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A P P L I E D  P H Y S I C S

Multienergy x-ray detection and imaging enabled by 
working voltage regulating unipolar carrier collection 
in perovskite detectors
Yuwei Li1, Xin Wang1, Yijing Ding1, Jingda Zhao1, Shilin Liu1, Yubing Xu1, Qi Cheng1, Ziyu Wei1, 
Damian Chinedu Onwudiwe2, Byung Seong Bae3, Mehmet Ertuğrul 4, Ying Zhu5, Wenbo Ma6,  
Yang (Michael) Yang6*, Wei Lei1*, Xiaobao Xu1*

Multienergy x-ray imaging can provide additional substance information beyond morphology in conventional 
energy-integration imaging. The predominant approach, single photon counting, sets stringent requirements on 
low x-ray flux and signal discrimination and prolongs imaging time. Here, we report on the design of unipolar n-i-n 
perovskite detectors for multienergy x-ray imaging. Systematic characterization validates electrons dominating 
carrier dynamics in detectors, and the distribution of generated electrons varies as x-ray energy along its pene-
trating direction, whereas working voltage can manipulate electron drift length, ensuring their selective collec-
tion for x-ray energy discrimination. Our multienergy imaging array adopts high-flux x-ray in a normal imaging 
system and realizes fast 4-energy-bins x-ray images. By introducing the σ(Ei)/σ(Ej)-related multienergy digital sub-
traction algorithm, the images successfully distinguish the substance of targets side by side or by stacking, repre-
senting a notable advancement over conventional energy-integration imaging technique.

INTRODUCTION
Since 1895, x-ray detection and imaging have been extensively used 
in medical diagnosis, nondestructive testing, security checks, sci-
entific research, etc. (1–5) In general, the detection of x-ray usu-
ally adopts the charge-integrating mode following Lambert’s law 
I
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= I
0

(
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)

e−σ(Ei)d (I is the intensity of x-ray, σ is the substance-
related x-ray attenuation coefficient, d is the thickness along the 
x-ray penetrating direction, and Ei denotes x-ray energies). Then, I 
determines the working current in detectors and thereafter the gray 
contrast in target imaging. Because both the σ and d have an influence 
on I, normal x-ray images mainly present the shape of the inspected 
sample. Although the computerized tomography can acquire the cross 
section or three-dimensional target imaging, it remains as before, fo-
cusing on the contrast and shape feature.

Energy-resolving capability is considered a critical feature for the 
next generation of x-ray imaging technologies due to its potential to 
greatly enhance material discrimination. In the past two decades, dual-
energy x-ray detection has come into practical application by using 
stacked detectors or fast-switching x-ray sources (6–8). It shows the ad-
vances in diagnosing vascular disease and bone mineral density (9). 
However, it faces challenges with high radiation and image alignment in 
sequential scans, and its 2-energy bins are inadequate for complex mate-
rial analysis. The photon counting has garnered intense attention for 
energy-resolved x-ray sensing and imaging (4, 5, 10). However, these 
detectors require a low x-ray flux to accurately identify individual pho-
tons and avoid the “pileup” effect, which, in turn, prolongs the imaging 

process. Furthermore, growing spectroscopic-grade and large-scale sin-
gle crystals such as CdZnTe is extremely challenging and expensive.

Cost-effective lead halide perovskites have emerged as materials with 
superior properties for x-ray sensing, including superior x-ray absorp-
tion and a high 𝜇𝜏 product (3, 11–21), advancing both direct and indi-
rect detectors (2, 15, 17, 22–30). Their versatility in composition and 
carrier characteristics has driven the development of multienergy x-ray 
detection (20, 30–33). Efforts include multilayer scintillator detectors 
and vertical matrix detectors with multielectrodes for depth-controlled 
carrier collection (23, 31, 34). However, indirect detectors based on 
scintillators are generally less efficient, and scaling multielectrode 
vertical detectors to create high-density pixel arrays presents inevita-
ble fabrication challenges due to the complexity of the electrode in-
tegration process (35).

