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Abstract

Substance discrimination beyond the shape feature is urgently desired for
x-ray imaging for enhancing target identification. With two x-ray sources or
stacked two detectors, the two-energy-channel x-ray detection can discriminate
substance density by normalizing the target thickness. Nevertheless, the arti-
facts, high radiation dose and difficulty in image alignment due to two sources
or two detectors impede their widespread application. In this work, we report
a single direct x-ray detector with MAPbI;/MAPbBr; heterojunction for
switchable soft x-ray (<20 keV) and hard x-ray (>20 keV) detection under one
x-ray source. Systematic characterizations confirm soft and hard x-ray deposit
their energy in MAPbI; and MAPbBr; layer, respectively, while working volt-
ages can control the collection of generated charge carriers in each layer for
selective soft/hard x-ray detection. The switching rate between soft and hard
x-ray detection mode reaches 100 Hz. Moreover, the detector possesses a
! ~8000
uC Gy ' cm™? in sensitivity and ~7 Ip/mm in imaging resolution. By defining

moderate performance with ~50 nGys™ in limit-of-detection,
the attenuation coefficient ratio (u;/uy) as substance label, we effectively miti-
gate the influence of target thickness and successfully discriminate substances
in the acquired x-ray images.
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1 | INTRODUCTION

X-ray detection and imaging have been widely used in
medical diagnostics, nondestructive testing, security
monitoring, and so on."™* Currently, x-ray imaging tech-
nologies can be categorized into indirect and direct types.
In the indirect method, the scintillator is used to convert
x-ray into visible photons, followed by photodiode detec-
tion. The direct type utilizes semiconductors directly
converting x-ray signal into electrical signal and then
read out by an electric field.””” Both the indirect and
direct approaches can only produce monochrome images
by detecting the x-ray intensity. According to Beer—
Lambert's Law, both the substance-related x-ray attenua-
tion coefficient and thickness of the target show a
significant influence on x-ray intensity. It is difficult to
distinguish their contribution to x-ray intensity variation.
Thus, current x-ray images primarily show the shape of
targets, with substance information missing, which
makes accurate target recognition difficult.

Two-energy-channel x-ray detection can divide the
x-ray energy into two channels and can discriminate
the difference in object densities by normalizing the thick-
ness influence on intensity variation allowing the enhance-
ment in target identification. To date, two-energy-channel
x-ray detection has shown advancements in diagnosing
vascular disease, bone mineral density, and so on.®° How-
ever, the extreme penetration causes the refractive index of
x-ray to be ~1 in all materials, the optical splitting system
or the filter makes no sense for x-ray beam splitting. Thus,
current two-energy-channel x-ray detection primarily relies
on either two x-ray sources with different anode voltages
or two stacked detectors.®'® In the former, it significantly
increases x-ray radiation and makes it hard to achieve the
image alignment, while in the latter, the electrode or cir-
cuit on the top detector introduces artifacts in the bottom
detector.''™* All these make it far from satisfactory in
practical application.

Recently, lead halide perovskite materials have
emerged as potential candidates for x-ray detectors due to
their large ur product, high absorption coefficient, high
photon yield, and low defect density."*"” The sensitivity of
x-ray perovskite detector has exceeded 10° uC Gy ‘s *,
and the lowest detection limit is below 100 nGy s *.}”"*°
Additionally, their tunable bandgap and compositional-
gradient halide heterojunction with solution epitaxial
method®>*® create the possibilities for designing two-
energy-channel x-ray detectors.”*** Inspired by the com-
mercial stacked two detectors, the concept of using two
different perovskite scintillator layers has been explored in
two-energy-channel x-ray detection, in which each scintil-
lator layer converts the x-ray into one color and the multi-
spectral camera captures the scintillating photons.*

However, the spectral camera significantly increases the
overall cost of the system and its small active area requires
complicated scanning and a long time to produce images,
which harms its practical application. Even worse,
high-energy x-ray produce scintillating photons in both
scintillator layers, which inevitably leads to the crosstalk
in low-energy images. Thus, the facile approach to realize
efficient and two-energy-channel x-ray detection is still a
challenge.

