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Abstract: X-ray and γ-ray detectors are widely used in medical, military, security, material analysis, and industrial inspection. 
In recent years, perovskite materials have become promising materials for radiation detection owing to their strong stopping 
power, considerable carrier transportation ability, and simple synthesis process. Previous studies have demonstrated both direct 
and indirect radiation detectors using perovskite materials. In this review, we aim to elucidate the mechanism by which X-rays 
and γ -rays interact with matter, explain the principles of the energy integrating mode and photon counting mode for direct 
detection, and discuss the key factors determining device performance. Furthermore, we summarize recent advances in 
perovskite-based radiation detectors for both modes. Additionally, we identify challenges that need to be overcome to enable 
perovskite materials to be successfully commercialized.
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1 Introduction 

X-rays and γ-rays with energies between tens of 
kilo and mega electron volts have broad applications, 
including medical examination (van Eijk, 2002; Spahn, 
2013), industrial monitoring (Kalaga et al., 2009; Kim 
J et al., 2012), and security screening (Zentai, 2008). 
It is imperative to keep the radiation dose as low as 
possible, especially in medical examinations, because 
high-dose radiation increases the risk of cancer (Lin, 
2010), endangering people’s health. Hence, detectors 
with both high sensitivity and a low detection limit 
are crucial to minimize the used radiation dose.

Widely used semiconductor materials for these 
applications include CdTe/CdZnTe (CZT) (del Sordo 
et al., 2009), amorphous selenium (a-Se) (Safa et al., 
2011), and silicon (Guerra et al., 2012). However, 
each material has specific challenges that degrade its 
device performance. Fabrication of large-area wafers 

poses a significant challenge for CdTe/CdZnTe, while 
a-Se suffers from poor sensitivity and stability. Sili‐
con has a low absorption efficiency compared to other 
materials.

In recent years, halide perovskites have been 
extensively researched and applied in various fields 
owing to their remarkable photoelectric properties. 
Initially, they were used as absorbers in solar cells 
(Kojima et al., 2009). Since Kim HS et al. (2012) 
reported perovskite solar cells with an efficiency of 
9.7% in 2012, halide perovskite materials have gained 
extensive attention, with applications extending to 
light-emitting diodes (LEDs) (Tan et al., 2014), lasers 
(Xing et al., 2014), and radiation detectors (Yakunin 
et al., 2015). There are two methods for radiation de‐
tection, direct detection and indirect detection. Halide 
perovskites exhibit appealing device performance in 
direct detection due to their strong radiation stopping 
power, low dark current, high sensitivity, and simple 
synthesis.

In this review, we focus on direct detection based 
on halide perovskites. First, we introduce the distinct 
processes X-rays and γ-rays undergo when the pho‐
tons interact with detectors. Then, we elucidate the 
working principles of direct detection. Two types of 
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direct detection detectors are discussed: energy inte‐
grating detectors (EIDs) and photon counting detec‐
tors (PCDs). Additionally, we systematically review 
progress in the development of EIDs and PCDs. Lastly, 
we summarize the challenges that must be overcome 
to enable the successful commercialization of perovs‑
kite materials.

2 Interaction of X-rays and γ-rays with matter

Fig. 1a depicts the various mechanisms by which 
X-rays interact with matter, including photoelectric 

absorption, scattering, and pair production. During 
X-ray detection, these mechanisms convert either the 
total or a portion of the energy from an X-ray photon 
into electron-hole pairs. The electron-hole pairs are 
then collected by the read-out circuit, producing elec‐
trical signals.

2.1 Photoelectric absorption

In the process of photoelectric absorption, a semi‐
conductor atom completely absorbs the X-ray photon. 
The energy of an X-ray photon is transferred to one of 
the bound electrons in a certain orbit of the atom, 
which leads to the ejection of the bound electron with 

Fig. 1  (a) Processes by which X-ray (γ-ray) photons interact with matter: photoelectric absorption, Rayleigh scattering, 
Compton scattering, and pair production; (b) Linear attenuation coefficient for various materials (MA is methylammonium); 
(c) Mechanism of electron-hole generation in semiconductors under X-rays (γ-rays) and the mechanisms of indirect and 
direct detections. Electrons at the inner shell escape after absorbing X-rays (γ-rays). Thousands of low-energy electrons 
are released through ionization during the escaped electrons transporting in the material. These low-energy electrons are 
rapidly thermalized to the bottom of the conduction band to form electron-hole pairs. In indirect detection, electron-hole 
pairs recombine to emit visible light. In direct detection, electrons and holes are collected by electrodes under an applied 
electric field. Figs. 1a and 1c are reprinted from (Wu et al., 2021), Copyright 2021, with permission from Elsevier. Fig. 1b 
is reprinted from (Wei and Huang, 2019), Copyright 2019, with permission from Springer Nature. References to color 
refer to the online version of this figure
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a specific energy. The energy of the escaped photo‐
electron is given by the following equation (Evans 
and Beiser, 1956):

Ee = hν -Ek, (1)

where hν is the energy of the X-ray photon and Ek is 
the binding energy of the escaped photoelectron. 
Upon the escape of the electron, a hole is created at 
its original position. This hole quickly undergoes rear‐
rangement by capturing free electrons or electrons in 
other shells of the atom. This rearrangement process 
is accompanied by the generation of one or several 
characteristic X-ray photons.

The atomic attenuation coefficient of photoelec‐
tric absorption (χ) satisfies the following equation 
(Kainz, 2006):

χµ
Z 4

( )hν
3
, (2)

where Z is the average atomic number of the semicon‐
ductor material. Therefore, the photoelectric absorp‐
tion is dominant when the energy of the X-ray photon 
is low. Moreover, the probability of photoelectric ab‐
sorption increases when the average atomic number 
of the semiconductor material becomes larger.