This study aims to develop simple, two-terminal, multienergy direct 
x-ray detectors and arrays, bypassing photon counting process. A unipo-
lar n-i-n detector is introduced, using a Bi-MAPbBr3(n)/MAPbBr3(i)/
Bi-MAPbBr3(n) structure with μe𝜏 being two magnitude larger than 
μh𝜏 (7, 36–39). As the depth of generated electrons varies with x-ray 
energy, the unipolar design enables precise regulation of electron drift 
length and collection by adjusting the applied working voltage. Subse-
quently, a simple yet effective algorithm was developed to decouple 
the information of x-ray energy by analyzing the output current at 
different voltages. The resulting 320-unit, 16-cm imaging array pro-
duces 4-energy-bins multispectral images in 20 s using normal x-ray 
sources (not synchrotron radiation sources). With our customized 
σ(Ei)/σ(Ej)-related multienergy digital subtraction algorithm, these 
multienergy x-ray images mitigate the impact of thickness variations, 
thereby providing morphological and material information for ob-
jects in adjacent or stacked configurations.

RESULTS
The imaging objects composed of different substances with certain 
thickness can produce similar image contrast in conventional energy-
integration x-ray imaging (digital radiography, computed tomography, 
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etc.) (1, 4, 6, 10, 40), which is the key limiting factor compared to 
energy-resolved x-ray detectors. According to Lambert’s law, the pen-
etrating depth of x-ray in detectors varies with its energy; low-energy 
x-rays are deposited near the surface, whereas high-energy x-rays 
penetrate more deeply. The discrimination of electrical signals gener-
ated at different positions within a detector allows for the resolution of 
x-ray energy (31). Figure 1 (A and B) illustrates the charge carrier 
dynamics in the direct x-ray detector with p-i-n and n-i-n architec-
tures, respectively. Upon the absorption of x-ray photons, the electron-
hole pairs are generated and driven toward different electrodes under a 
working voltage. In p-i-n detectors, both electrons and holes contrib-
ute to the electrical signal in the external circuit, making it difficult to 
distinguish their individual contributions due to the trade-off in the 
distance to the electrodes. In contrast, n-i-n unipolar detectors, or 
similarly p-i-p detectors, allow only electrons (or holes in the case of 
p-i-p) to dominate the electrical signal. The impact of the electric field 
on the electron drift length suggests a practical method for using the 
working voltage to control electron collection, which, in turn, enables 
the resolution of x-ray energy.

To elucidate the operating principle of our proposed unipolar n-
i-n detector, Fig. 1C presents the schematic diagram of relationship 
between carrier dynamics and x-ray energy. The electron shifting 
length can be mathematically expressed as

in which L is the thickness of device and xn is the electron drift 
length under a working voltage of ~Vn. By applying Lambert’s law, 
we can infer that the electron drift length xn (x1 < x2 < x3 < x4 ≤ L) 
under a voltage of Vi corresponds to the maximum penetrating dis-
tance of x-ray with energy of Ei (E1 < E2 < E3 < E4). Thus, the varia-
tion in current (Jn) can be expressed as

Here, mi is a factor that accounts for the conversion of x-ray with 
energy of ~Ei and intensity of I(Ei) into photocurrent. Notably, both 
the electron production under x-ray irradiation and electron collec-
tion efficiency would affect mi. In brief, as the working voltage increas-
es, the primary increase in photocurrent is attributed to the collection 
of additional electrons generated by higher-energy x-ray. This rela-
tionship can be simplified as

By determining the factor of mi, we can establish the mapping rela-
tionship between the response current and the x-ray energy (1, 6, 8–10). 
Figure S1 refers to the solving process of the formula under different 
working voltages.