In this work, we firstly report a direct detector for dis-
criminating soft x-ray (<20keV) and hard x-ray
(>20keV) by changing working voltage, in which
MAPDI;/MAPbBr; (MA = CH3;NH;) forming type-1
heterojunction is employed as sensing material. The
thickness of MAPbI; layer was set as 60 pm to absorb soft
X-rays, while the thickness of MAPbBr; layer was 1 mm
to ensure the absorption of hard x-rays. Systematic char-
acterizations revealed that the alignment of energy levels
at heterojunction results in different behaviors of charge
carriers under specific electric field conditions. Thus, by
adjusting the working voltage, the detector can selectively
collect charge carriers from different layers, which results
in soft and hard x-ray detection. As a result, our detector
exhibits a LOD of 67.6 and 52.1 nGys ', sensitivity of
4744.8 and 8169.7 uC Gy * cm 2, —3 dB with of 2.8 and
15.7 kHz toward sensing soft and hard x-ray, respectively.
This device can switch detection between the soft and
hard x-ray at a rate of ~100 Hz. Moreover, by excluding
the influence of thickness in the sensing target and using
attenuation coefficient ratio as substance label, the
detector achieved material discrimination from two-
energy-channel x-ray imaging, showcasing its potential
practical value.

2 | RESULTS AND DISCUSSION

As we demonstrated above, the strong penetration of
x-ray makes filters or optics fail in beam splitting. Conse-
quently, traditional x-ray detectors predominantly oper-
ate in energy-integration mode, where the response
signal correlates solely with x-ray intensity (I, referring to
Figure 1A), allowing only the visualization of target
shapes without substance identification. Here, we pro-
pose a MAPbI;/MAPDbBr; heterojunction structure that
can regulate carrier dynamics with working voltage,
thereby enabling the separate detection of soft and hard
x-ray. With substance-related x-ray attenuation coeffi-
cient (p) as contrast in imaging, it holds the promise of
achieving target substance imaging with a simple algo-
rithm (Figure 1B).

The MAPbI;/MAPDBr; heterojunction was fabricated
using the solution epitaxial method, wherein a MAPbBr;
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FIGURE 1

single crystal was immersed into the MAPbI; precursor
solution heated at 100°C (seeing Figure 2A). After 10 min,
the MAPbI;/MAPbBr; heterojunction was obtained and
then polished to a thickness of ~1 mm. Detailed fabrica-
tion procedures can be found in the Method section 4.2.
Figure 2B shows the photograph of as-fabricated
1 x 1 cm* MAPbI;/MAPbBr; heterojunction, the bottom
MAPDBTr; is translucent, with a smooth surface on the top
MAPDI; side. To control the thickness of epitaxial growth
layer, we further investigated the epitaxial growth time of
the MAPbDI; layer. Figure S1 shows the top and cross-
sectional SEM (scanning electron microscope) images of
the MAPbI;/MAPDBr; heterojunction with the epitaxial
growth time of 2, 5, 10, and 30 min. The epitaxial layer ini-
tially grows as the isolated islands and then covers the
MAPbBr; substrate with subsequent vertical growth.
Figure 2C presents the cross-section SEM of MAPbIs/
MAPbBr; heterojunction. No pinholes were observed at
the interface. It should be emphasized that the perfect
interface is essential to facilitate the carrier transport and
suppress the leakage current. Here, the good epitaxial
interface can be ascribed to similar lattice constant of
MAPbI; epitaxial layer and MAPbBr; substrate. Figure 2D
displays their x-ray diffraction (XRD) patterns. The sharp
characteristic peaks indicate cubic phase in MAPbBr; sub-
strate and MAPbI; epitaxial layer, in which the lattice con-
stant was calculated to be 5.938 and 6.110 A (f :ﬁ,
where a; and a, are the lattice constants of the substrate
and epitaxial layer), respectively.”’ Thus, the mismatch
rate in lattice was estimated as ~1.42%. It is worth noting
that the lattice constants of the MAPbI; epitaxial layer

