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Abstract — The sensitive detection of low-dose X-ray
radiation is essential to many X-ray applications. In this
article, the ultrasensitive X-ray detector based on pure
Cs2 AgBiBr6 all-inorganic lead-free perovskite film is successfully demonstrated and encapsulated using a metal
casing with a Be window. The high-quality Cs2 AgBiBr6
films are obtained through the low-cost solution process
with long electron–hole diffusion length (∼700 nm) and
long carrier lifetime (∼750 ns). Benefiting from the excellent
properties of the Cs2 AgBiBr6 film and the stable ambient
provided by the packaging module, the resulting device
exhibits attractive X-ray detection capabilities with a minimum detectable dose rate of 145.2 nGyair s−1 and a detection
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sensitivity up to 1.8 × 104 µCGyair −1 cm−2 , which is about
a thousand times higher than the sensitivity achieved with
commercial a-Se X-ray detectors. Besides, the encapsulated device maintains superior detection performance after
2 months of storage, indicating the favorable reliability of the
encapsulated device. This article demonstrates a possibility
to use Cs2 AgBiBr6 perovskite film and Be window for the
sensitive X-ray detection, which will inspire further development of radiation electronics by utilizing all-inorganic leadfree perovskite.

Index Terms — Encapsulation, perovskite film, photodetector, radiation electronics, X-ray.

I. I NTRODUCTION

X

-RAY detectors play a very important role in many
fields, such as security detection, medical diagnostics,
and industrial flaw detection. The solid-state semiconductor
detectors, which directly convert X-rays into an electrical
signal, have gained increasing attention due to their structure simplicity, compactness, and robustness, such as Si [1],
Se [2], Cd(Zn)Te [3], [4], and diamond [5]. However, these
materials suffer from persistent unsolved issues associated
with difficulties encountered in the crystal growth or device
performance [6]. Due to the lower average atomic number
of Si, it is difficult to achieve effective X-ray absorption.
For Cd(Zn)Te crystals, binary phases are often present during
crystal synthesis, which will affect the local carrier transport
properties [7]. Although these materials have been mostly
investigated as X-ray converters, a-Se is the predominant
direct converting material used in commercial devices due to
its favorable integration with established readout electronics.
Meanwhile, in order to further reduce the dose of ionizing radiation, many researchers have focused on improving the detection sensitivity and lowering the detection limit of the X-ray
detectors. Besides the choice of detection materials, the device
structure and the encapsulation mode are also critical to
the X-ray detector. To achieve successful X-ray detection
applications, some features should be considered within the
overall framework.
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1) X-ray absorption coefficient, α, of the material is determined by (α ∝ Z 4 /E 3 ) [8], where Z is the average
atomic number, and E is the photon energy. Therefore,
high-Z contributes to more effective radiation absorption.
2) Superior carrier transport characteristics help to achieve
high-efficiency carrier transport and separation, such as
long carrier lifetime τ , high mobility μ, and short carrier
transit time τt .
3) Large intrinsic resistance enables low dark current,
which helps to reduce the noise current and lower the
detection limit of the detector.
4) Suppression of field-driven ion migration allows a larger
bias voltage applied to the detector without a simultaneous increase in noise current.
5) Shorter carrier transit time is beneficial for greater gain
factor G (G = τ /τt ), resulting in a large detection
sensitivity.
6) Applicable encapsulation mode is capable of blocking
the external ambient and provides an inert atmosphere,
thereby reducing the instability of the device.
In recent years, hybrid lead halide perovskite materials
+
+
+
2+
ABX3 (A = CH3 NH+
3 (MA ), CH(NH2 )2 (FA ); B = Pb ;
−
− −
X = Cl , Br , I ) have attracted widespread attention due to
their great application potential in the field of radiation detection due to their high X-ray absorption coefficient, low carrier
effective masses, long carrier recombination lifetime, and high
carrier mobility [9]–[16]. For instance, both X-ray detectors
based on MAPbI3 films [10] and MAPbI3 wafer [11] exhibit
excellent X-ray detection performance with detection sensitivities of 1.1×104 μCGyair −1 cm−2 and 2.5×103 μCGyair −1 cm−2 ,
respectively. Besides, the X-ray detector based on MAPbBr3
single crystal [12] (∼80 μCGyair −1 cm−2 ) and the detector
integrated MAPbBr3 single crystal on silicon wafer [13]
(2.1×104 μCGyair −1 cm−2 ) are also demonstrated. It should
be noted that the sensitivities of hybrid lead halide perovskite X-ray detectors mentioned above are much higher
than those achieved with commercially available a-Se X-ray
detectors [2]. Moreover, due to the outstanding tolerance to
structural defects, as well as the excellent electronic and
optical properties, hybrid lead halide perovskites have also
been successfully served as solid-state gamma-ray detection
materials [14], [16].
Although hybrid lead halide perovskites have exhibited
many excellent properties, the poor stability of organic cations
against heat and moisture, as well as the toxicity caused by
lead (Pb), are two key issues limiting their further development. Therefore, searching stable and lead-free perovskite
materials is the most straightforward strategy to solve this
problem. Up to now, some studies have revealed that the thermal stability of perovskite materials can be greatly improved
by replacing organic cations with Cs+ [17]. When it comes
to solving the problem of toxicity, the Sn2+ and Ge2+ metal
cations, which possess the same outermost electronic structure
as Pb2+ , are considered as alternatives to replace Pb2+ [18].
Unfortunately, Sn and Ge-based perovskites are extremely
unstable and are easily oxidized in the air, limiting their
practical applications [19].