Following our previous discussions, we have constructed a uni-
polar detector and its imaging array using an ~1.5-mm MAPbBr3 
single crystal sandwiched between two 100-μm liquid-phase epitaxial 
n-type Bi-doped MAPbBr3 (Bi-MAPbBr3) (21, 37). Tables S1 and S2 
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Fig. 1. Working mechanism of our proposed multienergy x-ray detector. Schematic diagrams of carrier dynamics in the x-ray detector with (A) a bipolar p-i-n struc-
ture, and (B) a unipolar n-i-n structure, and (C) the working mechanism for our proposed multienergy detection in the n-i-n detector.
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provide the majority carrier concentration and characteristics of 
MAPbBr3 and Bi-MAPbBr3, respectively, as determined by Hall mea-
surements. These measurements confirm that the Bi doping can con-
vert MAPbBr3 from a p-type to n-type semiconductor. The n-type 
characteristic of Bi-MAPbBr3 ensures n-i-n architecture and that 
electrons dominate the device behavior (30, 36).

Figure 2A illustrates the process of preparing our proposed mul-
tienergy x-ray linear array detector. To facilitate the signal readout, we 
use a process control block (PCB) board as the substrate. The MAPbBr3 
precursor, mixed with terpineol and ethyl cellulose, was used as adhe-
sive for bonding the single crystal onto the PCB board (41) and was 
annealed at 85°C for ~20 min to promote its electrical contact.

Fig. 2. Fabrication of the multienergy x-ray linear array detector. (A) Procedure for fabricating the perovskite single crystal and the n-i-n x-ray detector with Bi-MAPbBr3/MAPbBr3/
Bi-MAPbBr3, wherein the thickness of the MAPbBr3 perovskite single crystal is 1.5 mm, the epitaxial Bi-MAPbBr3 layer is 100 μm, and the thickness of perovskite adhesive is 80 μm. 
(B) XRD profile. a.u., arbitrary units; deg, degrees. (C) UPS. (D) Absorption of Bi-MAPbBr3 and MAPbBr3. (E) Kelvin probe force microscope (KPFM) of n-i-n structured devices at the 
n-i junction region. (F) Energy band diagram in the n-i-n detector. (G) SEM image of the dried perovskite adhesive paste. Cross-sectional SEM images of array sensing units on PCB 
with (H)/without metal strip electrodes (I). (J) Adhesion test of perovskite adhesives with 250 g weight. (K) Resistivity along the in-plane and out-plane direction.
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Figure 2B presents the x-ray diffraction (XRD) profiles of the 
MAPbBr3 and Bi- MAPbBr3. No obvious shift in peaks occurs. The 
sharp characteristic peaks confirm their high crystallinity and purity. 
Ultraviolet photoelectron spectroscopy (UPS) measurements reveal the 
valence band (VB) of 5.76 and 5.88 eV for MAPbBr3 and Bi-MAPbBr3 
crystals, respectively (Fig. 2C). Meanwhile, the absorption edge shifts 
from ~569 to ~636 nm, which indicates that the Bi doping narrows 
the bandgap from 2.18 to 1.95 eV (Fig. 2D). It is assumed that Bi 
doping introduces additional energy levels (37). Kelvin probe mea-
surement implies that Bi doping results in a 0.21-V upshift in the 
surface potential (Fig. 2E). Together with UPS and absorption mea-
surement, it verifies that the Bi doping induces a distinct n-type be-
havior in MAPbBr3. Figure 2F depicts the energy level in the n-i-n 
unipolar detector. It promises electron transport in the whole device 
while the hole is blocked. The time-resolved photoluminescence con-
firms the electrons can be quickly extracted from MAPbBr3 to Bi-
MAPbBr3 (fig. S2). It is worth noting that the n-i-n architecture can 
further suppress the leakage current.