Comparison of x-ray images from (A) traditional x-ray detector and (B) our proposed two-energy-channel x-ray detector.

and MAPDI; single crystal are different, consistent with
our previous research.””*

To study the optoelectronic properties of the MAPbI;/
MAPDBr; interface, we carried out the photolumi-
nescence (PL) measurement under 365 nm excitation.
Figure 2E gives the PL spectra. The PL at the interface
possesses two distinct peaks that can be assigned to
MAPDBr; and MAPbI;. No additional peak is observed,
which implies the absence of halide mixed-phase perov-
skite like MAPbBr,I,_, at the interface.”® Figure S2 pre-
sents the energy dispersive x-ray spectroscopy (EDX)
revealing the clear change from I to Br elements at the
interface. It further confirms a negligible halide ion diffu-
sion at the interface.

Generally, the energy level alignment at the interface
plays a crucial influence on charge carrier dynamics, we
next studied the band structure of the MAPbI;/MAPbBr;
heterojunction with the ultraviolet photoelectron spec-
troscopy (UPS), as shown in Figure 2F. The Fermi level
were determined to be —4.91 and —4.86 eV with the
valence band maximum of —5.78 and —5.92eV.**3?
Since the calculated bandgap of MAPbI; and MAPbBr;
were 1.62 and 2.13 eV from absorption (Figure 2G),
respectively, their conduction band minimum was esti-
mated as —4.16 and —3.79 eV. The type-I heterojunction
formed at MAPDI;/MAPDBr; interface, as shown in
Figure 2H, which allows the unipolar carrier transport
under working conditions. Notably, this characteristic is
essential for the energy discrimination in our detector
since the working voltage can determine the electric field.
We will discuss this below.
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FIGURE 2

Heterojunction fabrication and characterizations. (A) The fabrication process of the MAPbI;/MAPbBr; heterojunction.

(B) Optical photograph of the MAPbI;/MAPbBTr; heterojunction with a thickness of ~1 mm. (C) Cross-sectional SEM images of MAPbI;/
MAPDBEr; heterojunction. (D) XRD patterns of MAPbBr; and MAPDI; epitaxial layer. (E) PL spectra of MAPbBr; single crystal, MAPbI;
single crystal, and the interface of MAPbI;/MAPbBr; heterojunction. (F) UPS and (G) absorption spectra of MAPbBr; substrate and MAPbI,
epitaxial layer. (H) The energy band structure of MAPbBr; substrate and MAPbI; epitaxial layer.

Figure 3A depicts the schematic diagram of x-ray
absorption and the generated charge carriers in MAPbI5/
MAPDBr; heterojunction. Typically, the penetrating
depth of x-rays increases with their energy. Under opera-
tion, the MAPbI; layer faces the x-ray source. Thanks to
XCOM, we extract the absorption coefficients of MAPbI;
and MAPDBr; toward x-rays ranging from 1 to 100 keV,
as depicted in Figure 3B. MAPbI; and MAPbBr; exhibit a
similar value. So, the thickness of the perovskite layer is
the predominant factor in controlling the selective
absorption of x-ray. Figure 3C shows the calculated pene-
trating depth of x-ray in the heterojunction, while
Figure S3 illustrates their corresponding absorption plots.
The result reveals that 60 pm MAPDI; can absorb almost
100% x-ray with energy less than 10 keV and ~60% at
20 keV. Notably, the sharp fluctuation at 33 keV can be
assigned to the K-edge of MAPbI;. Figure S4 presents the

calculated generation of electron-hole (e-h) pairs in
the heterojunction along its penetrating direction. The
distribution of generated carriers can be found in
Figure 3D. The e-h pairs generated in the MAPDI; epitax-
ial layer mainly originate from soft x-ray absorption,
while the MAPbBr; layer can respond to x-ray photons
with energy of greater than 20 keV. The calculation pro-
cedure can be found in the Supporting Information.