Nowadays, a new category of perovskite material system,
double perovskite with a general formula of A2 M+ M3+ X6 ,
provides a new solution to the toxicity and stability problem
raised by hybrid lead halide perovskites. X is a halide; M+
and M3+ are monovalent and trivalent cations, respectively.
Up to now, some studies have reported the synthesis of double
perovskite materials, including powders, single crystals, and
films with bandgaps ranging from 1.83 to 2.45 eV [20], [21].
Based on the design framework of the X-ray detector abovementioned, by using one Bi3+ and one Ag+ to replace two
Pb2+ , all-inorganic lead-free double perovskite Cs2 AgBiBr6
has gradually become the focus of research in the field
of radiation detection. Pan et al. [22] have successfully
fabricated an X-ray detector based on Cs2 AgBiBr6 single
crystal with a low detection limit (59.7 nGyair s−1 ), promoting the application of all-inorganic lead-free perovskites in
radiation electronics. By introducing the phenylethylamine
bromide into the precursor solution, the defect density
in the Cs2 AgBiBr6 single crystal is effectively reduced,
resulting in a greatly improved X-ray detection sensitivity
−2
(288.8 μCGy−1
air cm ) [23]. Besides, the photophysical pathways and carrier dynamics in Cs2 AgBiBr6 single crystal
have also been systematically studied by Steele et al. [24],
substantially enhancing the recognition of the fundamental
detection mechanism of the X-ray detector. However, in terms
of Cs2 AgBiBr6 single-crystal perovskite, it is still difficult
to achieve large size growth, which hinders its integration
with established commercial readout electronics, whereas the
perovskite in the form of films has the potential to be prepared
with a large area, low cost, and high quality. Meanwhile,
the gain factor G of the current perovskite single-crystal Xray detectors is relatively low with the values approximately
ranging from 0.1 to 0.4 [12], [22]. For perovskite films,
the carrier transit time can be greatly reduced by optimizing
the film quality and the device structure. Since the Cs2 AgBiBr6
perovskite materials are weakly p-type and contain defects,
the photogenerated holes are transported, and electrons could
be trapped [22]. When the transit time of the carrier is
significantly shorter than its lifetime, the holes may traverse
multiple times between the electrodes before recombination,
which helps to achieve a larger X-ray detection sensitivity.
Up to now, little research works related to Cs2 AgBiBr6 film
X-ray detector have been conducted, and the research on
the detection mechanism of the X-ray detector based on
perovskite film is still rarely explored. Furthermore, to the best
of authors’ knowledge, all previous perovskite X-ray detectors
did not involve encapsulation, which is critical to the operation
stability of the detectors. Therefore, it is particularly necessary
and interesting to further research the use of Cs2 AgBiBr6
perovskite film for X-ray detection applications and the X-ray
detector encapsulation.
In this article, high-quality Cs2 AgBiBr6 films are obtained
through the systematical study of the best moment of dripping
the antisolvent isopropanol (IPA) during the spin coating
process. The results of X-ray diffraction (XRD) analysis and
scanning electron microscope (SEM) show that the synthesized
Cs2 AgBiBr6 films are uniformly possessing pure phase and
large grain size. The photophysical investigations reveal that
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the Cs2 AgBiBr6 film has a long carrier diffusion length of
approximately 700 nm and a long carrier lifetime of nearly
750 ns. For the first time, the high-performance X-ray detector
based on Cs2 AgBiBr6 film with a planar photoconductive
architecture is successfully demonstrated and encapsulated
using a metal casing with a 100-μm-thick Be window. Benefiting from the excellent properties of the Cs2 AgBiBr6 film
and the stable ambient provided by the packaging module,
the resulting encapsulated device exhibits attractive X-ray
detection capabilities with a detection sensitivity up to 1.
× 104 μCGyair −1 cm−2 , which is higher than the sensitivity
of a-Se detectors by several orders of magnitude. Besides,
a minimum detectable dose rate of 145.2 nGyair s−1 is also
achieved, which is much lower than that required for regular medical diagnosis (5.5 μGyair s−1 ) [25]. Furthermore, the
encapsulated device maintains superior detection performance
after 2 months of storage, indicating the favorable reliability
of the encapsulated device. This article demonstrates a possibility to use Cs2 AgBiBr6 perovskite film and Be window
for the sensitive X-ray detection, which will inspire further
development of radiation electronics by utilizing all-inorganic
lead-free double perovskite.
II. E XPERIMENTAL D ETAILS