The MAPbBr3 paste is crucial for establishing the electric contact 
between the single crystal and PCB. Here, we found an optimized recipe, 
in which 10 ml of the MAPbBr3 precursor [N,N′-dimethylformamide 
(DMF) with 12% BiBr2] was mixed with ethyl cellulose solution (3 g in 
terpineol) in 1:1 (v/v). Figure 2G presents a top-view scanning electron 
microscopy (SEM) image of the dried paste, showing the presence of 
MAPbBr3 microcrystals. The random size distribution of MAPbBr3 
powder is beneficial for good electrical contact. Figure S3 (A to E) 
gives the SEM images of paste with different mixing ratios, in which 
the shape and features of MAPbBr3 crystals vary with the ratio. Fig-
ure 2 (H and I) shows the cross-sectional SEM images of sensing units 
in imaging array on the PCB, with and without strip metal electrodes, 
respectively. The perovskite grains within the paste are densely packed, 
forming a good conductive path for electrons. Figure 2J presents the 
adhesion test results. Even under a weight of 250 g, a tight bond is main-
tained. The conductivity of the paste shows an anisotropic behavior, with 
a resistivity of 6.45 × 109 ohm·mm in the out-of-plane direction and 
7.36 × 107 ohm·mm in the in-plane direction (Fig. 2K). This feature 
ensures the efficient collection of charge carriers in the devices and 
suppresses the signal cross-talk among units.

To further confirm the unipolar character of sensing units in the 
array, we measured the carrier mobility in the detector units using 
the time-of-flight (ToF) (41) method as follows

where V is the applied voltage and tτ is the drifting time. The electron 
mobility (μe) is found to be ~114.41 cm2 V−1 s−1 (Fig. 3A), whereas 
the hole mobility (μh) is determined to be 1.88 cm2 V−1 s−1 (Fig. 3B). 
The two orders of magnitude difference in mobility values provides 
clear evidence of the unipolar character of the device, with electrons 
dominating the carrier behavior. For a comparison, the single crystal 
MAPbBr3 device exhibits an electron mobility of 87.8 cm2 V−1 s−1 
(fig. S4A) and a hole mobility of 95.8 cm2 V−1 s−1 (fig. S4B).

To evaluate the performance of sensing units, we conducted sys-
tematic characterizations, including the limit of detection (LoD), re-
sponse rate, and sensitivity (18). By varying the x-ray dose rate, the 
sensing unit demonstrates a linear response from 2.7 to 58.6 μGyair s−1 
(Fig. 3C). Table S3 provides detailed information about the x-ray source 
used in tests. Following the IUPAC definition, we applied the signal-
to-noise ratio (SNR) of 3 as the detectable limit and subsequently 

determined the LoD to be 81.2 nGyair s−1 under an electric field of 
175 V cm−1. This value is lower than the dose in computed tomog-
raphy or digital subtraction angiography diagnosis imaging ensuring 
the safe x-ray imaging in the practical application (42). Figure S5A 
depicts the temporal response under different x-ray dose rates. The 
response shows a sharp on-and-off characteristic, with rise and fall 
times of ~176 and ~228 μs, respectively (Fig. 3D), indicating the po-
tential for fast imaging in comparison to existing commercial detec-
tors (table S4). Figure S5 (B and C) illustrates the effect of the electric 
field on the sensitivity. The sensitivity initially increases with electric 
field and then plateaus at 1.28 × 103 μC Gyair

−1 cm−2 at an electric field 
of 175 V cm−1 (Fig. 3E). It proves that the applied electric field (work-
ing voltage) can manipulate the collection of charge carriers and, be-
yond 175 V cm−1, the electric field’s influence becomes negligible.

To further confirm the reliability of using work voltage to selec-
tively collect charge carriers at different depths, we designed and con-
ducted a measurement using a laser to induce the charge carriers at 
various depths (referring to fig. S6). As shown in Fig. 3F, the result-
ing currents correspond to the carrier collection. The efficient drift 
length of electrons increases as the working voltage increases. Con-
sequently, the variation in current due to electron collection near 
the surface shows minimal change, whereas the primary enhance-
ment in current is attributed to the collection of electrons from deeper 
depth within the MAPbBr3. Under operational conditions (fig. S7), 
the simulated electric field within the device ensures unipolar carrier 
transport. This result confirms that the working voltage can regulate 
the carrier collection, establishing a crucial precondition for resolving 
the energy in x-ray.