2.2 Scattering

X-ray scattering comprises Rayleigh scattering 
and Compton scattering. Rayleigh scattering is a co‐
herent and elastic process, indicating that the energy 
of the X-ray photons remains unchanged. The propa‐
gation direction of the X-ray photons is only slightly 
deflected after Rayleigh scattering. In contrast, Comp‐
ton scattering is incoherent and inelastic. The X-ray 
photons that undergo Compton scattering transfer 
some of their energy to the colliding electrons and the 
X-ray photons are deflected by an angle after the scat‐
tering. The energy lost by the X-ray photons varies 
with the scattering angle: as the scattering angle in‐
creases, the loss of energy from the X-ray photons 
decreases.

The atomic attenuation coefficient of Compton 
scattering (δ) follows the relationship below (Kainz, 
2006):

δµ Z. (3)

Hence, this probability increases linearly with 
the average atomic number of the semiconductor ma‐
terial. Furthermore, for a given scattering angle, the 
scattering becomes progressively more inelastic as the 
energy of the incident X-ray photon increases (Als-
Nielsen and McMorrow, 2011). This implies that 
Compton scattering becomes dominant when the en‐
ergy of the X-ray photon is high.

2.3 Pair production

Pair production becomes possible only when the 
X-ray photon exceeds 1.02 MeV (2mec

2, where me is 
the still mass of the electron and c is the light velocity). 
The photon produces an electron-positron pair under 
the Coulomb field of either a nucleus or orbital elec‐
tron (Hendee, 2010). The part of the energy that ex‐
ceeds 1.02 MeV is equally divided into the kinetic 
energy of the electron and positron. As positrons are 
readily annihilated after moderation in the semicon‐
ductor material, this process typically results in the 
production of two annihilation photons. The atomic 
attenuation coefficient of pair production (κ) is roughly 
proportional to the square of the atomic number 
(κµ Z 2). 

2.4 Linear absorption coefficient

To assess the overall probability of incident 
X-ray photons being absorbed by the semiconductor 
material, the linear absorption coefficient (μ0) is intro‐
duced. The linear absorption coefficient is the sum of 
χ, δ, and κ:

μ0 = χ + δ + κ. (4)

The mass attenuation coefficient (α) is defined 
as the linear absorption coefficient divided by the ma‐
terial density (ρ):

α =
μ0

ρ
=

 χ
ρ
+
δ
ρ
+
κ
ρ

. (5)

In the case where the semiconductor material is 
a mixture or compound, the linear absorption coeffi‐
cient is the sum of the products of the mass attenuation 
coefficient for each element and its mass percentage 
(Leroy and Rancoita, 2011). Fig. 1b shows the linear 
absorption coefficients for some materials. The trans‐
mitted photon flux intensity (I) follows a relationship 
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of I = I0 ´ e-μ0l = I0 ´ e-αρl, where I0 is the initial photon 
flux intensity and l is the length of the absorber (Wei 
and Huang, 2019).

3 Direct detection of X-rays and γ-rays 

X-ray detectors can be categorized into two types 
based on their working principles: direct detection 
and indirect detection. As depicted in Fig. 1c, when 
X-ray photons are incident into the semiconductor, 
whether by direct detection or indirect detection, they 
are absorbed by photoelectric absorption, Compton 
scattering, or pair production, generating electron-
hole pairs. In direct detection, the electrons and holes 
are transported under an applied electric field and col‐
lected by electrodes to generate an electrical signal. 
During indirect detection, electrons at the bottom of 
the conduction band and holes at the top of the va‐
lence band recombine to emit fluorescence. A photo‐
detector collects the fluorescence at the back end to 
generate an electrical signal.

3.1 Mechanism of direct detection

Direct detection has two available working 
modes: the energy integrating mode and the photon 
counting mode. The difference between these two 
modes lies in that EIDs integrate the total energy 
deposited in the detectors without identifying the 
number and energy of X-ray photons, while PCDs are 
capable of discriminating the energy of each incident 
photon. Nevertheless, the mechanism of X-ray photon 
absorption and generation of electron-hole pairs is the 
same for both. In direct detection, incident X-ray pho‐
tons are first absorbed by photoelectric absorption or 
Compton scattering. The ejected hot-electron leaves a 
hole in the valence band (Wu et al., 2021) and gener‐
ates highly energetic secondary electrons, such as pho‐
toelectrons, Auger electrons, and recoil electrons (Wu 
et al., 2021). Thousands of low-energy electrons are 
released through ionization during the transport of es‐
caped electrons in the material and rapidly thermal‐
ized to the bottom of the conduction band to form 
electron-hole pairs. Electrical signals are generated by 
applying an electric field to collect charges.

The ionization energy (Δ), which is the energy 
required for a semiconductor to generate an electron-
hole pair, is a critical parameter determining detection 

efficiency. It makes it possible to calculate the num‐
ber of electron-hole pairs based on the incident X-ray 
dose, provided that the detector fully absorbs the pho‐
tons. The ionization energy is closely related to the 
bandgap (Eg) of the semiconductor material. Accord‐
ing to Devanathan et al. (2006), the ionization energy 
of the direct detection material can be calculated by 
an empirical relation:

D= 2Eg + 1.43. (6)

In the case of indirect detection, Rothwarf (1973) 
derives D= 2Eg by plasmon theory.