A. Substrate Preparation
A silicon wafer with a 300-nm-thick SiO2 layer was used
as the substrate, which was rinsed with acetone, alcohol, and
deionized water before the device fabrication. A 50-nm-thick
Au film was deposited on the silicon wafer as the electrode
using standard photolithography and lift-off procedures with
an interdigital shadow mask. The shadow mask was designed
to be 3 μm in width and 700 μm in length with a neighboring
finger spacing of 3 μm. Standard 1: One contact lithography
processing was used in the experiment.
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the metal casing was slightly greater than one atmospheric
pressure.

C. Characterization
The crystal structure of the Cs2 AgBiBr6 perovskite film
was examined by XRD (Bruker D8). The surface morphology
of the film was characterized using an SEM (Cael Zeiss
Microscopy, Merlin). Time-resolved photoluminescence (PL)
measurements were conducted with a fluorescence spectrophotometer (Edinburgh Instruments, FLS980). A picosecond
pulsed diode laser with a wavelength of 473.4 nm was selected
as the excitation light source (Edinburgh photonics, EPL-470).
The emission for time-resolved measurements was monitored
at 640 nm being the wavelength of the maximum intensity of the steady-state photo-emission. For diffusion length,
we assume that all the photogenerated carriers that reach the
Cs2 AgBiBr6 /PC61 BM or Spiro-MeOTAD/Cs2 AgBiBr6 interface will be quenched, and thus, the boundary conditions
N(L, t) = 0 and N(x, t) = N0 exp(−Ax/L) are used, where
x = L means the interface of quencher/Cs2AgBiBr6 , and A/L
is the absorbance divided by Cs2 AgBiBr6 thin-film thickness.
Finally, the average diffusion√lengths (L) of electrons and
holes are calculated by L = Dτ , where τ is the lifetime
extracted without quenching layer and D is the diffusion coefficient, respectively. The X-ray source in the experiment was
generated by an X-ray tube with a tungsten anode. Meanwhile,
the radiation dose rate in the space atmosphere was accurately
calibrated using a reference ionization chamber (Model: PTW32002 and NIM-MEFAC-01, National Institute of Metrology,
Beijing, China.). For electrical testing, the current–voltage
(I –V ) and current–time (I –T ) curves were recorded using a
semiconductor characterization system (Keithley, 4200-SCS)
during the radiation.
III. R ESULTS AND D ISCUSSION

B. Preparation of Precursor Solution and
Device Fabrication
First, the Cs2 AgBiBr6 powders were added into dimethyl
sulfoxide (DMSO) to prepare a precursor solution with a molar
concentration of 0.55 M, followed by magnetic stirring at
85 ◦ C for 10 h. After that, a clear yellow solution was obtained.
The synthesis process of Cs2 AgBiBr6 powders can be found
in the previous work [30]. Second, the precursor solution was
spin-coated on the silicon substrate (2000 rpm for 100 s)
assisted by the antisolvent IPA dripping protocol. Both the
precursor solution and the substrate were preheated to 85 ◦ C.
Subsequently, the film was placed into a vacuum chamber to
promote rapid evaporation of solvents and annealed for 10 min
at 280 ◦ C in a nitrogen atmosphere. After the above processes,
the X-ray detector based on the Cs2 AgBiBr6 film with a
planar photoconductive architecture was fabricated. About the
encapsulation, the detector was encapsulated using a metal
casing with a 100-μm-thick Be window to prevent an internal
detector from being exposed to the outside environment. The
inside of the metal casing was filled with nitrogen, a kind of
inert gas, to reduce the influence of the external atmosphere
(moisture or air) on the detector. The nitrogen pressure inside

