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High Gain Derived from Facile Carrier Dynamics
Manipulation for Sensitive X-ray Detection and Imaging

Shilin Liu, Yijing Ding, Xin Wang, Yuwei Li, Jing Chen, Zhiwei Zhao, Zhuoya Zhu, Jun Wu,
Omolola Esther Fayemi, Byung Seong Bae, Ying Zhu, Wei Lei,* Xiaobao Xu,* and Qing Li*

Signal amplification is vitally important for sensing low-dose X-rays in medical
diagnosis by amplifying the generated electric read-out signal. However, the
complexity of external amplification circuits hampers device miniaturization
and portability, while integrating amplification functionality directly into
sensors or detectors remains a significant and formidable challenge. In this
work, a direct high-gain X-ray detector with facile electron drift speed
manipulation is reported in perovskite single-crystal film (SCF). By employing
laser-assisted nucleation, high-quality MAPbBr3 SCF is fabricated with
precise control of thickness from ≈20 to ≈500 μm and the area up to 3 by
2 cm, while the architecture of ITO/MAPbBr3/Au is constructed to form the
Schottky junction in opposite polarity. With the assistance of applied bias, the
space electric field over MAPbBr3 SCF can be tunable, which ensures the
manipulation of charge carrier drift speed to form recirculation for internal
gain. The resultant photodetector exhibits an ultrahigh sensitivity of 1.44 ×
105 μC Gy−1 cm−2 with a gain of 5.14 × 105, an ultralow detection limit of
39.8 nGy s−1, and the X-ray array imaging is achieved at a low dose rate of
5 μGy s−1. These results confirm the advance of high-gain detectors in
constructing sensing arrays for practical safe medical diagnosis.

1. Introduction

Signal amplification is an imperative and common in elec-
tronic and optoelectronic devices for extracting the weak valuable
information.[1] Take X-ray imaging as an example, although sen-
sitive X-ray imaging plays an important role in medical diagno-
sis, it is well known that the ionizing radiation of X-ray will bring
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the damage to biologic cells, which is ab-
solutely harmful to human health. So, the
detection or imaging of X-ray in the med-
ical diagnosis require the dose as low as
possible.[2] However, the precise recogni-
tion of tiny difference or change in tis-
sues from X-ray tomography requires a
proper dose to obtain high-definition im-
age. As a result, a contradiction forms
between a safe dose and high-definition
imaging requirement, since the imaging
of low-dose X-ray always results in dim
outline, which would lose the useful sig-
nal. At the current stage, even though
the amplification used in X-ray imaging
mainly relies on the auxiliary electronic
circuit under the assistance of a scintilla-
tor for the indirect detection, it still suf-
fers from the limit of array area and com-
plicates fabrication processing.[2b,3] Actu-
ally, the forthcoming energy resolution
with the photon counting technique in
X-ray imaging for identifying the bio-
logical tissue details also strictly relies

on the efficient signal amplification.[4]

In general, the realization of electric amplification for detec-
tion can be divided into two categories: external amplification
and internal amplification. The external amplification relies on
the signal amplification circuit with reasonable arrangement of
electronic elements. Even though the external amplification has
been widely accepted and used in the electric data processing of
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X-ray imaging, it would inevitably introduce the additional elec-
tric noise and subsequently limit the signal noise ratio.[2b,5] Thus,
it has motivated the extensive exploration of internal amplifica-
tion to avoid the unwanted noise from external circuit. At current
stage, the avalanche effect originating from chain collision ion-
ization in depleted junction under high electric field has been
the common approach for realizing the internal electric amplifi-
cation in sensing weak signal.[6] Although the technique of con-
structing avalanche detectors is becoming mature including the
Si-type detector for visible light and InGaAs-type detector for in-
frared photons, the light atom of Si and InGaAs make them not
suitable for directly sensing X-ray. Even worse, the complicate
procedure in fabricating avalanche detectors array also hampers
their universal application in indirect detecting of X-ray with the
assistance of scintillator.

Alternatively, the phenomenon of carrier recirculation has at-
tracted much attention for constructing the novel photoelec-
tric multiplier. Up to now, the exploitation of such functional-
ity undergo the admirable progress in organic photodetector, 2D
material-based photodetector, etc. As well, most of the reported
gain has exceeded 102, which confirms the potential of carrier re-
circulation for realizing internal amplification above noise floor
in the modern read-out electronics.[7] Notably, although the re-
ported high-gain detectors bring the new possibility and lay a
solid theoretical foundation for developing detector with internal
amplification, the active material of organic material or 2D mate-
rial can not afford the efficient stopping power for sensing X-ray.
Thus, the pursuit of internal amplification for direct low-dose X-
ray detection is still a challenge due to the lack of proper sensing
materials.