Figure 3G presents the penetrating depth of x-rays with different 
energies, as simulated by Geant4 simulation (fig. S8 and table S5). The 
result confirms that the low-energy x-ray photons would deposit their 
energy near the surface, whereas high-energy x-ray photons pene-
trate more deeply. Figure 3H gives the photocurrent ratio to plastic, 
iron, and aluminum (Al) targets side by side under the electric field 
of 40, 100, 160, and 240 V cm−1 (fig. S9). The photocurrent ratio to 
different targets shows a noticeable irregular difference, which is fun-
damental for substance discrimination. Because the target size remains 
constant, the observed differences are attributed to the substance-
specific attenuation coefficient [σ(Ei)]. It is worth noting that this data 
can only distinguish the difference in substance rather than recogni-
tion. Figure 3I shows the long-term operational stability of units in air, 
the performance only degraded by 8.7%.

Figure 4A presents the photograph of a multienergy imaging sys-
tem, featuring an as-fabricated linear imaging array with 320 units 
spanning 16 cm. An enlarged view is provided in fig. S10. Figure 4B 
illustrates a quite uniformity of unit performance with a deviation of 
8.5% in photocurrent across our array. The schematic diagram out-
lines the readout circuit and its operating logic, highlighting the ampli-
fier, filter circuit, analog-to-digital conversion, and field programmable 
gate array (FPGA) as essential components. Further details on the sig-
nal readout and the noise are available in fig. S11. Under the opera-
tion of 600-kHz data acquisition at 10 V, the signal can be efficiently 
clarified from noise with SNR ~ 31.5. Under the continuous irradia-
tion of an x-ray source (@80 kV, 4 mA), this imaging system can 
acquire over four pictures in 20 s, with each picture consisting of 
320 × 300 pixels. The presence of an n-i junction in the detector can 
mitigate certain ion migrations, but it does not entirely eliminate their 
impact, particularly under x-ray irradiation. Notably, if the data ac-
quisition time is reduced to 10 to 20 s (fig. S12), the attenuation of 

μ=
d2

V ⋅ tτ
(4)
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photocurrent due to ion migration is small, ~0.3%. For an image with 
256 gray levels, this results in a decrease of only 0.6 gray levels for the 
brightest pixel as gray levels are rounded to the nearest integer. Conse-
quently, there is no perceptible change in gray level for imaging pur-
poses. Therefore, provided that the data acquisition speed is sufficiently 
rapid, ion migration will have negligible effects on image quality.

Figure S13 establishes the mathematical foundation for discrimi-
nating material differences. Figure S14 illustrates side-by-side imag-
ing targets of Al and polymethyl methacrylate (PMMA). The x-ray 
tubes are configured at 80 kV and 4 mA, as detailed in table S3. In 
normal x-ray imaging, Al and PMMA exhibit similar grayscale val-
ues (photocurrent). By applying operating voltages of 10 and 50 V, 
we obtain low-energy and high-energy x-ray imaging, respectively, 
as described in Eq. 3. Both images show an obvious contrast between 
Al and PMMA, especially in the low-energy image, confirming the ad-
vantage of distinguishing the objects side by side. For the high-density 
materials or thick materials, the contrast sometimes appears in the high-
energy image.