The X-ray detector developed in this article is based on
Cs2 AgBiBr6 perovskite film. We first calculated the X-ray
absorption spectrum of the materials over a range of photon
energies using the XCOM: photon cross section database [26]
shown in Fig. 1(a). A larger absorption coefficient indicates
that the material could absorb X-rays more effectively, making
it possible to obtain a larger photocurrent. Without considering the resonance absorption edges of K , L, and M,
the calculated absorption coefficient of Cs2 AgBiBr6 is higher
than the one of the MAPbBr3 and MAPbI3 and close to
the value for CdTe over the entire energy range. These
results are consistent with the average atomic number Z
of the materials (Cs2 AgBiBr6 ∼53.1, MAPbI3 ∼48.9, and
MAPbBr3 ∼45.1). In terms of stability, some studies have
revealed that the thermal stability of perovskite materials
can be greatly improved by replacing organic cations with
Cs+ . The results of thermogravimetric (TGA) [Fig. 1(b)] and
differential scanning calorimetry (DSC) analyses [Fig. 1(c)]
reveal that the Cs2 AgBiBr6 not only shows no weight loss
up to 450 ◦ C but also no phase transition in the range of
room temperature to 350 ◦ C. Herein, high-quality Cs2 AgBiBr6
films are synthesized through an optimized antisolvent spin
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Fig. 1. (a) Theoretical absorption coefficient of several different materials
as a function of photon energy ranging from 0.01 to 100 MeV. (b) TGA
analysis of Cs2 AgBiBr6 single crystal and MAPbBr3 (MA = CH3 NH+
3)
single crystal. (c) DSC analysis of Cs2 AgBiBr6 single crystal. (The inset
in (c) shows the schematic of the atomic structure of Cs2 AgBiBr6 ).

coating method. The detailed description of film synthesis
process can be found in the experimental details. The synthesis
process of Cs2 AgBiBr6 film can be roughly divided into three
steps. First, the Cs2 AgBiBr6 powders were added into DMSO
to prepare a precursor solution with a molar concentration
of 0.55 m, followed by magnetic stirring at 85 ◦ C for 10 h.
After this first step, a clear yellow solution was obtained.
Second, the precursor solution was spin-coated on the silicon
substrate (2000 rpm for 100 s) assisted by antisolvent IPA
dripping protocol with both the precursor solution and the
substrate preheated to 85 ◦ C. Finally, the film was placed
into a vacuum chamber to promote the rapid evaporation of
solvents and annealed for 10 min in a nitrogen atmosphere.
To completely transform the precursor into pure double perovskite phase, the annealing temperature needs to be higher
than 250 ◦ C [27], [28]. Therefore, the annealing temperature
in this article was set to 280 ◦ C.
During the synthesis of Cs2 AgBiBr6 film, we systematically
studied the best moment of dripping the antisolvent IPA and
its effect on the morphology of the film. Fig. 2(a) shows the
SEM top views of the Cs2 AgBiBr6 film synthesized with the
IPA dripping at different times, where the samples I, II, III,
and IV are the films obtained by dripping IPA at 30, 40,
50, and 60 s, respectively. It can be found that with the
delay of the IPA dripping time, the coverage of the perovskite
film on the substrate was improved with larger grain size.
At the same time, the SEM cross section view shows that
the film is composed of a single layer of crystal grains. This
single-layer morphology can greatly reduce the influence of
grain boundaries on carrier transport along the longitudinal
direction, leading to a high carrier transport efficiency in
photodetection applications.
In order to determine the crystal structure of the
Cs2 AgBiBr6 film, XRD analyses of different samples were
performed, and the results are shown in Fig. 2(b) and (c).
The break coordinate at ∼32.99◦ was used to eliminate the
strong diffraction peak of the Si (200) plane from the substrate, which would make sample peaks difficult to discern.