3.2 Energy integrating detectors (EIDs)

Energy integrating X-ray detectors operate in 
current mode and are commonly used for dose rate or 
clinical computed tomography (CT) measurement. In 
these application scenarios, the X-ray dose is relatively 
large to generate a high signal-to-noise ratio. As de‐
picted in Fig. 2a, many X-ray photons are incident in 
the detector during each measurement interval, pro‐
ducing thousands of electron-hole pairs. In Fig. 2b, a 
thin-film transistor (TFT) containing a storage capaci‐
tor is required to store the collected charge and pro‐
cess the signal. To achieve low dose imaging for radi‐
ation safety, it is crucial for EIDs to have a low detec‐
tion limit. According to the International Union of Pure 
and Applied Chemistry (IUPAC), the detection limit 
is the dose rate that produces a signal three times larger 
than the noise (Thompson et al., 2002). Consequently, 
EIDs with high sensitivity and low dark current are 
advantageous for acquiring a low detection limit.

3.2.1　Sensitivity

Sensitivity reflects the efficiency with which a 
detector converts incident X-ray photons into collect‐
able charges and is calculated as (Kasap, 2000):

S =
Q

AD
, (7)

where Q is the collected charges, A is the effective 
area of the detector, and D is the X-ray dose. Three 
main factors influence the sensitivity. The first is the 
X-ray absorption efficiency of the material, also known 
as the X-ray stopping power of the material. The linear 
absorption coefficient (μ0) is often used to characterize 
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the X-ray stopping power of a material per unit thick‐
ness under certain photon energy (Su et al., 2020). As 
outlined in Section 2, the linear absorption coefficient 
is determined by the atomic number (Z) and density 
(ρ) of the material. Materials with high Z and large ρ 
consistently exhibit a high linear absorption coeffi‐
cient. While a thicker semiconductor layer is needed 
to enhance X-ray utilization, it poses challenges that 
limit sensitivity. Charge collection efficiency (CCE) 
drops when the semiconductor layer becomes too 
thick, resulting in a low sensitivity (Safa et al., 2011). 
Thus, the materials for X-ray detectors need to have 
high Z and large ρ to ensure enough X-ray absorption 
efficiency without making the semiconductor layer 
too thick. Perovskite materials have a larger average 
atomic number than conventional X-ray detection ma‐
terials such as a-Se and CZT, making them more suit‐
able for X-ray detection. The second factor affecting 
sensitivity is the efficiency of generating electron-
hole pairs, which can be calculated from the ioniza‐
tion energy (Δ). The number of free charges can be 
calculated as follows:

N =
E
D

, (8)

where E is the total energy absorbed by the EIDs. 
Therefore, semiconductor materials with low ioniza‐
tion energy are essential for X-ray detectors. As men‐
tioned in Section 3.1, the ionization energy can be es‐
timated by D= 2Eg + 1.43 for direct detection. Most 
perovskite materials have an ionization energy of 5–
6 eV, making them suitable for X-ray detection. The 
third factor is CCE. The process of charge transporta‐
tion and collection is complicated and several parame‐
ters affect this process. Among these parameters, the 
product of carrier mobility and mean carrier lifetime 
(μτ) is of great significance. This parameter represents 
the mean drifting distance of the carrier per unit of 
electric field before the carrier disappears due to re‐
combination (or being trapped by defects) (Safa et al., 
2011). To minimize the applied electric field, a large 
μτ is required. Lead halide perovskite has a large μτ, 
ranging from 10−4 to 10−2 cm2/(V·s), making it possi‐
ble to attain high CCE under a low electric field (Wu 
et al., 2021).

Fig. 2  (a) Mechanism by which EIDs work in the current mode (multiple photons reach the detector during one 
measurement interval; electron-hole pairs generated by different photons are collected to generate a signal); (b) Device 
configuration of EIDs (electrons are collected by the top electron and holes are collected by the storage capacitor; CFB is the 
capacitance); (c) Mechanism by which PCDs work in voltage mode (the X-ray photons reach the detector one by one; each 
incident photon generates a number of electron-hole pairs that produce an electrical signal pulse); (d) Schematic diagram 
of the application-specific integrated circuit (ASIC) (the input signal is firstly processed by a preamplifier and a shaper, 
and then the amplified signal is compared in several comparators; if the signal exceeds the threshold, the corresponding 
counter counts the signal once). DAC is the digital-to-analog converter. Figs. 2a and 2c are reprinted from (Wei and 
Huang, 2019), Copyright 2019, with permission from Springer Nature. Fig. 2b is reprinted from (Wu et al., 2021), 
Copyright 2021, with permission from Elsevier. Fig. 2d is reprinted from (Taguchi and Iwanczyk, 2013), Copyright 2013, 
with permission from John Wiley & Sons, Inc. References to color refer to the online version of this figure
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3.2.2　Dark current

Dark current (Id) is another parameter that deter‐
mines the detection limit. Shot noise (in) is calculated 
as follows:

in = 2eId∆f , (9)

where e is the elementary charge, and ∆f is the band‐
width. Thus, a high dark current adversely affects the 
signal-to-noise ratio by increasing shot noise. In addi‐
tion, a high dark current fills the storage capacitor and 
quickly reaches the breakdown voltage of TFT or com‐
plementary metal oxide semiconductor (CMOS) (Wu 
et al., 2021). Dark current is influenced by factors 
such as injected carriers and intrinsic thermally acti‐
vated carriers. The injected carriers are closely related 
to the conductivity (σ) of the semiconductor material. 
Reducing conductivity is crucial for minimizing dark 
current. Since conductivity is determined by σ=N1eμ, 
where N1 is the carrier concentration, one effective 
way to reduce conductivity is by lowering the carrier 
concentration. By using the Schottky structure, which 
can block the injection of carriers, Xu et al. (2020) 
successfully fabricated a CsPbBr3 single crystal (SC) 
X-ray detector with low dark current density (about 5–
27 nA/cm2). The concentration of thermally activated 
carriers is related to the bandgap of the semiconduc‐
tor. Wide bandgap semiconductors tend to have a low 
dark current. However, a broad bandgap contradicts 
the requirement that X-ray detectors need a narrow 
bandgap to achieve high sensitivity. So, it is necessary 
to choose a material with an appropriate bandgap to 
reduce the dark current and achieve high sensitivity.