In the past few years lead halide perovskites have attracted
intensive academic attention due to their unique optoelectronic
properties for application in high-performance solar cells,[8]

light-emitting diodes,[9] solid-state lasers[10] and high-sensitivity
photodetectors.[11] The high average Z value together with the
noble characters of long carrier lifetime, long carrier diffusion
length and high defect tolerance render perovskite as candidate
in X-ray sensing and imaging.[7d,12] Since Yakunin and his co-
author demonstrated the lead halide perovskites as active mate-
rial in X-ray sensing, it have proven the success in both direct X-
ray and indirect X-ray sensing and imaging.[13] Intriguingly, the
performance of reported X-ray detectors with perovskite is com-
parable or even suppressed that in commercial detector with 𝛼-Se
or CsI(Tl).[14] More importantly, the high elemental abundance
and solution-process preparation also make perovskite one of the
most promising materials for universal application in commer-
cial X-ray sensing and imaging.

In this work, a high-gain X-ray detector using MAPbBr3 single
crystal film (SCF) as active material is demonstrated with facile
Schottky junction engineering. Since the properties of sensing
materials play a decisive role in the device performance, the laser-
assisted nucleation and growth is employed to control and ad-
just the preparation of high-quality MAPbBr3 SCF with tunable
thickness from ≈20 μm to ≈500 μm and the area up to 3 cm by
2 cm. The obtained MAPbBr3 SCF possesses a low trap density of
≈1011, that efficiently suppresses the charge recombination (leak-
age current) and ensures the moderate mobility-lifetime product
for efficiently collecting generated charge carriers. As a conse-
quence, the MAPbBr3 SCF with thickness of 29.7 μm is selected

to construct the device with the architecture of ITO/MAPbBr3/Au
to realize the high gain. Systematic characterizations reveal that
the direction of applied bias show a significant influence on the
space electric field, in which the positive bias on ITO (Au connect-
ing to ground) enhance the formation of space electric field along
the same direction over the whole device and subsequently facili-
tate the speed of electron drifting to external circuit. The fast drift
and short transit time leads to the recirculation of electron before
recombination for gains. Thus, a high gain is achieved in our de-
tector with value of ≈105 for X-ray photons with a low sensing
limit of 39.8 nGy s−1. The successful proof-of-concept low-dose
X-ray imaging accompanied with our sensing array will push it
forward to practical application.

2. Results and Discussion

To developing the sensitive X-ray detector, the MAPbBr3 possess-
ing the moderate atoms and optoelectronic properties is selected
as active materials. Figure 1a depicts the schematic diagram of
the MAPbBr3 single crystal film (SCF) preparing process. The
details of MAPbBr3 SCF fabrication can be found in Experiment
Section. In brief, to improve the SCF quality and accurately con-
trol their morphology, the laser irradiation is used to control the
nucleation. Figure S1 (Supporting Information) shows the tem-
perature distribution around laser spot during the crystal nucleus
forming. Due to the character of nucleation at high temperatures,
the crystal nucleus first formed at the focus of laser in the solu-
tion. It means the laser irradiation allows the manipulation of
the number of crystal nuclei, which is beneficial for the follow-
ing MAPbBr3 SCF growth with large area. Figure 1b presents
the photograph of the difference in nucleation with/without laser
irradiation. Under laser irradiation, only one crystal nucleus is
observed in the solution, while the number of crystal nucleus is
uncontrollable by using temperature to promote the nucleation.
Once a stable nucleus form under laser irradiation, the confined
space is used at 80 °C to grow high-quality and large-size crystal
film. Figure S2 (Supporting Information) shows the process of
laser-assisted seed crystal growth into a large area single crystal
film. Under the assistance of space-confined method, the thick-
ness of as-fabricated MAPbBr3 SCF can be tunable from ≈20 to
500 μm (Figure 1c), in which the solute ions accelerate the nu-
cleus growth along out-of-plane direction. As a result, the area of
SCF up to 3 cm by 2 cm can be realized (Figure 1d). To our best
knowledge, this is the largest SCF from one nucleus with solu-
tion processing (Table. S1, Supporting Information), which ver-
ifies the advantage of using laser to facilitate the MAPbBr3 SCF
fabrication.