The diffraction peaks of the all the Cs2 AgBiBr6 film and
Cs2 AgBiBr6 powder matched well with the simulated pattern
of cubic double perovskite structure (space group Fm-3m),
indicating the pure phase of the samples. Furthermore, the full
width at half maximum (FWHM) of the (004) diffraction
peak decreases with the delay of IPA dripping time, which
is consistent with the trend of the increasing average grain
size of Cs2 AgBiBr6 films. Such a trend of the average grain
size from samples I–IV was also observed in the SEM analysis
shown in Fig. 2(a). To understand the carrier dynamics of the
Cs2 AgBiBr6 film, the PL decay dynamics of different samples
(I, II, III, and IV) were also performed, from which we can
calculate the fluorescence lifetime of the carriers [Fig. 2(d)].
The carrier lifetimes of the samples (I, II, III, and IV) obtained
by numerical fitting are 331.33, 574.16, 688.57, and 757.25 ns,
respectively, which can be attributed to the reduction of grain
boundaries in the perovskite film. Considering the thickness,
grain size, film coverage, and carrier lifetime of Cs2 AgBiBr6
films, 2000 rpm for 100 s with dripping antisolvent IPA at
60 s are considered as the optimal parameters for the synthesis
of Cs2 AgBiBr6 films. In order to estimate the electron/hole
diffusion lengths in Cs2 AgBiBr6 films, the PL decay dynamics
[Fig. 2(e)] in a resulted film with and without quencher
layers were also studied. The distributions of photogenerated
electrons or holes N e(h) (x, t) in the Cs2 AgBiBr6 film are
described according to the improved diffusion-based equation
including the electrostatic potential of the electrons/holes [29]
∂ 2 Ne(h)
De(h)
∂ Ne(h)
= I (x) + De(h)
+
2
∂t
∂
x
kT


∂ 2 We(h)
∂ W e(h) ∂ N e(h)
− krec Ne(h)
+
× Ne(h)
∂x2
∂x
∂x
(1)
where De(h) is the diffusion coefficient for electrons or holes,
and I (x) is the excitation term. W e(h) is the electrostatic
potential of the electrons or holes, and k is the Boltzmann’s
constant. T is the temperature, and krec is the PL decay
rate. The calculated diffusion length for electrons is 774 and
663 nm for holes, and the calculated recombination rate for
the carriers is the value of 106 –107 s−1 , indicating potentially superior detection performance realized by Cs2 AgBiBr6
film-based devices. The high-resolution transmission electron
microscope (HRTEM) micrograph in Fig. 2(f) exhibits clear
periodic fringes spacing of 0.332 and 0.235 nm, corresponding to (222) and (224) planes of Cs2 AgBiBr6 , respectively,
illustrating the high quality of the as-prepared Cs2 AgBiBr6
film.
To fabricate the detector, a silicon wafer with a 300-nmthick thermal SiO2 layer was used as the substrate, on which
a 50-nm-thick Au interdigital electrode was deposited. Thereafter, the spin coating method was used to synthesize
Cs2 AgBiBr6 perovskite film with the aforementioned optimized synthesis parameters. Following the vacuum-assisted
drying and the annealing process, the X-ray detector based
on the Cs2 AgBiBr6 film with a photoconductive planar
architecture was fabricated. Energy-dispersive X-ray spectroscopy (EDX) measurements were performed to reveal the
distribution of elements of the detector [Fig. 3(a)]. The EDX
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Fig. 2. Characterization of the Cs2 AgBiBr6 perovskite film. (a) SEM top-view images of sample I, II, III, IV, respectively, and the cross section view
image of sample IV. (b) XRD patterns of samples I, II, III, and IV and the Cs2 AgBiBr6 powder synthesized in the experiment, compared with the
simulated pattern of cubic double perovskite (bottom). (c) Magnified region of (004) diffraction plane. (d) PL decay dynamics of samples I, II, III,
and IV, respectively, probed at 640 nm on an excitation at 470 nm. (e) PL decay dynamics in resulted optimized Cs2 AgBiBr6 film with and without
quenching layers. (f) HRTEM micrograph of the Cs2 AgBiBr6 film prepared by the optimized synthesis process.