To reveal the carrier dynamics in detector under work
conditions, Figure S5 presents the energy difference at
heterojunctions. As the gold electrode contacts with
MAPDI; or MAPbBr3, due to the difference in work func-
tions, a contact potential difference that prevents elec-
trons from entering the electrode, known as a Schottky
barrier, is generated. Specify, the energy barriers of 0.19
and 0.24 eV form at the Au/MAPbI; and Au/MAPbBr;
interfaces, respectively. As MAPbI; and MAPbBr; form a
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FIGURE 3 The working mechanism for two-energy-channel x-ray detection. (A) Schematic diagram of carrier generation locations
when the device is irradiated with x-rays. (B) x-ray absorption coefficients of MAPbBr; and MAPDI; with different x-ray photon energies.
(C) The normalized intensity of x-rays at different depths within the heterojunction for x-rays of different energies. (D) The x-ray generated
electron-hole pairs in the MAPDbI; epitaxial layer and MAPbBr; substrate exposed under 70 kV X-ray. (E, F) The working principle of our
device. In the case of positive bias, only the holes generated by the MAPbBr; substrate could be collected; only the holes generated by the

MAPDbI; epitaxial layer are collected under negative bias.

type-I heterojunction after contact, both electrons and
holes struggle to transport from MAPbI; to MAPDbBr;
driven by energy difference (AE.=0.37eV and
AE, = 0.14 eV). Once MAPDI; is set as positive bias (for-
ward bias, Figure 3E), the electron generated in MAPbI;
would be blocked at Au/MAPbDI; barrier. At the same
time, the hole is accumulated at MAPbI;/MAPbBTr; inter-
face and recombines with electron from MAPbBr;.****
Thus, the hole generated in MAPbBr; dominates the cur-
rent in the external circuit, which thereby holds the
response toward hard x-ray. When the MAPbBr; is set as
positive bias (reverse bias, Figure 3F), an inverse phe-
nomenon occurs. Electron generated in MAPbI; is accu-
mulated and recombined at the interface of MAPbI/
MAPbBr;, whereas holes generated in MAPbI; due to soft
x-ray radiation dominate the current.

We separately illuminated the MAPbI; layer and
MAPbBr; layer using 780 nm red light LED and 530 nm
green light LED, respectively. Figure S6 shows that when
the MAPbI; was illuminated, the device responded only
under reverse bias. Conversely, when the MAPbBr; was
illuminated with the 530 nm green light, the device
responded only under forward bias. These results indi-
cated that the soft x-ray mode detection operates exclu-
sively under reverse bias, while the hard x-ray detection
mode operates under forward bias.

Figure 4A illustrates the simulated x-ray energy distri-
bution from various x-ray tube settings using the Spektr
3.0 software. As the x-ray tube voltage increases, the pro-
portion of high-energy x-ray photons gradually rises.
Figure 4B presents the current-voltage (I-V) curves in
the detector under x-ray radiation, in which the electrode
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FIGURE 4 Device performance of two-energy-channel x-ray detector. (A) The normalized x-ray energy spectrum of the x-ray source

with the tube voltage ranges from 30 to 70 kV. (B) The I-V characteristics in dark condition and under irradiation of x-ray with tube voltage

range from 30 to 70 kV. (C) The photocurrent in detector versus x-ray with tube voltage range from 30 to 70 kV. (D) The sensitivity of the
device operated at 5 and —3 V exposed to the x-ray with a tube voltage of 40 and 60 kV. (E) The LOD of our device operated at 5 and —3 V,
and the LOD of 1 mm MAPbBr; single crystal at 5 V. (F) Temporal response versus the modulated light frequency.

on MAPDBr; is in contact with the ground. The x-ray
tube voltage increased from 30 to 70 kV with the constant
tube current. As we can see, the photocurrent density
under forward bias shows an obvious change as the x-ray
tube voltage varies. This is reasonable because the car-
riers in MAPbBr; due to hard x-ray absorption dominate
the current. For the negligible variation in current under
negative bias, the proportion of low-energy x-ray
decreases, but a single high-energy x-ray photon gener-
ates more carriers. This result indicates that under posi-
tive bias the detector gives the response to the hard x-ray,
while it possesses a response to the soft x-ray under
negative bias.