Figure 2a presents the top-view scanning electron microscope
(SEM) of as-fabricated MAPbBr3 SCF. The compact and smooth
surfaces confirm the continuity in the MAPbBr3 SCF growth,
whereas the homogenous element distribution of C, N, Pb, and
Br further verify the uniformity in MAPbBr3 (Figure S3, Sup-
porting Information). To provide a visual cognition on the sur-
face, atomic force microscopy (AFM) was conducted. As shown
in Figure 2b,c, although there are some tiny MAPbBr3 island
on the surface, the root-mean-square (RMS) surface roughness
of MAPbBr3 SCF was measured to be 4.2 nm over a scan-
ning area of 5 × 5 μm2. This result identifies the advance of
our solution-processing method for preparing the high-quality
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Figure 1. The laser-assisted space-confined method for growing the SCFs with variable thicknesses. a) Sketch map of the laser-assisted space-confined
method for growing the SCFs. b) Growth process of the seed crystal with/without laser heating. c) A series of MAPbBr3 SCFs with variable thicknesses
of 29.7, 99.7, and 474.7 um. d) Corresponding photos of the MAPbBr3 SCFs with variable thicknesses.

Figure 2. Material and electronic characterization of MAPbBr3 SCF. a) The SEM image of the MAPbBr3 SCF with thicknesses of 29.7 μm. 2 D b) and 3D
c) AFM topologies, and the roughness of the surface of MAPbBr3 SCF. d) High-resolution TEM image and e) the corresponding SAED pattern. f) XRD
pattern of the MAPbBr3 SCF. g) Normalized PL and absorption spectra of MAPbBr3 SCF. h) The TRPL spectra of MAPbBr3 SCF. i) SCLC characteristics
for MAPbBr3 SCF with a thickness of 29.7 μm.
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MAPbBr3 film. Figure 2d displays the high-resolution TEM
(HRTEM) image of the MAPbBr3 film. The result shows a clear
lattice with a spacing of 0.25 nm, which corresponds to the (2
1 1) lattice plane of cubic MAPbBr3 phase. As well, the elec-
tron diffraction pattern (Figure 2e) further confirms the sin-
gle crystal property of the MAPbBr3. Figure 2f shows the X-ray
diffraction (XRD) pattern of the MAPbBr3 SCF, which reveals
that the as-fabricated MAPbBr3 SCF belongs to the cubic system
(Pm3̄m) and exhibits an outstanding crystallinity. Together with
the smooth surface, the high crystallinity is believed to be bene-
ficial for the device performance due to the enhancement of car-
rier transport and suppression of carrier recombination (leakage
current).[15]

Figure 2g exhibits the intrinsic UV–vis absorption and PL spec-
trum of the MAPbBr3 SCF, in which the sharp onset at 543 nm
refer to the corresponding bandgap (Eg) of 2.24 eV. As well as the
photoluminescence (PL) at 538 nm, it is consistent with the previ-
ous reports on MAPbBr3 SC.[16] It is worth to note that the absorp-
tion spectra show a red shift as thickness increases (Figure S4,
Supporting Information) due to the enhancement in band-edge
absorption. Since the proposed gain originates from the charge
carrier recirculation, the carrier lifetime is a crucial factor in de-
termining gain value according the equation G = 𝜏 lifetime /𝜏 tr. To
clarify the potential of MAPbBr3 SC for high gain, the carrier
dynamics was investigated with time-resolved PL under an ex-
citation light of 365 nm. As observed, the transient PL presents
a character of two-exponential decay (Figure 2h), in which the
lifetime is estimated to be 1.38 μs. The long carrier lifetime sets
the precondition for carrier recirculation to realize high gain. To
further get the insight into the reason of long carrier lifetime,
the space­charge limited current (SCLC) measurement was con-
ducted. As illustrated in Figure 2i, the I–V curve can be divided
into three regions, a linear Ohmic region (blue), the trap­filled re-
gion (orange), and the trap­free Child’s region (green). The trap
density (ntrap) can be clearly deduced according to trap­filled limit
voltage (VTFL) by using the following equation[11b]:

VTFL =
entrapL2

2𝜀𝜀0
(1)

where VTFL is the TFL voltage, e is the elementary charge, ntrap
is the defect density, L is the film thickness, ɛ0 is the vacuum
permittivity and ɛ is the relative dielectric constant of MAPbBr3
(25.5).[17] The calculated ntrap of MAPbBr3 SCF is 7.7 × 1011 cm−3,
which is comparable to reported bulk single crystal and several
orders of magnitude lower than polycrystalline films.[16a,18] It is
worth noting that as the thickness of the single crystal film in-
creases from 29.7 to 474.7 μm, there is a decrease in defect den-
sity from 7.7 × 1011 to 1.9 × 1011 due to the reduction in spe-
cific surface area (Figure 2i; Figure S5, Supporting Information).
Meanwhile, the carrier mobility (μ) was also calculated by fitting
the Child region (red) with Mott–Gurney’s equation[19]:

JD =
9𝜀0𝜀ruV2

8L2
(2)

in which JD is the current density and V is the applied voltage.
The μ of MAPbBr3 SCF is estimated as 7.8 cm2 s−1 V−1, which
ensures the fast carrier transit over the lifetime.

Considering the balance between stopping power for X-ray and
carrier collection, the thickness of 29.7 μm in MAPbBr3 SCF was
selected to develop the high-gain X-ray detector. To foster this
high-gain detector, two different architectures were constructed
including an asymmetric electrode structure of ITO-MAPbBr3-
Au and a symmetric electrode structure of Au/MAPbBr3/Au.
Figure 3a,b depicts the schematic diagram of device architec-
ture and the corresponding energy level of each layer. The en-
ergy level of MAPbBr3 SCF was extracted from UV photoelec-
tron spectroscopy (Figure S6, Supporting Information) with va-
lence band maximum at −5.56 eV, fermi level at −4.52 eV and
conduction band minimum at −3.32 eV. Kelvin probe measure-
ments (Figure S7, Supporting Information) indicate the energy
differences between MAPbBr3 SCF and electrodes are ≈0.47 and
≈0.17 V for Au and ITO, respectively, which further convinces
the energy diagram in MAPbBr3 SCF. Figure 3c presents their
I–V curves under irradiation and in dark. The asymmetric de-
vice displays a rectifying behavior. More importantly, the remark-
able difference between the dark current and photocurrent at zero
bias demonstrates the excellent self-powered behavior of the ITO-
MAPbBr3-Au device. Figure S8 (Supporting Information) shows
the I–V curves of the ITO-MAPbBr3-Au and Au-MAPbBr3-Au de-
vices under 525 nm LED illumination, respectively, with light
power density ranging from 38.22 nW cm−2 to 10.19 mW cm−2.
The photocurrent increases rapidly at the lower voltage, and then
the increasing rate decreases due to the saturation effect of the
photocurrent as the voltage further increase. The resulting gain

can be calculated by G = (Jlight−Jdark)∕e

P∕hv
, where e is electronic charge

and hv is the incident photon energy. Figure 3d shows the ex-
tracted gain of two devices under different biases depending on
the illumination power of 525 nm light. In the asymmetric detec-
tor, the gain increases as the incident light power decreases un-
der 2 V bias (Au connected to ground). Due to limit of experiment
condition, our detector reaches a gain maximum of 3.12 × 105 at
38.22 nW cm−2. In comparison, the symmetric device shows al-
most no gain. This result implies the device architecture plays a
vital role in pursuit of internal gain with carrier recirculation. No-
tably, when the bias is 0 and −2 V, the device shows a negligible
gain.

To better evaluate the asymmetric detector, other figure-of-
merit parameters are also measured. Figure 3e shows its dark
current density being 1.35 nA cm−2 under an bias voltage of 0 V,
which is much smaller than that under the bias voltage of −2
and 2 V, respectively. To further clarify the resolution in sens-
ing weak signals, we next investigated the noise current by using
fourier transform (FFT) of time-dominated dark current at differ-
ent voltages. As shown in Figure 3f, frequency-independent noise
currents of the devices under the bias voltages of 0, −2, and 2 V
are 2.45 × 10−13, 6.82 × 10−12 ,and 2.42 × 10−8 Hz−1/2 at 1 Hz,
respectively. It should be noted that the frequency-independent
noise currents undergo the same change tendency along the ap-
plied bias voltages, which matches well with the variation of dark
current (Figure 3e). This result indicates the internal gain am-
plifies the noise as well as the generated electric signal. This is
reasonable due to the failure of distinguish the electric signal
originating leakage current or not. Moreover, the response rate
in our asymmetric detector are also checked. Figure 3g shows
the response to temporal light. The rise and decay times of
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Figure 3. The electrode structure and biases effect on the performance of MAPbBr3 SCFs detector. Schematic image and energy-level diagram of a) a
asymmetric electrode structure of ITO-MAPbBr3-Au and b) a symmetric electrode structure of Au/MAPbBr3/Au. c) Logarithmic I−V curves of MAPbBr3
SCF based devices with different electrode structures. d) Light-intensity-dependent gain of two photodetectors measured at various biases. e) Dark
current drifts of SCF photodetector under various biases. f) Measured dark-current noise of the photodetector at various biases. g) Light response of
rise and decay time of the SCF photodetector. h) and i) are responsivity and detectivity of the SCF photodetector with different bias voltages under
incident light at wavelengths of 300–650 nm.