Fig. 3. Encapsulation of the device and the X-ray test platform. (a) EDX
elements mapping of the detector with a 3-µm-spaced Au interdigital
electrode. Au (yellow), Br (blue), Bi (green), Cs (red), Ag (white).
(b) Transmittance of several different materials (100-µm thickness) to
X-ray as a function of photon energy. (The inset in (b) is the X-ray
transmittance of Be). (c) Schematic of the packaging module. (d) X-ray
test platform.

mapping results show that the elements (Cs, Ag, Bi, and Br)
are uniformly distributed on the substrate with Au electrodes.
In terms of encapsulation, the detection window is critical for X-ray detection, which should possess high X-ray
transmittance as well as the good ability to block the visible
and infrared light. We calculated the relationship between the
transmittance of the X-ray and the photon energy with a fixed
thickness (100 μm) of different materials using the Database:
X-ray Interactions with Matter [31]. As shown in Fig. 3(b),
Be has the highest transmittance to X-rays, which exceeds
99.7% for the X-ray with photon energies above 30 keV, indicating that the 100-μm-thick Be window has almost no attenuation to the incident X-ray. Due to the high transmittance to
X-rays, favorable optical properties, and excellent mechanical
strength and ductility, Be has become an essential material in
the radiation detection window. Therefore, in the experiments,
to prevent the detector from being exposed to external ambient,
the Cs2 AgBiBr6 film X-ray detector was encapsulated using a

304 stainless steel shell with a 100-μm-thick Be window. The
schematic of the packaging module is shown in Fig. 3(c), and
the inside of the packaging module was filled with nitrogen,
a kind of inert gas, to reduce the influence of the external
ambient (moisture or air) on the detector. The complete X-ray
test platform is shown in Fig. 3(d). A tungsten anode X-ray
tube with a photon energy up to 100 keV of Bremsstrahlung
radiation was used in the experiment. The X-ray radiation
dose rate in the air (air KERMA of the radiation) has been
accurately calibrated by the reference ionization chambers.
By adjusting different radiation filters, modulating the currents
of the X-ray tube, and changing the distance between the
device and the X-ray source, X-rays with different effective
energies and different radiation dose rates in the air can be
obtained.
The schematic of the device is shown in Fig. 4(a). When
X-ray photons strike on the device, the electrons in the valence
band will be excited to the conduction band, generating
electron–hole pairs. These generated electron–hole pairs can
drift rapidly under an applied electric field and then be
collected by electrodes at both ends, thereby forming the
photocurrent. First, we exposed the device to the X-rays with
an effective energy (E eff ) of 39 keV, and the radiation dose
rate in air ranges from 104.2 to 937.7 μGyair s−1 . Due to the
lower photon energy of the X-ray and the larger average atomic
number of the Cs2 AgBiBr6 film, the interaction between the
X-ray photons and perovskite film is composed of photoelectric effect and few Compton scattering. The current–voltage
(I –V ) characteristics of the device under dark conditions and
different radiation dose rates are shown in Fig. 4(b). Due to
the large intrinsic resistance of the Cs2 AgBiBr6 film, the dark
current of the device is maintained at a very low level under
a large electric field intensity (5 V/3 μm), which is about
several hundred pA. Periodic current–time (I –T ) photoresponse testing reveals the high repeatability of the device under
different X-ray radiation dose rates shown in Fig. 4(c). It can
be estimated that the rise time (τt ) and fall time (τ f ) of the
device under the radiation dose rate of 520.9 μGyair s−1 are
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Fig. 4.
X-ray detection performance of the encapsulated device. (a) Schematic of the structure of the Cs2 AgBiBr6 film X-ray detector.
(b) I–V characteristics of the encapsulated device under dark condition and different irradiation dose rates. (c) I–T response of the encapsulated
device at different radiation dose rates. (d) Relationship between the sensitivity of the device and the X-ray radiation dose rate under different
bias voltages. (e) Sensitivity of the device as a function of bias voltage under different radiation doses. (f) X-ray photocurrent and gain factor of the
encapsulated device as a function of dose rate. (g) Device photoresponse to X-ray on tuning the X-ray source on and off (dose rate: 145.2 nGyair s−1 ).
(h) Calculated SNR of the device as a function of X-ray radiation dose rate. (i) Relationship between the sensitivity of the encapsulated device and
the X-ray radiation dose rate under different bias voltages.

about 1.042 and 1.581 s, respectively. The detection sensitivity
is one of the key parameters for evaluating the X-ray detectors,
which can be calculated by the following formula:
I p − Id
R=
D∗s