Figure 4C presents the extracted current density value
versus tube voltage, with 5 and —3 V selected for compari-
son as their dark current are almost the same. As the tube
voltage increases from 30 to 70 kV, the photocurrent den-
sity rises from 105 to 912 nA cm > under 5 V. In contrast,
under —3 V bias, the photocurrent density only increases
from 293 to 536 nA cm % Combined with the results from
numerical simulations, it is reasonable to conclude that

the working voltage can control the soft and hard x-ray
response behavior by regulating the carrier dynamics in
the selective layers (MAPbI; or MAPbBr3).

To comprehensively evaluate device performance, we
carried out the characterization on sensitivity, limit-
of-detection (LOD), and response width. Figure 4D
exhibits the correlation between the photocurrent density
and dose rate under x-ray tube voltage of 40 and 60 kV.
Under 5V, the sensitivity of the detector increases from
5063.8 + 76.6 to 8196.7 + 465.0 uC Gy ‘cm™? as the
x-ray tube voltage changes from 40 to 60 kV. As well,
under —3V the sensitivity of the device decreases from
5597.6 + 356.1 to 4744.8 + 264.2 uC Gy ' cm™ 2 This var-
iation can be ascribed to the enhancement in high-energy
x-ray photons as x-ray tube voltage increases. For the
LOD, our device shows a moderate value of 52.1 and
67.6nGys ' under 5 and —3V bias, respectively
(Figure 4E). In comparison, a detector using a 1 mm
thick MAPbBr; single crystal device achieves an LOD of
271.4 nGy s ' at 5V. The enhancement of LOD in our
detector can be attributed to the reduction of noise
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current (see Figure S7). The reduction in noise is attrib-
uted to the energy barrier's suppression of dark current
and the built-in electric field's inhibition of ions migra-
tion. Figure S8 shows the Arrhenius plot, the ions activa-
tion energy of the heterojunction (434 meV) is greater
than that of the MAPbBr; single crystal (366 meV).*® This
suggests that the heterojunction suppresses ionic migra-
tion, consistent with previous reports.*® More impor-
tantly, the baseline of dark current shows negligible
change under operation conditions in comparison with
that of device based on MAPbBr; single crystal as sensing
material (Figure S9). These results validate that the
heterojunction effectively suppresses leakage current,
enabling the distinct detection of weak signals.
Furthermore, the temporal response was measured.
Herein, we used a green LED in place of x-ray to generate

square wave light signals with the assistance of a signal
generator. Figure 4F illustrates the dynamic response
with the —3 dB cutoff frequency at 15.7 and 2.8 kHz
under 5 and —3V, respectively. This difference arises
from the variation in response speed under forward and
reverse bias, the device's fall time is 346.4 ps at —3 V bias,
significantly slower than that of 194.1 ps at 5V (see
Figure S10). Figure S11 demonstrates stable operation
over a period of 500 s at both 5and —3 V.

As demonstrated above, the primary advantage of our
detector lies in its ability to achieve two-energy-channel
x-ray detection by adjusting the working voltage. A
homemade imaging system was set up to test the material
discrimination (Figure 5A). Here, three materials with
significantly different densities are chosen as targets: PET
(1.3gcm ), Al (2.7g cm ™), and Cu (8.9 g cm ), each
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FIGURE 5

Two-energy-channel x-ray imaging and its substance discrimination. (A) The set-up to measure low/hard x-ray signal as a

function of time. The current of the device under rapid voltage switching with a (B) PET, (C) Al, and (D) Cu slice positioned between the
device and the x-ray tube. The current was recorded by an oscilloscope. (E) Optical image of the paper cutter. The x-ray images captured by
our device operated at (F) —3 V and (G) 5 V. The subtraction images of (H) low-density and (I) high-density substrate of the paper cutter.
(J) The pseudo-color images. (K) The 1 mm copper sheet and 8 mm glass sheet in a box. The x-ray images of Cu and glass slices obtained by
(L) a MAPDBr; single crystal and images from (M) hard x-ray and soft x-ray. (N) The substance imaging with u;/ug as a contrast.