3.2.3　Development of perovskite EIDs

In recent years, halide perovskites have gained 
extensive attention in the field of X-ray detection due 
to their strong X-ray stopping power and large μτ 
product.

Halide perovskite X-ray detectors were first dem‐
onstrated by Yakunin et al. (2015). Sensitivity reach‐
ing 25 μC/(mGyair·cm2) and responsivity of 1.9×104 
carriers/photon were achieved using a solution-processed 
solar cell structure based on MAPbI3 (MA is meth‐
ylammonium). Huang et al. (2019) reported sensi‐
tive solution-processed MAPbBr3 SC X-ray detectors 
with sensitivities of 80 μC/(Gyair·cm2) and a lowest 

detectable dose rate of 0.5 μGyair/s (Wei et al., 2016). 
Further research by this group achieved a sensitivity 
of 2.1×104 μC/(Gyair·cm2) by monolithically integrat‐
ing MAPbBr3 SCs onto Si substrates (Wei W et al., 
2017). Polycrystalline perovskites can also be used 
for direct X-ray detection. Shrestha et al. (2017) re‐
ported an X-ray detector made from sintered polycrys‐
talline MAPbI3 with a sensitivity of 2527 μC/(Gyair·cm2) 
at 0.2 V/μm electric field. Also in 2017, Sungkyunkwan 
University and Samsung reported the use of a thick 
film of MAPbI3 perovskite based on the blade coating 
method combined with a TFT panel to realize large-
area X-ray imaging (Kim et al., 2017). The device sen‐
sitivity of a single pixel reached 11000 μC/(Gyair·cm2). 
The device structure of the positive-intrinsic-negative 
(PIN) diode array is another consideration in EID 
design. A high sensitivity of 2.36×104 μC/(Gyair·cm2) 
was obtained based on an MAPbBr3 PIN diode array 
(Wang et al., 2018). Ye et al. (2019) achieved a high sen‐
sitivity of 968.9 μC/(Gyair·cm2) under − 1 V bias using 
cuboid MAPbI3 SCs grown by the seed dissolution-
regrowth method. Huang et al. (2019) further im‐
proved the performance of MAPbI3 through A-site 
cation engineering. Large and flexible EIDs were dem‐
onstrated by mixing MAPbI3 with a nylon membrane. 
The flexible detectors showed a high sensitivity of 
(8696±228) μC/(Gyair·cm2) (Zhao et al., 2020). Hu et al. 
(2020) then developed a heat-assisted press method 
for fabricating a large and compact perovskite wafer. 
A promising sensitivity of 1.22×105 μC/(Gyair·cm2) 
was achieved using an MAPbI3 wafer.

Compared to organic-inorganic hybrid perovs‑
kites, all inorganic perovskites have emerged as highly 
promising materials due to their enhanced stability 
and superior X-ray absorption efficiency (Su et al., 
2020). As early as 2013, Stoumpos et al. (2013) grew 
CsPbBr3 SCs by the Bridgman method and predicted 
their potential for application in X-ray detection. In 
2019, Pan et al. (2019) reported a CsPbBr3 quasi-
monocrystalline film made by hot pressing. X-ray 
EIDs using this kind of film achieved a sensitivity of 
55684 μC/(Gyair·cm2). In the same year, Liu et al. (2019) 
synthesized CsPbBr3 perovskite quantum dots (QDs) 
via a solution process, and devices made from CsPbBr3 
QDs attained a sensitivity up to 1450 μC/(Gyair·cm2). 
In 2021, a new low-temperature crystallization (LTC) 
method was developed by Peng et al. (2021). X-ray 
detectors fabricated from CsPbBr3 that grew in water 
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through LTC reached a sensitivity of 4086 μC/(Gyair·cm2). 
Xue et al. (2023) used bromoacetic acid as an addi‐
tive to increase the solubility of CsBr in dimethyl 
sulfoxide (DMSO). The CsPbBr3 SCs grown from 
the additive-enhanced method reached a sensitivity 
of 3.0×104 μC/(Gyair·cm2). Pan et al. (2023) ex‐
plored the performance of CsPbBr3 EIDs under ul‐
trahigh X-ray flux. The detector’s photocurrent ex‐
hibited excellent linearity when the X-ray flux ranged 
from 106 to 1010 photons/(s·mm2). To mitigate ion mi‐
gration in EIDs based on CsPbBr3, Zhang et al. (2022) 
doped iodine atoms into the melt-grown CsPbBr3. The 
CsPbBr2.9I0.1 detector exhibited a high sensitivity 
of 6.3×104 μC/(Gyair·cm2) and a low detection limit 
of 54 nGyair/s. Besides CsPbBr3, CsPbI3 can be used 
for X-ray detection. Zhang BB et al. (2020) reported 
X-ray detectors made from one-dimensional CsPbI3 
crystals.