(2)

where I p and Id are the photocurrent and dark current,
respectively. D refers to the radiation dose rate in air of
the X-ray, and s represents the effective area of the detector
(0.0021 cm2 ). The detection sensitivities of the device as a
function of radiation dose rates and bias voltages are shown
in Fig. 4(d) and (e), respectively. It should be noted that the
detection sensitivity tends to decrease with the increase of the
X-ray radiation dose rate, which is consistent with the previous
trend of Cs2 AgBiBr6 single-crystal X-ray detectors [30]. This
phenomenon can be explained as carriers gradually fill into
shallower traps and the carrier recombination rate rises due
to the increasing radiation intensity, leading to a decrease
in sensitivity [22], [32]. On the contrary, the detection sensitivity of the device increases with the increasing applied
bias voltage, which is mainly due to the enhancement of the
collection efficiency of the photogenerated carriers. Therefore,
increasing the bias voltage of the device is one of the effective
ways to improve the detection sensitivity. Benefiting from the
excellent X-ray absorption of the Cs2 AgBiBr6 and superior
carrier transport characteristics of the device, the detection
−2
under a 5-V
sensitivity can reach up to 754.11 μCGy−1
air cm
bias for X-rays with an effective energy of 39 keV. Besides the
sensitivity, we also focus on the gain factor of the device. The
gain factor G, which is considered as the carrier collection
efficiency, can be calculated using the following formulas:
A1
A0
I p − Id
A1 =
s∗e
G=

(3)
(4)



μen
A0 = D
ρ

−1
air



1 − exp −(μen )Cs2 AgBiBr6 ×L
×
E


(5)

where A1 represents the number of charges actually collected
by the electrodes at both ends in unit area and unit time.
A0 refers to the number of charges that the device can
theoretically generate under X-ray irradiation (in unit area
and unit time). e is the electron charge. (μen /ρ)air represents the mass energy-absorption coefficient in air, which
is about 6.833 × 10−2 cm2 /g for X-ray with the photon
energy of 39 keV [33]. (μen )Cs2 AgBiBr6 refers to the linear
energy-absorption coefficient of Cs2 AgBiBr6 , which is calculated to be 42.359 cm−1 . E is the ionization energy of the
electron–hole pair, and L is the thickness of the Cs2 AgBiBr6
film. The gain factor in Fig. 4(f) is approximately 50 for the
dose rate ranging from 416.8 to 937.7 μGyair s−1 , similar to
the value of the MAPbI3 film X-ray detector [9].
A great number of applications related to radiation detection
urgently need to reduce the radiation dose, particularly in the
fields of medical diagnoses [12] and security inspections [34].
Lowering the detection limit of the detector can reduce the
radiation dose, thereby reducing the potential biological risk
of the X-ray. Therefore, the detection limit is also one of the
figures of merit that are critical to assess the performance of
the X-ray detector. By adjusting the radiation filter and the
X-ray tube current, the X-ray with radiation dose rate in air
of several hundred nGyair s−1 can be obtained with an effective
energy of 83 keV. The I –T characteristics of the device
are shown in Fig. 4(g). It can be seen that the photocurrent
exhibits greater fluctuations than the dark current, which can
be attributed to the ripple in the voltage waveform of the
X-ray tube [35] and random electron–hole pair generation or
recombination in the photoelectric process [22]. The IUPAC
defines the detection limit as an equivalent radiation dose
rate [36], which can produce a radiation signal current (Isignal )
greater than three times of the noise current (Inoise ). Therefore,
we defined the detection limit as the radiation dose rate when
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Fig. 5. Long-term stability test of the encapsulated device. (a) Original
dark current and the dark current after 2 months of storage of the
encapsulated device. (b) Periodic I–T photoresponse of the encapsulated
device before and after 2 months of storage. (c) and (d) Comparison of
the original sensitivity and the sensitivity after storage for 2 months of the
encapsulated device.
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To further demonstrate the long-term stability of the encapsulated device, the dark current as a function of voltage
was measured after 2 months of storage, which is almost
unchanged shown in Fig 5(a). At the same time, no apparent
changes are observed in the periodic I –T photoresponse
[Fig. 5(b)], which imply a high stability and robustness of the
encapsulated device. The solid-state semiconductor detectors,
such as Si, Se, Cd(Zn)Te, and perovskites, which are widely
studied in X-ray detection, are also materials sensitive to
visible light due to their small bandgaps. Therefore, these
materials are more susceptible to the external electromagnetic
radiation. However, the X-ray transmissive encapsulation filled
with nitrogen is capable of blocking the ambient light and
providing an inert atmosphere for the detector. The detection sensitivities of the encapsulated device as a function of
radiation dose rates and bias voltages are shown in Fig. 5(c)
and (d), respectively. The encapsulated device still maintains
excellent detection sensitivity after two months of storage,
which indicates the favorable operability of our packaging
module.
IV. C ONCLUSION

the signal-to-noise ratio (SNR) is 3 at a given bias voltage.
The SNR can be calculated by the following formulas:
Isignal
Inoise
= I¯photo − I¯dark