To the best of our knowledge, conventional x-ray imaging strug-
gles to differentiate between stacked targets, particularly when low-
density materials are overlaid by high-density ones (43). Figure 4C 
presents the photograph of various imaging targets—Cu, Al, a layered 
sample of Al/PMMA/Cu, and PMMA—arranged from left to right, 

with a Cu cross serving as a positional reference. Figure 4D gives the 
obtained current response from sensing array under working volt-
ages of 10 V (E1), 20 V (E2), and 50 V (E4). Figure 4E contrasts the 
conventional and multienergy x-ray images. The conventional images 
display minimal variation in gray levels with changes in working volt-
age, but the multienergy images exhibit varying contrast ratios among 
targets. Notably, the low-density Al and PMMA are more discernible 
in the low-energy x-ray (E1) images, whereas the high-density Cu 
stands out in the high-energy x-ray (E4) images. To delineate the 
stacked samples layer by layer, we use the digital subtraction algo-
rithm to obtain each layer in the stacked sample. According to fig. S13, 
we can get the σ(Ei)/σ(Ej) in a single Cu layer, Al layer, and PMMA 
layer and then use σ(Ei)/σ(Ej) as a silhouette coefficient to assign the 
correlation between the image signal and thickness of each layer in 
the stacked sample. The details of algorithm derivation can be found 
in Supplementary Discussion 11. As a result, in the stacked sample, 
each layer, even the PMMA and Al sheets under the Cu sheet, can 
be extracted separately. To enhance the visual difference, we use the 
pseudocolors for different substances. The result confirms the poten-
tial of unipolar sensing array in identifying the target under compli-
cated surroundings with both substance and morphology information 
in imaging. Figure S15 displays a similar result with PMMA triangle 
under the Cu sheet.

Fig. 3. Characterization of the n-i-n multienergy x-ray detector. (A) Electron mobility and (B) hole mobility in the n-i-n detector from the ToF method. (C) LoD in the 
n-i-n detector at an electric field of 175 V cm−1. (D) Rising and falling time in the n-i-n detector at an electric field of 175 V cm−1. (E) Sensitivity of the detector under differ-
ent electric fields. (F) Result of the photocurrent with the position of laser irradiation under different electric field intensities. (G) Simulation results of the energy deposi-
tion ratio of x-ray photons with different energies at different depths of the detector. (H) Photocurrent ratio under different working electric field intensities toward plastic, 
iron, and Al sheets at an x-ray dose rate of 206.2 μGyair s−1. (I) Response performance of the n-i-n detector stored in air for 3 months at room temperature.
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To foster the imaging approach to the real-world scenario, we 
applied our unipolar sensing array to the complicated objects, as 
shown in Fig. 4F, where one Cu coin, two Cu screws, one Fe nut, one 
Fe screw, one Al sheet, and one glass block in a cardboard box. 
Although the Al sheet is obvious in the photograph, it is almost negli-
gible in the x-ray image from the commercial x-ray imaging system 
(Fig. 4G). Even worse, in the commercial pseudocolor image, the Cu 
samples and Fe samples are ascribed to the same color. Figure 4H 

depicts the multienergy images from our imaging array under work-
ing voltages of 10 V (E1), 20 V (E2), 40 V (E3), and 50 V (E4); the Al 
sheet is slightly visible in the low-energy (E1) x-ray image, and a dif-
ference between Cu samples and Fe samples is observed in the high-
energy (E4) x-ray image. Figure S16 shows the E2 and E3 images. 
Together with the σ(Ei)/σ(Ej)-related digital subtraction algorithm, 
we further explore the σ(Ei)/σ(Ej) as a substance label. The discrimi-
nation of components in the cardboard box was successfully realized. 

Fig. 4. Multienergy x-ray imaging with our multienergy x-ray detector array. (A) Photograph of the multienergy x-ray line imaging array with 320 n-i-n units in 16 cm 
and the schematic diagram of the readout system. (B) Uniformity of unit performance across the array. (C) Photograph of complicated imaging targets (the thickness 
of Cu is 1 mm, the thickness of PMMA is 3 mm, and the thickness of Al is 1 mm) and (D) their normalized response in a single n-i-n unit at different working voltages. 
(E) Procedure for material discrimination, where (1) represents the original x-ray images, (2) represents the reconstructed images of the object under different x-ray ener-
gies using algorithm, and (3) represents the result of material discrimination after energy silhouette. (F) Photograph of samples including Cu coin (2 mm), two Cu screws, 
Fe nut, Fe screw, Al sheet (1 mm), and glass block (5 mm) in a cardboard box, where the Al sheet is put on samples. (G) Gray image and pseudocolor image from a com-
mercial security inspection machine. (H) Image from our multienergy sensing array.
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Figures S17 to S19 also show the application of our unipolar sensing 
array in discriminating the substances in various items, including 
chips, ancient coins, and sliding rheostat chains.