(O) Substance discrimination in different targets.
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with dimensions of 20 x 20 x 1 mm?>. Their x-ray absorp-
tion coefficients are illustrated in Figure S12. The device
was switched between 5 and —3V at a frequency of
100 Hz. Figure 5B-D present their response current-time
(I-T) curves toward different targets. For the visual com-
parison, the dark current and photocurrent without tar-
get are also provided. Compared with photocurrent
without target, we found that PET causes almost no
change in photocurrent under both 5 and —3 V. Al leads
to a significant decrease in response current under —3 'V,
and a slight decrease at 5 V. Cu caused more decrease in
photocurrent under 5V compared to that under —3 V.
For soft x-rays, PET exhibits weak absorption, while Al
shows higher absorption. Cu possesses a significant stop-
ping power for both soft and hard x-ray. This result gives
clear evidence that the working voltage can regulate the
distinct response in our detector toward soft and hard
x-ray. The results also indicate the potential of our device
for discriminating materials.

Digital subtraction imaging has become an important
technique in medical diagnosis during the past 10 years.
However, it relies on the assistance of contrast agents, for
example, the iodine used in digital subtraction angiogra-
phy. To clarify the potential of our two-energy-channel
x-ray detector for digital subtraction imaging, we used the
two-energy-channel x-ray detector to image a paper cutter
(Figure 5E) at bias voltages of 5 and —3 V. The grayscale
differences of the plastic shell are significant due to its dif-
ferent stopping powers toward soft x-rays and hard x-rays
(Figure 5F,G). The attenuation of x-rays passing through
the two materials follows the formula®”—>*:

I=TIpe M (1)

in which I is intensity, I, is the initial intensity, p is the
attenuation coefficient and d is the thickness, the num-
bers 1 and 2 represent the plastic and metal components
in paper cutter. For overlapping regions, we can modify
the x-ray attenuation formula to exclude the influence of
objects 1 or 2 as follows:

I
In (I_L> =—ppidi —pppda
0

(2)
Iy
In (I_> =—pd — prd>
0
o) 22l
0 HH1 0 K1
3)

1 1
1n<_L) _@m(_H) = —<ﬂL1 _/M) -d
Io Huz Iy Huz

where L and H indicate the soft and hard x-ray, respec-
tively. As shown in Figure 5H,I, low-density substance

and high-density substance in our image are separated
through applying the algorithm. The dashed green lines
indicate the outline of the substance being subtracted.
Further, it allows us to use pseudo-color in different
objects in x-ray image, as shown in Figure 5J, in which
the blue areas represent low-density objects, and the red
areas represent high-density objects. It is worth to noting
that subtraction imaging can only distinguish the known
objects in images.

Substance discrimination in x-ray images can further
enhance the target identification. Taking medical diagno-
sis as an example, two-energy-channel x-ray detection
can exclude the thickness of organic tissues (like blood
vessels, fat, muscle, etc) in imaging, allowing doctors to
identify them separately and thereby improving diagnos-
tic accuracy. To evaluate our detector in substance imag-
ing, we chose glass sheet and copper sheet in the box as
imaging targets and carefully set their thickness to 8 and
1 mm, respectively (Figure 5K). This thickness allows the
glass sheet to block most of the hard x-rays. Figure 5L
shows the images of glass and copper sheets obtained by
a MAPDBr; single crystals x-ray detector, where their
grayscale values are very similar and difficult to distin-
guish. In real scenarios, this phenomenon is common
and it is hard to figure out the targets from x-ray images.