response are estimated to be 1.63 and 3.5 μs, 1.75 and 6.25 μs,
2.63, and 43.13 μs for the bias of 0, −2 and 2 V, respectively. The
continuous temporal response of device to on/off switching sig-
nal under different bias can be found in Figure S9 (Supporting
Information). The fast switching behavior endows the promise
of high-speed detection, together with signal amplification, it is
of importance for realizing dynamic imaging with high frame
rate toward low-dose X-ray. Figure 3h gives the responsivity (R)
toward sensing the visible photons. Benefit from the high gain,
the peak responsivity reaches 0.09,1.18 and 121.87 A/W under
the bias voltages of 0, −2 and 2 V, with the corresponding D*

being 4.21 × 1012, 8.29 × 1011, and 1.73 × 1013 (Figure 3i), respec-
tively. Table S2 (Supporting Information) presents a comparison
of the key parameters of various single-crystal thin film devices
with different structures and types. The results verify the supe-
rior responsivity and detectivity in our device due to the ultrahigh
gain.

To give an insight into the mechanism of gain in asymmet-
ric device and clarify the role of Schottky junction, the simula-
tion with finite element method from Comsol software was em-
ployed. For the visual comparison, the simulation was conducted
with different bias. Figure 4a-i,b-i presents the calculated the en-
ergy level alignment in asymmetric device under different bias.
As observed, there is a turning point in CBM and VBM energy
bands of MAPbBr3 SCF under negative bias, which localize at the

place with distance of 2 μm to ITO electrode. Notably, this turn-
ing point disappears under positive bias. To further identify the
origin of turning point, the distribution of electric field was also
simulated (Figure 4a-ii,b-ii). As expected, the electric field along
the MAPbBr3 SCF is divided into two parts and they are along
completely opposite direction under negative bias (Au is ground
electrode). Briefly, the electric field shows a sharp change near
Au electrode due to the large difference of energy level between
Au and Fermi level in MAPbBr3 and the direction changes at the
turning point. The details can be found in Figure 4a-i and Figure
S10 (Supporting Information). It means the extraction of pho-
togenerated carrier in MAPbBr3 SCF would inevitably undergo
speed up and speed down. Instead, although the electric field also
show the sharp change around Au electrode, it goes along the
same direction over the whole MAPbBr3 SCF under positive bias
on ITO (Figure 4b-ii; Figure S10, Supporting Information). The
electric field along the same direction ensures the drift speed of
photogenerated charge carriers undergo continual increase dur-
ing the extraction from MAPbBr3, and subsequently facilitate the
carrier recirculation.

To confirm the difference of electric field in the devices un-
der positive and negative bias, the cross-section SEM was con-
ducted with the mode of secondary electron, in which the electric
field over the material has a significant influence on the escape of
secondary electron. As we can see from Figure 4c, the grayscale
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Figure 4. Band structure of detector and dynamic transport process of carriers. a) Band structure of detector i) and photogenerated carrier transport ii)
in the detector, when Au electrode is grounded and ITO is applied with a −1 V bias. b) Band structure of detector i) and photogenerated carrier transport
ii) in the detector, when Au electrode is grounded and ITO is applied with a +1 V bias (a and b are the results of numerical calculations by Comsol
software). c) SEM images of the SCF photodetector under different voltage bias (The gray value of SEM image at ITO/MAPbBr3 and Au/MAPbBr3
interfaces exhibit voltage-dependent variations, suggesting that the space charge region changes with voltage) and d) line profile of SEM image gray
value as a function of width.