DISCUSSION
In this study, we have established a mechanism for multienergy x-ray 
detection, successfully implementing a multienergy n-i-n unipolar x-ray 
sensing array. We have elucidated its operational principle, with sys-
tematic characterizations confirming that electrons dominate the device 
behavior. This characteristic allows for the manipulation of carrier col-
lection at various depths along the x-ray penetration path by adjusting 
the working voltage. Using a straightforward yet effective algorithm, we 
are able to deduce the x-ray energies from the output currents under dif-
ferent voltage conditions. With our customized σ(Ei)/σ(Ej)-related digi-
tal subtraction algorithm, our detector array effectively normalizes the 
impact of target thickness, demonstrating enhanced material discrimi-
nation capabilities over conventional energy-integration detectors.

MATERIALS AND METHODS
Materials
Anhydrous DMF and terpineol were purchased from Sinopharm. PbBr2 
(99.9%, 10031-22-8), CH3NH3Br (MABr, 99.9%, 6876-37-5), BiBr3 
(99.9%, 7787-58-8), and ethyl cellulose were purchased from Sigma-
Aldrich. All chemicals were used without further purification.

Crystal growth procedure
The MAPbBr3 single crystal was obtained through a solution-based 
heating crystallization method. The precursor solution was prepared 
by dissolving MABr in PbBr2 with a molar ratio of 1:1 and a concen-
tration of 1.3 M in a 600-ml DMF solution. After filtration, the precursor 
solution was transferred into a crystallization dish. Subsequently, the dish 
was placed in a water bath oven (AHX-871 SAFE OVEN CABINET) for 
heating crystallization, with the temperature gradually increased from 
40° to 75°C at an increment of 1°C every 2 hours, followed by main-
taining the current temperature for 4 hours. After ~1 week, we suc-
cessfully obtained a large single crystal measuring 22 mm by 22 mm 
by 9 mm (fig. S20).

Perovskite adhesive preparation process
The ethyl cellulose was dissolved in terpineol at a temperature of 85°C, 
exhibiting a solubility of 0.3 g/ml, and stirred for a duration of 1 hour 
and 30 min. The perovskite precursor solution was subsequently in-
troduced to the mixture of terpineol and ethyl cellulose at an equal 
volume ratio (1:1). The solution’s temperature was maintained at 85°C 
while stirring for a period of 12 hours to obtain the perovskite viscous 
material. The resulting viscous material was heated and applied pre-
cisely to the desired adhesion site, ensuring firm adhesion upon cool-
ing to room temperature.

Device fabrication
First, the MAPbBr3 single crystal should be cut to the desired size 
using a cutting machine, followed by polishing the section to achieve 
a smooth surface. Next, 12% molar BiBr3 should be added to the pre-
cursor solution and dissolved before filtering it and pouring it into 
a crystallization dish. The liquid-phase epitaxial growth method can 
then be used to epitaxially grow a Bi-doped n-type layer. The MAPbBr3 
single crystal should be placed in the precursor solution and heated 

to 75°C for 30 min, flipping it over halfway through for an additional 
30 min of epitaxy. After completion of epitaxy, the crystal should be 
removed from the solution and its surface should be dried. A cutting 
machine should be used to remove any peripheral epitaxial layers, 
retaining only the upper and lower surfaces of the epitaxial layer. 
Last, the crystal should be affixed onto a PCB board using perovskite 
adhesive to obtain the detector.