The presence of Pb2+ in lead halide perovskites 
poses a significant risk to the human brain and biolog‐
ical systems due to its high solubility in water. There‐
fore, lead-free halide double perovskites have emerged 
as competitive materials for X-ray detectors. Cs2AgBiBr6 
for X-ray detectors was first demonstrated in 2017 
(Pan et al., 2017). Since the disordered arrangement 
of Ag+/Bi3+ degrades the photoelectric properties of 

Cs2AgBiBr6 SCs, Yuan et al. (2019) used phenylethyl‐
amine bromide for in-situ regulation of the order-
disorder phase transition in the Cs2AgBiBr6 SC. By 
controlling the crystal growth process of Cs2AgBiBr6 
from the solubility and super solubility curves, Yin 
et al. (2019) successfully obtained Cs2AgBiBr6 SCs 
with high resistivity and considerable reproducibility. 
In addition to double perovskites, two-dimensional 
bismuth halide perovskites have attracted attention for 
their high performance in X-ray detection (Zhuang 
et al., 2019; Xia et al., 2020; Zhang YX et al., 2020; 
Wang et al., 2021; Li MB et al., 2022). Zhang et al. 
(2021) fabricated two-dimensional Cs3Bi2Br9 SCs via 
the Bridgman method. The Cs3Bi2Br9 SCs detector 
reached a sensitivity of 1705 μC/(Gyair·cm2) (Li X 
et al., 2022). Table 1 summarizes the device perfor‐
mances of traditional X-ray EIDs and perovskite X-ray 
EIDs.

Although halide perovskites are promising mate‐
rials for X-ray detection, there are still some problems 
that need to be solved before they are applied com‐
mercially. Commercial flat-panel X-ray detectors need 
to have dark current densities below 1 nA/cm2. The 
high dark current of perovskite X-ray EIDs greatly 
impedes their application in practical X-ray imaging. 
Therefore, a great effort has been made to suppress 

Table 1  Key parameters and device performances of traditional X-ray EIDs and perovskite X-ray EIDs

Material

CdTe (P)

CZT (S)

MAPbBr3 (S) (PIN)

MAPbI3 (S) (cuboid)

MAPbI3 (S) (GA alloyed)

MAPb (I0.9Cl0.1)3 (S) (flexible)

MAPbI3 (wafer)

FA0.85MA0.1Cs0.05PbI2.55Br0.45 (S)

CsPbBr3 (P)

CsPbBr3 (QD)

CsPbI3 (1D)

Cs2AgBiBr6 (S)

Cs2AgBiBr6 (S)

Cs2AgBiBr6 (S)

(F-PEA)3BiI6 (2D)

μτ product 
(cm2/V)

10−3 (e), 
10−4 (h)

10−3–10−2 (e), 
10−5 (h)

–

3.26×10−3 (h)

1.25×10−2 (e)

1.5×10−3 (e)

3.84×10−4 (e)

1.72×10−3 (e)

1.32×10−2 (e)

–

3.63×10−3 (e)

6.3×10−3 (e)

1.94×10−3 (e)

5.95×10−3 (e)

4×10−4 (lateral), 
8.3×10−5 (vertical)

Applied electric 
field (V/μm)

0.5

0.1–1.0

0.15

10−3

–

0.05

0.0125

0.06

–

~5

4.17×10−3

2.5×10−3

0.0227

0.05

0.1

Sensitivity 
(μC/(Gyair·cm2))

6.8×10−4

318

2.36×104

968.9

2.3´104

8696±228

1.22×105

(3.5±0.2)×106

55684

1450

2370

105

288.8

1974

118.6 (lateral), 
52.6 (vertical)

Lowest 
detectable dose 

rate (nGyair/s)

–

5×104

–

–

16.9

–

–

42

215

–

219

59.7

–

45.7

1800 (lateral), 
30 (vertical)

Reference

del Sordo et al., 2009; 
Oh et al., 2014

Su et al., 2020; del Sordo 
et al., 2009

Wang et al., 2018

Ye et al., 2019

Huang et al., 2019

Zhao et al., 2020

Hu et al., 2020

Liu et al., 2021

Pan et al., 2019

Liu et al., 2019

Zhang BB et al., 2020

Pan et al., 2017

Yuan et al., 2019

Yin et al., 2019

Pan et al., 2017

P: polycrystal; S: single crystal; e: electron; h: hole; FA: formamidinium; PEA: phenethylamine
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the dark current of perovskite X-ray EIDs. Zhou et al. 
(2021) exploited heterojunction structures to reduce 
dark current in perovskite X-ray EIDs. A wide band‐
gap perovskite layer was inserted between the regular 

perovskite and the electrode, effectively blocking the 
hole and electron injection (Figs. 3a and 3b). The 
dark current of the heterojunction device was 200 
times lower than that of the single junction device 

Fig. 3  (a) Schematic of a single junction device (J is the current density); (b) Schematic of heterojunction device; (c) 
Device performance of single junction and heterojunction device; (d) Schematic diagram of the PMMA inserted EIDs 
(ITO is the indium tin oxide, and PEDOT:PSS is the poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)); (e) Dark 
current density of MAPbI3 EIDs and a-Se EIDs; (f) Working mechanism of dark-current-shunting (DCS) detector under 
dark (ETL is the electron transport layer); (g) Working mechanism of DCS detector under X-ray. Part of the X-ray 
induced electrons transport into the conduction channel to generate electrical signal. Figs. 3a–3c are reprinted from 
(Zhou et al., 2021), Copyright 2021, with permission from American Association for the Advancement of Science. Figs. 3d 
and 3e are reprinted from (Li YL et al., 2022), Copyright 2022, with permission from Royal Society of Chemistry. Figs. 3f 
and 3g are reprinted from (Jin et al., 2023), Copyright 2023, with permission from Springer Nature. References to color 
refer to the online version of this figure
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(Fig. 3c). Another way to reduce dark current is to in‐
troduce an insulated polymer layer. By inserting a 
polymethyl methacrylate (PMMA) layer between 
MAPbI3 and the electrode, Li YL et al. (2022) 
achieved a low dark current density of 70 pA/cm2, 
which was comparable to that of a-Se X-ray EIDs 
(Figs. 3d and 3e). In conventional EIDs, the dark cur‐
rent and photocurrent are conducted in the same path 
and collected by the same electrode. Thus, reducing 
dark current inevitably results in lower photocurrent. 
To address this problem, Jin et al. (2023) introduced a 
third electrode called a dark-current-shunting elec‐
trode to collect dark current. The photocurrent is col‐
lected by a drain electrode (Figs. 3d and 3f). Through 
this strategy, Jin et al. (2023) achieved a record dark 
current of 51.1 fA.