in device under negative bias shows an obvious change around
Au electrode (≈2 μm), which coincides with the simulation re-
sults. Figure 4d provides the change of grayscale over the whole
MAPbBr3 SCF under different bias. In general, the negative elec-
tric field can promote the secondary electron escape, while the
positive field hinders the secondary electron escape. As expected,
the cross-section of device presents a light gray under positive
bias in comparison with that under negative bias. As well, all the
devices show the difference in grayscale around Au electrode. It
indicates the negative electric field cover the whole MAPbBr3 un-
der the work condition of positive bias (ITO), which is same as
that in simulation (Figure 4b-ii). This is believed to be the reason
for the realization of high gain in the asymmetric device. To ver-
ify this perspective, we can calculate the transit time for carriers
to drift in the detector based on the electric field distribution of
the detector according to the following equation:

tdrift =
length

∫
0

1∕ (E (x) ⋅ 𝜇 ⋅ V) dx (3)

The transit time of electrons is ≈0.16 ns when the bias volt-
age of the ITO electrode is 2 V (Figure S11, Supporting In-
formation). The gain was estimated to be 104, which gives
the qualitative explanation for the signal amplification in our
detector.

Since we have confirmed the gain and established its work
mechanism in our detector, we further evaluate its sensing per-
formance toward low-dose X-ray. Figure S12a (Supporting Infor-
mation) displays the attenuation coefficient of MAPbBr3 to X-ray.
As the 𝛼-Se is used in the commercial direct X-ray sensing and

imaging for medical diagnosis, it is selected for comparison. It is
obvious that MAPbBr3 possess a better stopping power and even
29.7 μm MAPbBr3 can have a harvesting efficiency of 11.04%
for 40-keV X-ray photon (Figure S12b, Supporting Information).
Figure 5a displays the on/off responses of the detector under X-
ray illumination with different dose rates. The signal under 2 V
is almost 4 and 3 order magnitude larger than that under 0 V and
−2 V, respectively. The exact value of photocurrent is presented in
Figure 5b, in which the generated current density shows a linear
relationship with the X-ray dose rates. The sensitivity of the X-ray
detector can be estimated by fitting the slope of the photocurrent
density-dose rate curves, whereas the sensitivity of the device un-
der 0, −2, and 2 V was calculated to be 71, 2163 and 1.44 × 105

μC Gyair
−1 cm−2, respectively. The gain factors (G) of this device

under 90 μGyair s−1 X-ray were estimated according to G = IR

Ip
,

in which IP is the theoretical response current induced by impact
ionization and IR is the response current. The theoretical current
(IP) has been calculated according to the equation[20]:

Ip = 𝛽𝜑𝜂e (4)

in which 𝛽 is the flux of X-ray photons, 𝜑 is the X-ray absorp-
tion efficiency of the device, and 𝜂 is the number of electron-hole
pairs generated by a high-energy X-ray photon. Considering the
SCF thickness of 29.7 μm in our research, it has a 11.04% ab-
sorption efficiency (ϕ is 11.04%). The electron-hole pair genera-
tion energy W can be estimated by the empirical equation W =
2Eg + 1.43 eV. [7c,20b] The number of electron-hole pairs gener-
ated by a high-energy X-ray photon is expressed as 𝜂 = Eph /W,

Adv. Electron. Mater. 2024, 10, 2300555 2300555 (6 of 10) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 5. X-ray detection performance and array imaging. a) X-ray response current curve of the device under various biases. b) X-ray response current of
the device at different dose rates under biases of 0 V, −2 V, and 2 V. c) The sensitivity and gain factors of the device under 90 μGyair s−1 X-ray illumination.
d) Dose rate-dependent SNR of the X-ray response for the detector. e) The X-ray response of the detector under biases of 2 V at ultralow doses. f) The
thickness-dependent sensitivity and gain factors of MAPbBr3 SCF device under biases of 2 V. h) Schematic of the X-ray imaging process based on the
SCF detector array. i) Optical image of a screw wrapped in plasticine. Corresponding visible image j) and X-ray image k) at a dose rate of 5 μGyair s−1

under bias of 2 V.

where Eph is the average energy of X-ray photons being 40 keV
in this research. The flux of X-ray photons through the detector
can be expressed as 𝛽 = Dms/Eph, In which D is the dose rate of
X-ray, ms is material weight and Eph is the X-ray photon energy.
Combining all these factors, the theoretical response current can
be expressed as Ip = Dmse/W and was estimated to be 5.80 ×
10−4 nA. As a result, the gain factor of the device at 0, −2, and
2 V was estimated to be, 6.75 × 102, 1.00 × 104, and 5.14 × 105,
respectively (Figure 5c).