Detector structure
The architecture of our detector is depicted in Fig. 2A. The x-ray ab-
sorption layer is composed of MAPbBr3 and has a thickness of ~1.5 mm. 
The upper and lower surfaces of the absorption layer epitaxial a 
Bi-doped n-type layer, each about 0.1 mm thick. Outside the n-type 
layer is the perovskite adhesive layer, which is less than 0.1 mm thick, 
for bonding single crystals to PCB boards with patterned electrodes. 
The outermost layer is a patterned electrode PCB board, with copper 
serving as the electrode material. During all tests, x-rays enter the de-
tector through the electrode surface. Initially, the detector structure 
was Cu/Bi-MAPbBr3/MAPbBr3/Bi-MAPbBr3/Cu. Subsequently, to 
accommodate varying test requirements, some of the electrode mate-
rials were changed to indium tin oxide (ITO) (4.6 to 4.8 eV), which 
has a similar work function to copper (4.7 eV). Consequently, our 
detector now features three distinct structures based on different 
electrode materials: Cu/Bi-MAPbBr3/MAPbBr3/Bi-MAPbBr3/Cu, 
ITO/Bi-MAPbBr3/MAPbBr3/Cu, and ITO/Bi-MAPbBr3/MAPbBr3/Bi-
MAPbBr3/ITO. Detectors with the structures Cu/Bi-MAPbBr3/MAPb-
Br3/Bi-MAPbBr3/Cu and ITO/Bi-MAPbBr3/MAPbBr3/Cu are used for 
linear imaging. Meanwhile, detectors configured as ITO/Bi-MAPbBr3/
MAPbBr3/Bi-MAPbBr3/ITO are used for the electrical characteriza-
tion of single-point detectors.

Detector performance measurement
To evaluate the detector’s performance, a Keithley 6487 source me-
ter was used to apply a bias voltage and record the resultant current. 
The x-ray detection performance was assessed using a PERLOVE 
medical chest x-ray machine (model PLX119C with a W target) as 
the x-ray source. Calibration of the dose rate was conducted using 
the Ray-safe Solo r/f dosimeter provided by PERLOVE Medical. The 
distance between the x-ray source and the detector is maintained at 
50 cm. The dose rate of the x-ray is controlled by adjusting the tube 
voltage and tube current of the x-ray source (see table S3). All x-ray 
inspection–related measurements were performed in a light-tight test 
lead chamber, with the test equipment housed in a shielded metal box 
to minimize interference from ambient light and noise.

Imaging experiment procedure
The linear detector, along with its readout circuit and FPGA control 
circuit, was positioned directly beneath the x-ray source. A convey-
or belt was placed between the x-ray source and the detector to trans-
port the object under examination. Upon initiating x-ray imaging, 
an adjustable voltage supply (MP6030D) provided the detector with 
a bias voltage. Once the system stabilized, the x-ray source was acti-
vated, and the conveyor belt moved the object at a constant speed 
along the positive direction of the X-axis. The readout circuit col-
lected and stored the imaging data under this bias voltage. After 5 s, 
the conveyor reversed direction and moved at a constant speed along the 
negative direction of the x axis while the bias voltage was adjusted. 
The readout circuit then collected and stored the imaging data under 
the bias voltage. This process was repeated until imaging data were 
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obtained at four distinct bias voltages. Subsequently, the imaging data 
saved in txt format were processed using Python to generate the imag-
ing result graph and the dataset in xlsx format (see movie S1).

Readout circuit design
The primary charge amplifier chip used in the readout circuit is Texas 
Instruments’ AFE0064, whereas the principal analog-to-digital con-
version chip used is Texas Instruments’ adc121s051. In addition, the 
main control FPGA model implemented is Cyclone IV.

Supplementary Materials
The PDF file includes:
Supplementary Discussions S1 to S12
Figs. S1 to S20
Tables S1 to S5
Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
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