Ion migration is another problem that degrades 
the performance of perovskite EIDs. Ion migration 
not only limits the charge extraction in the detector 
but also launches electrochemical reactions that lead 
to the irreversible degradation of the material. In 
2021, Liu et al. (2021) successfully grew FAPbI3 SC 
(FAMACs SC) with not only MA and Cs cations but 
also Br anions incorporated into the FAPbI3 lattice. Ion 
migration in FAMACs SCs was effectively suppressed 
and X-ray EIDs made of FAMACs SCs demonstrated 
a high sensitivity of (3.5±0.2)×106 μC/(Gyair·cm2). 
Heterojunctions are also considered an effective 
method to suppress ion migration. By exploiting a 
facile solution-based epitaxial method, Zhang et al. 
(2023) fabricated MAPbBr3/MAPbI3 heterojunctions 
with a sensitivity of 3.98×105 μC/(Gyair·cm2) and a 
low detection limit of 12.2 nGyair/s. The ion migration 
activation energy of a heterojunction (0.47 eV) is 
higher than those of MAPbBr3 SCs (0.24 eV) and 
MAPbI3 SCs (0.35 eV).

3.3 Photon counting detectors (PCDs)

PCDs work in voltage mode (Fig. 2c) and are 
used mainly for spectroscopy. Unlike EIDs, PCDs op‐
erate at a relatively low X-ray dose. The X-ray pho‐
tons reach the detector one by one. Each incident pho‐
ton generates a number of electron-hole pairs that pro‐
duce an electrical signal. The intensity of the signal 
pulse is proportional to the energy of the X-ray photon. 
An application-specific integrated circuit (ASIC) re‐
cords the number of incident photons and discrimi‐
nates the energy of each photon. Fig. 2d provides a 

detailed illustration of the ASIC. The input signal 
pulse is amplified by a preamplifier and reshaped by a 
shaper. Next, the intensity of the input signal is com‐
pared in several comparators, which are always be‐
tween 2 and 8, each with a different preset threshold. 
If the intensity exceeds the threshold, the correspond‐
ing counter counts the signal once. Subtracting the 
counts from two counters allows the determination of 
the number of photons within the specified threshold 
range.

PCDs have several advantages over EIDs. First, 
EIDs integrate the total energy deposited in the detec‐
tors, so the output signal inevitably consists of a small 
amount of noise. In contrast, PCDs can effectively 
eliminate noise by setting the lowest energy threshold 
higher than the noise. Consequently, PCDs can enable 
new low-dose imaging protocols at dose levels where 
electronic noise is prohibitive with state-of-the-art 
scanners (Danielsson et al., 2021). Even though PCDs 
can mitigate counting noise, the noise still affects the 
signal intensity and results in inaccurate energy. Sec‐
ondly, low-energy photons carry more contrast infor‐
mation than high-energy photons (Danielsson et al., 
2021). In EIDs, the output signal relies on the total en‐
ergy deposited in the detectors. Therefore, high-energy 
photons contribute more to the output signal, which 
may cause degradation of the image contrast. In con‐
trast, photons with different energies contribute equally 
to the output signals of PCDs. As a result, PCDs can 
attain a higher image contrast than EIDs. However, 
PCDs still pose numerous challenges that impede 
their commercial application.

3.3.1　Pulse pileup

Pulse pileup occurs in all kinds of PCDs since 
thousands of photons are incident in the PCDs in a 
short time interval. If two photons arrive at the PCDs 
almost simultaneously, the signal pulses will superim‐
pose, leading to false counts. Two types of pulse pile‐
up are depicted in Figs. 4a and 4b. In Fig. 4a, two sig‐
nal pulses overlap each other and create a new pulse. 
The PCDs not only lose counts but also count the pho‐
tons with incorrect energy. In Fig. 4b, the time inter‐
val between the two signal pulses is slightly larger 
than that in Fig. 4a. The PCDs might record them as 
two separate counts, but the recorded energies of the 
two photons are incorrect. Pulse pileup results in im‐
age quality degradation in two respects. Firstly, the 
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loss of counts increases image noise because fewer 
photons contribute to the measurement (Alvarez, 
2014). Secondly, the energy resolution decreases, 
leading to increased image noise.

The pulse pileup is closely related to the count 
rate of PCDs. Fig. 4c illustrates that ideal PCDs, with‐
out the pulse pileup effect, exhibit a registered count 
rate equal to the incident photon count rate. However, 
due to the pulse pileup effect, the registered count rate 
is lower than the incident photon count rate. For a 
nonparalyzable PCD, it gradually saturates and reaches 
a limit value. For a paralyzable PCD, the registered 
count rate drops after reaching the maximum regis‐
tered count rate. Alleviating the pulse pileup effect re‐
quires PCDs to have a short charge collection time. 
Therefore, semiconductors with high carrier mobility 
are desirable. Additionally, it is crucial to minimize the 
thickness of the semiconductor layer to reduce charge 
transport time while ensuring complete X-ray absorp‐
tion. As a consequence, semiconductors with a high 
average atomic number are needed. Perovskite materi‐
als, with considerable carrier mobility and a relatively 
high atomic number, emerge as a potential solution to 
mitigate the pulse pileup effect.