The detection limit of X-ray detectors is commonly determined
by their sensitivity and noise characteristics, which can vary de-
pending on the voltage applied to the detector. At the voltage of
0 V, the low noise level enables the detection limit to be as low as
11.4 nGy/s, whereas at 2 V, a detection limit of 39.8 nGy/s was re-
alized, which is two orders of magnitude lower than the commer-
cial 𝛼-Se (5.5 μGy s−1)[21] and identify its potential of sensing low-
dose X-ray (Figure 5d) signal. Furthermore, Figure 5e shows the
X-ray response of the perovskite detector with an ultralow dose
rate of 54 nGy s−1, where an SNR of 3.7 is derived, validating its

strong capacity for low-dose X-ray detection. In addition to the
detection limit, stability is another concern for devices exposed
to high-energy radiation. Perovskite X-ray detectors are suscep-
tible to damage or decay after exposure to large doses of X-rays.
Figure S13 (Supporting Information) presents the results of a sta-
bility test of the MAPbBr3 SCF photodetector at 2 V. When the
photodetector was exposed to X-rays at 90 μGyair s−1 for 3600 s,
the sensitivity decreased only very slightly, from 1.44 × 105 to
1.21 × 105 μC Gy−1 cm−2. The total dose exposure for the pho-
todetector was 324 mGyair, equivalent to the dose required to ob-
tain >3000 X-ray images of the chest. Overall, our photodetector
demonstrates a high sensitivity of 1.44× 105 μC Gy−1 cm−2, which
is much higher than those of previously reported value (Table S3,
Supporting Information). Figure 5f summarizes the influence of
thickness in MAPbBr3 SCF on the sensitivity and gain factor. The
gain of the MAPbBr3 SCF photodetector decreases rapidly from
5.14 × 105 to 9.30 × 102, and the sensitivity decreases from 1.44
× 105 μC Gy−1 cm−2 to 3.20 × 104 μC Gy−1 cm−2 as thickness
increases from 29.7 to 474.7 μm. It can be ascribed to the long

Adv. Electron. Mater. 2024, 10, 2300555 2300555 (7 of 10) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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transit time before carrier drifted to external circuit in the thick
MAPbBr3 SCF.

To further demonstrate the potential of our detector in practi-
cal application, the sensing array was constructed and its proof-
of-imaging was conducted as shown in Figure 5g. The pixel size
was 200 μm× 200 μm and the imaging target is the screw in
plasticine (Figure 5h). For the comparison, the imaging of visi-
ble photo is also provided. As we can observe, the visible photon
imaging can only provide the rough outline (Figure 5i), while the
X-ray imaging gives the details of screw (Figure 5j). In addition,
we also evaluated the spatial resolution of the X-ray sensing ar-
ray. The well-acknowledged slanted-edge method was adopted for
the modulation transfer function (MTF) measurement.[22] The
response to the edge was recorded as the edge spread function
(ESF), which was differentiated to obtain the line spread function
(LSF), as shown in Figure S14 (Supporting Information). Then,
the MTF could be derived by applying a fast Fourier transforma-
tion to the LSF. The resulting MTF is presented in Figure S14c
(Supporting Information), and the spatial resolution was 4.9 lp
mm−1 at 20% MTF value, consistent with the pixel size. These
results clearly prove that our facile high-gain imaging array can
be used in practical cross-section imaging.

3. Conclusion

In summary, a facile high-gain X-ray detector with MAPbBr3 SCF
was constructed. To promote the device performance, the laser-
assisted nucleation and space-confined growth were employed
to fabricate the MAPbBr3 SCF with precise control of thickness
from ≈20 μm to ≈500 μm and the area up to 3 cm by 2 cm. Sys-
tematic measurements indicate the distribution of electric field
in the device has a significant influence on the carrier drift speed,
which the applied bias can tune it for adjusting the carrier transit
time for recirculation. As a result, a high gain of 3.12 × 105 was
realized under 2 V bias, which ensure a champion sensitivity of
1.44 × 105 μC Gy−1 cm−2 and limit of ≈39.8 nGy s−1. This work
will not only prove the potential perovskites-based X-ray sensing
devices toward low-dose X-ray, but also pave the way for the ex-
ploration of energy resolution in X-ray imaging.