To extract the substance information, we employ a
logarithm transformation followed by division to exclude
the influence of thickness as follows:

(1)
In{ —
Io) _mo

We used our detector to capture x-ray images in soft
and hard x-ray detection modes separately (Figure 5M).
Then we applied the aforementioned algorithm to calcu-
late the uy/ug ratio (x-ray attenuation coefficient ratio) of
the image. As shown in Figure 5N, it can significantly
enlarge the difference between glass and copper plates in
the images, which ensures us to distinguish the glass and
copper plates. Actually, we further explore the applica-
tion of our two-energy-channel detection for discriminat-
ing the targets, the yu;/uy ratio for different substances is
shown in Figure 50. The u;/py value in low-density
materials (like PMMA, glass, Si, and Al) almost keeps
constant as their thickness changes. The result presents
the advance of our dual energy detector for recognizing
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materials. Notably, the ratio changes significantly for
copper with different thicknesses. This is reasonable
since the thick copper can almost completely block low-
energy x-rays and increase the deviation in p;/ug. There-
fore, for high-density materials, differentiation requires
higher-energy x-rays. Moreover, the imaging system
shows a high spatial resolution of 7.2 Ip mm ™" from the
modulation transfer function (MTF) (Figure S13).

3 | CONCLUSION

In conclusion, to address the challenges of two-
energy-channel x-ray detection and imagining due to two
x-ray sources or stacked two detectors, we design and fab-
ricate a single detector for switchable soft and hard x-ray
detection under a single x-ray source. With MAPbI;/
MAPDBr; heterojunction as the sensing material, our
characterizations reveal that the type-I energy structure
at the heterojunction enables the regulation of carrier
dynamics in MAPbI; or MAPbBr; through the applied
working voltage. As a result, by switching the —3 or 5V
working voltage, we achieve selective responses to soft
and hard x-ray in a single detector. The switching rate
between soft and hard x-ray detection reaches ~100 Hz.
With the assistance of an algorithm, the imaging with
our detector demonstrates significant advancement in
discriminating different materials. Meanwhile, the detec-
tor exhibits a LOD of 52.1nGys ', sensitivity of
8169.7 pC Gy ' cm 2, —3 dB with of 15.7 kHz, which
demonstrates the potential of our two-energy-channel
device in practical applications.

4 | METHODS

4.1 | Materials

Lead bromide (PbBr,, 99%), lead iodide (Pbl,, 99%),
methylammonium bromide (MABr), and methylammonium
iodide (MAI) were purchased from Sigma Aldrich, USA.
Dimethylformamide (DMF) and y-Butyrolactone (GBL)
were purchased from Aladdin. All products were used as
received.

4.2 | Fabricated of the two-
energy-channel x-ray detector

Inverse temperature crystallization method was utilized
to obtained MAPbBr; single crystal, 1 mol L~' MABr
and PbBr, was dissolved in 50 mL DMF, then the solu-
tion was transferred into a crystallizing dish the

WILEY_| 22

temperature raised from 40°C to 60°C at a rate of 0.5°C
per hour. 1 mol L™' MAI and Pbl, was dissolved in
30 mL GBL to obtain the MAPDbI; precursor, the
MAPDBBr; single crystal was immersed into MAPbI; pre-
cursor heated at 110°C. After 10 min, the MAPbI,/
MAPDBr; heterojunction was obtained. Then we
polished the heterojunction to 1 mm, and the gold elec-
trodes with the thickness of 50 nm were evaporated
onto both sides.

4.3 | Characterization

An X'TRA system with a Cu target (Switzerland) was
used to obtain x-ray diffraction (XRD) patterns. A Quanta
200 FEI microscope was used to obtain the scanning
microscopy (SEM) images. Ultraviolet photoelectron
spectroscopy (UPS) was obtained using a PHI 5000
VersaProbe (Japan). The PL was measured using a
SpectraMax instrument (UK). The response speed was
carried out with an Agilent oscilloscope (7.5 GHz, USA),
a signal generator and a Keithley 2400 voltage source
(USA). The I-T, I-V characteristics, and sensitivity were
obtained by Keithley 2400 voltage source (USA). The sim-
ulated calculation was carried out using MATLAB and
COMSOL. X-ray was generated by an Amptek Mini-X2.
The x-ray images were obtained by using a x—y scanning
system to move the object between the detector and x-ray
source.
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