3.3.2　Charge sharing

The charge sharing effect is almost unavoidable 
in PCDs because the radiation semiconductor is elec‐
trically, rather than physically, pixelated (Ren et al., 
2018). Each incident photon generates multiple electron-
hole pairs (Fig. 4d). If the electron-hole pairs are 
located near the pixel boundaries, there is a high prob‐
ability that the neighboring pixels will absorb a frac‐
tion of the electron-hole pairs. Charge sharing in PCDs 
can result in three possible effects. First, one incident 
photon might be counted twice if the pulse intensities 
of both pixels exceed the lowest threshold. The energy 
of these two counts is lower than the real energy of 
the incident photon. Second, one incident photon 
might be counted once with the registered energy 
lower than its actual energy if the pulse intensity of 
the adjacent pixel is below the lowest threshold. 
Third, PCDs may lose a count if both pulse intensities 
are below the lowest threshold.

There are several factors affecting the probability 
of charge sharing. High-energy incident photons gen‐
erate more electron-hole pairs, resulting in a higher 
likelihood of charge sharing. Pixel size is also related 

Fig. 4  (a) Schematic of the first type of pulse pileup (two signals superimpose on each other and the PCD counts them as 
one count); (b) Schematic of the second type of pulse pileup (two signals superimpose on each other and the PCD counts 
them as two counts with incorrect energy); (c) Relationship between registered count rate and incident photon count 
rate for three different kinds of PCDs; (d) Schematic of charge sharing (charge sharing occurs when the generated 
electron-hole pairs are near the pixel boundaries; a fraction of electron-hole pairs is absorbed by the adjacent pixels, 
resulting in inaccurate counts or count loss). Reprinted from (Willemink et al., 2018), Copyright 2018, with permission 
from Radiological Society of North American
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to charge sharing. The electron-hole pairs are more 
likely to be generated near the pixel boundaries for 
small-size pixels. Therefore, charge sharing is more 
prevalent in PCDs with small pixels. The impacts of 
carrier mobility and thickness of the semiconductor 
layer on charge sharing are similar to their effects on 
pulse pileup. Semiconductor materials, which have 
high carrier mobility and high atomic number to re‐
duce the thickness of the active layer, can mitigate the 
charge sharing effect.

3.3.3　Progress in the development of PCDs

Materials widely used for PCDs include CdTe, 
CZT, and silicon. Given the significantly higher atomic 
numbers of CdTe and CZT, their linear absorption co‐
efficients are several times greater than that of silicon. 
The typical thicknesses of CdTe or CZT range from 
0.9 to 3.0 mm (Barber et al., 2013; Taguchi and 
Iwanczyk, 2013). To attain a high detection efficiency, 
PCDs based on silicon must increase the thickness of 
the detector. Silicon wafers need a thickness of 30 mm 
to achieve a detection efficiency of about 80% (Tagu‐
chi, 2017). Nevertheless, fabricating silicon wafers 
thicker than a few millimeters is currently impossible 
(Danielsson et al., 2021), but the length of the silicon 
wafers could be sufficient to ensure high detection 
efficiency. Consequently, the device configuration of 
silicon-based PCDs is different from that of CdTe or 
CZT-based PCDs. Silicon-based PCDs use an edge-on 
geometry design while CdTe or CZT-based PCDs use 
a face-on geometry (Figs. 5a and 5b). Fig. 5c shows 
the detector module of edge-on silicon PCDs. The 
module consists of 50 strips, each divided into 16 seg‐
ments (Xu et al., 2013).

In recent years, perovskite materials have also at‐
tracted interest for their potential for making PCDs. 
Edge-on geometry was first used for an energy re‐
solved perovskite X-ray detector by Pang et al. (2022). 
The relationship between the incident X-ray spectrum 
and the detector signal can be calculated using the fol‐
lowing equation:

C -1
m ´m·Rm ´ 1 = Sm ´ 1, (10)

where C -1
m ´m is the inverse matrix of the conversion 

matrix, Rm ´ 1 is the detector signal, and Sm ´ 1 is the inci‐
dent X-ray spectrum (Pang et al., 2022). By altering 
the incident X-ray spectrum, C -1

m ´m can be obtained 

using machine learning. Pang et al. (2022) selected 
MAPbBr3 SC as the semiconductor layer. Each elec‐
trode has a different thickness to ensure that it pro‐
duces a similar amplitude of signals (Fig. 6a). Fig. 6b 
depicts the simulated X-ray spectra and the recon‐
structed spectrum when the X-ray tube was driven at 
voltages of 45, 55, and 65 kVp. To further testify the 
performance of this energy resolved perovskite X-ray 
detector, Pang et al. (2022) used it to detect an artifi‐
cial sample. The images from the 2nd and 5th elec‐
trodes are shown in Figs. 6c and 6e, respectively. The 
image from the 2nd electrode contains more low-
energy X-ray photons, whereas the image from the 5th 
electrode contains more high-energy X-ray photons 
(Pang et al., 2022). The images of the high-density 
CaCO3 tablet and low-density paraffin ‘H’ letter can be 
obtained by different subtraction algorithms (Figs. 6d 
and 6f).