1 N 
2
=
Ii − I¯photo
N i=1

SNR =

(6)

Isignal

(7)

Inoise

(8)

where I¯photo and I¯dark represent the average photocurrent and
average dark current, respectively. Inoise can be obtained by
calculating the standard deviation of the photocurrent. For
example, as shown in Fig. 4(g), the calculated Isignal and
Inoise were 1.308 and 0.166 pA, respectively, at 2-V bias
under 145.2 nGyair s−1 , resulting in an SNR value of 7.88.
Therefore, the actual lowest detection limit could even be
smaller than 145.2 nGyair s−1 . Furthermore, we also calculated
the SNR under different radiation dose rates with a fixed bias
voltage as shown in Fig. 4(h). The achieved superiorly low
detection limit is comparable to those of the latest perovskite
single crystal [12], [13], [22] and the perovskite-like singlecrystal X-ray detectors [37], which are much lower than that
required for regular medical diagnosis (5.5 μGyair s−1 ). Such
a low detection limit (<145.2 nGyair s−1 ) is mainly due to
its extremely low dark current and still possesses room to be
further improved in the future. Similarly, the detection sensitivity at a lower radiation dose rate was also derived as shown
−2
in Fig. 4(i), which can reach up to 1.8 × 104 μCGy−1
air cm
under a 5-V bias for X-ray with an effective energy of 83 keV,
far beyond the value of the Cs2 AgBiBr6 single-crystal X-ray
detector. It is worth noting that, if it is an all-inorganic
lead-free perovskite X-ray detector or the hybrid lead halide
perovskite X-ray detector, their detection sensitivities are much
higher than the sensitivity achieved with a-Se X-ray detectors [2] by several orders of magnitude.

In summary, we proposed a new strategy to fabricate a
high-performance environmental-friendly X-ray detector by
using all-inorganic lead-free double perovskite film in radiation detection. Here, for the first time, the highly sensitive
Cs2 AgBiBr6 film X-ray detector with a photoconductive planar
architecture is successfully demonstrated and encapsulated
using a metal casing with a 100-μm-thick Be window. The
high average atomic number, long carrier diffusion length
and lifetime, as well as the high intrinsic resistance make
the Cs2 AgBiBr6 film well suitable for direct X-ray detection.
In this article, high-quality Cs2 AgBiBr6 films are obtained
through the systematical study of the best moment of dripping
the antisolvent IPA during the spin coating process. It has
been demonstrated that with the delay of the antisolvent IPA
dripping time, the films are likely to exhibit larger grain size
and higher coverage, which is conducive to the improvement
of device performance. The photophysical investigations reveal
that the Cs2 AgBiBr6 film has a long carrier diffusion length
of approximately 700 nm and a long carrier lifetime of nearly
750 ns at room temperature. In terms of encapsulation, the
X-ray transmissive packaging module filled with nitrogen
is capable of blocking the external ambient and providing
an inert atmosphere for the detector. Benefiting from the
excellent properties of the Cs2 AgBiBr6 film and the stable
ambient provided by the packaging module, the resulting
device exhibits attractive X-ray detection capabilities with a
−2
detection sensitivity up to 1 × 104 μCGy−1
air cm , which is
about a thousand times higher than the sensitivity achieved
with commercial a-Se X-ray detectors. Besides, a minimum
detectable dose rate of 145.2 nGyair s−1 is also achieved,
showing the potential to significantly reduce the radiation dose
of X-ray. Besides, the encapsulated device maintains superior
detection performance after 2 months of storage, indicating the
favorable reliability of the encapsulated device. The superior
detection performance of the Cs2 AgBiBr6 film will motivate
new strategies to achieve high-performance X-ray detectors by
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utilizing all-inorganic lead-free perovskite film, promoting its
application in radiation electronics.
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