4. Experimental Section
Growth Method of MAPbBr3 SCF: A 1.6 m clear solution dissolving

with stoichiometry proportion of MABr (99.5%) and PbBr2 (AR, 99.0%) in
N,N-dimethylformamide (DMF) was obtained at room temperature. The
glass substrates, PTFE films and Cylinders were ultrasonically cleaned with
deionized water, acetone, and alcohol for 30 min, respectively. The growth
device of single crystal film consists of two cylinders, a perforated sub-
strate, a spacer layer and a bottom substrate. The perforated substrate,
the bottom substrate and the spacer layer were fitted together, and the sur-
rounding was sealed with PDMS. The cylinder A and cylinder B were con-
nected with the holes of the perforated substrate and sealed with epoxy
resin glue. Two cylinders were designed along the diagonal of the up-
per quartz glass sheet for provide raw materials (1.6 m with equal molar
amounts of MABr and PbBr2 in DMF). First, the precursor solution was
added to the cylinder A and the solution was continuously injected into
the confined space that were built by two pieces of glass substrates. Then,
the solution was added to the cylinder B. The confined space device was
first heated using a 1550 nm CW laser to guarantee that the nucleation
occurred at the heating part. The laser power was set as 3 W. After a small

MAPbBr3 wafer was observed, the confined space device was put in 80 °C
heating plate to grow the single crystal film by inverse temperature crys-
tallization. During the growth of single crystal film, the raw materials in
the confined spaces that were built by two pieces of glass substrates to
be consumed, and simultaneously the raw materials will be continuously
supplied from Cylinder A and Cylinder B by a nature fluid convection due to
concentration difference. With self-supply of raw materials from Cylinder
A and Cylinder B to the confined spaces, the crystals can be sustained at a
stable growth rate. The depth of confined space was controlled by adding
PTFE films with different thicknesses in the confined space. The thickness
of obtained single crystal film can be controlled in the range of from 10 to
500 μm. The whole period of crystal growth lasted for ≈102 h before the
upper perforated substrate was carefully removed. After cooling down, the
SCF was wiped dry with filter paper and further cleaned/washed with IPA.
Finally, the SCF was collected with tweezers and dried under a flow of N2.

Detector Device Preparation: A vertical ITO-MAPbBr3 SCF-Au photode-
tector was prepared. MAPbBr3 SCF was first grown on the ITO substrate.
Following that a hard mask had been put on the top surface of the film. A
square Au electrode (50 nm in thickness, 2 mm × 2 mm in area) was then
thermally deposited on the top surface of the film in the vacuum cham-
ber. For the device for image sensing, MAPbBr3 SCF was first grown on a
stripe-shaped array ITO substrate. Then, a 50 nm thick stripe-shaped ar-
ray of Au metal electrodes was thermally evaporated onto the single crystal
film using a shadow mask, oriented perpendicular to the substrate elec-
trode direction.

Characterizations: The XRD patterns were tested using a Rigaku
SmartLab SE X-ray diffractometer and Cu Ka radiation (1.5406 Å). The
UV–vis absorption spectra were recorded using a spectrophotometer
(Lambda 950). The steady-state photoluminescence (PL) spectra were col-
lected with an FS5 spectrofluorometer (Edinburgh Instruments, UK). The
time-resolved PL (TRPL) measurements were performed using a picosec-
ond pulsed diode laser for excitation and a time-correlated single-photon
counting detector for signal collection. Atomic force microscopy (AFM)
and scanning Kelvin probe force microscopy (KPFM) measurements were
performed on a Bruker Dimension FastScan AFM system. The surface
morphologies and thickness of MAPbBr3 SCFs were characterized by scan-
ning electron microscopy (SEM, Quanta 200 FEI). TEM and HRTEM im-
ages were carried out on a FEI Titan 80-300 electron microscope, operating
at 180 kV. Ultraviolet Photoelectron Spectroscopy (UPS) was performed by
PHI 5000 VersaProbe III with He I source (21.22 eV) under an applied neg-
ative bias of 9.0 V. The I–V (current–voltage) and I-T (current-time) curves
were recorded by a Keithley 2400 semiconductor analyzer. The responsiv-
ity spectra were measured by a joint system of a monochromated 450 W
xenon lamp (Oriel) and a source meter (Keithley 2400), and calculated
using a calibrated Si photodiode (OS-Optoelectronics). The noise current
was extracted from the dark current recorded by an Agilent oscilloscope
(7.5G) with a current amplifier. The rise and decay time were obtained by
an oscilloscope with a function generator controlling the frequency of the
light source (525 nm LED). For the X-ray detection, the device was put
on detector panel of X-ray imaging system and Keithley 2400 was used to
measure the current and supply the voltage bias in a dark lead room.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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