X-ray detection sensitivity, response,
and recovery speed are ascribed to the Schottky barrier between
Al and MAPbBr3 SCs. It is because, under the high electrical
field, the X-ray generated electron−holes are in the depletion
region, which is much faster swept to the metal electrode than
the low electrical field (Figure 6b).20 This will reduce the charge
trapping and suppress the carrier recombination and thus
increase the charge collection efficiency.When the X-ray beam is
switched off, the charges created outside of the depletion region
induce longer recovery times.29

In conclusion, we have fabricated a reliable, high on−off ratio,
fast and sensitive Au-MAPbBr3−Al Schottky sandwich struc-
tured X-ray detector with operation in the air at room
temperature. The Schottky diode exhibits a built-in barrier
height and carrier concentration at 0.83 eV and 8.6 × 1017 cm−3,
respectively. At an applied reverse voltage of 200 V, the ratio of
photocurrent to dark current is up to 3 orders less than 22.1
μGy/s, the incident X-ray dose rate. The photocurrent density is
a linear function of various dose rates under 50 keV X-ray
exposure. Thanks to the suppressed leakage current and
enhanced charge collections by the surface Schottky barrier,
the devices exhibit high sensitivity (359 μCGy−1 cm−2) and fast
response time (76.2 ± 2.5 μs) at room temperature.
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