Studies of perovskite PCDs with a face-on geom‐
etry have focused mainly on γ-ray detection. The first 

Fig. 5  (a) Schematic of face-on PCDs (X-rays are incident 
on the backside); (b) Schematic of the edge-on PCDs 
(X-rays are incident on the edge of silicon); (c) Edge-on 
silicon PCD with 50 strips and 16 segments. Figs. 5a and 
5b are reprinted from (Danielsson et al., 2021), Copyright 
2021, with permission from IOP Publishing. Fig. 5c is 
reprinted from (Xu et al., 2013), Copyright 2013, with 
permission from Elsevier
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demonstration of perovskite γ-ray detectors was im‐
plemented through FAPbI3 with a 35% energy reso‐
lution for 662 keV γ-rays (Yakunin et al., 2016). 
However, black α-FAPbI3 SCs exhibit thermodynamic 
instability, because they convert into a wide-bandgap 
δ-phase, inhibiting the device’s long-term use (Yakunin 
et al., 2016). To address this issue, researchers from 
the same group conducted further studies. Quinary 
CsxFA1−xPbI3-yBry (x=0.0–0.1 and y=0.0–0.6) was 
fabricated by incorporating Cs and Br into the lat‐
tice of FAPbI3 (Nazarenko et al., 2017). This im‐
proved the duration of stable work from about two 
weeks for black α-FAPbI3 to four months. MA-based 
perovskites exhibit higher phase stability and better 
performance for γ-ray detection than FA-based 
perovskites (Liu et al., 2022). Wei HT et al. (2017) 
synthesized high quality and dopant-compensated 
MAPbBr2.94Cl0.06 and obtained an energy resolution of 
12% at 662 keV γ-rays using this kind of perovskite 
SC. He et al. (2018b) reported a Schottky-type MAPbI3 
γ-ray detector. The device achieved an energy resolu‐
tion of 6.8% for 57Co 122 keV γ-rays on account of 
the high μτ product. Tisdale et al. (2020) investigated 

the performance of MAPbBr2.85Cl0.15. They observed 
an unusually slow rise time and a poor energy resolu‐
tion of about 25% for 662 keV γ-rays, which they at‐
tributed to low charge trapping and de-trapping, ion 
migration, and charge accumulation (Tisdale et al., 
2020).

Similar to their advantages in EIDs, all-inorganic 
perovskites exhibit improved device performance in 
PCDs. He et al. (2018a) reported a CsPbBr3 γ-ray 
detector with a high energy resolution of 3.8% for 
662 keV γ-rays. The improved crystal growth method, 
incorporating a specially designed device configura‐
tion featuring asymmetrical electrode materials, con‐
tributed significantly to achieving this high energy 
resolution (He et al., 2018a). The solution growth 
method for CsPbBr3 is more cost-effective than the 
Bridgman method. Pan et al. (2020) reported a γ-ray 
detector made of solution-processed CsPbBr3 SCs with 
an energy resolution of 5.5% for 662 keV γ-rays. He 
et al. (2021a) reported a groundbreaking achievement 
in CsPbBr3 perovskite γ-ray detection, achieving an 
exceptional energy resolution of 1.4% for 662 keV 
γ-rays, which is the best energy resolution for γ-ray 

Fig. 6  (a) Scanning electron microscope photo of strip electrodes; (b) Simulated X-ray spectra and reconstructed 
spectrum when the driving voltages of the X-ray tube were 45, 55, and 65 kVp; (c) Image of the artificial sample from 
the 2nd electrode; (d) Subtracted image of a high-density substance CaCO3 tablet; (e) Image of the artificial sample from 
the 5th electrode; (f) Subtracted image of a low-density substance paraffin 'H' letter. Reprinted from (Pang et al., 2022), 
Copyright 2022, with permission from Springer Nature. References to color refer to the online version of this figure
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detectors achieved so far. CsPbCl3 is another competi‐
tive perovskite for γ-ray detection. He et al. (2021b) 
demonstrated the possibility of using CsPbCl3 for 
γ-ray detection, with an energy resolution of about 
16% for 122 keV γ-rays. Double perovskites such as 
Cs2AgBiBr6 (Zhang et al., 2021) and perovskite-related 
materials (A3B2X9) (Mccall et al., 2018) also show a 
promising future for energy-resolved γ-ray detection.

An X-ray energy-resolved perovskite detector 
was recently demonstrated by He et al. (2022). A 
Schottky device with a Bi/CsPbBr3/Au configuration 
was used (Fig. 7a). Device performance was tested 

using γ-rays (109Cd source) and X-rays (Ag X-ray 
tube). Because of the single-photon nature of the γ-ray 
source, the measured γ-ray spectrum was free of 
pile-up. In contrast, the measured X-ray spectrum un‐
derwent severe pulse pile-up because the count rates 
were limited and multiple photons impinged on the 
detector in a short time interval. Sakhatskyi et al. 
(2023) demonstrated energy-resolved X-ray imaging 
using MAPbI3 SC detectors (Fig. 7b). The detector 
reached a detection efficiency of 88% and a noise-
equivalent dose of 90 pGyair with 18 keV X-rays 
(Sakhatskyi et al., 2023). Table 2 summarizes the 
device performances of perovskite γ-ray and X-ray 
PCDs.

4 Summary and outlook 

Halide perovskites have emerged as promising 
materials for EIDs and PCDs owing to their superior 
photoelectric properties. Compared with the widely 
used materials such as silicon, a-Se, and CZT for radi‐
ation detection, halide perovskites offer advantages in‐
cluding strong X-ray stopping power, large μτ product, 
low dark current, high sensitivity, and cost-effective 
fabrication. The sensitivity of perovskite-based EIDs 
has significantly increased, from 80 μC/(Gyair·cm2) of 
an MAPbBr3 EID to (3.5±0.2) ×105 μC/(Gyair·cm2) of 
an FAMACs EID. Halide perovskite PCDs have also 
undergone rapid development in recent years. The en‐
ergy resolution of the first FAPbI3 PCD was 35% for 
662 keV γ-rays. The highest achieved energy resolu‐
tion is 1.4% for 662 keV γ-rays using a CsPbBr3 
perovskite γ-ray detector. Despite significant break‐
throughs, the use of halide perovskites for radiation 

Fig. 7  (a) Wafer grown from Bridgman method and device 
configuration of CsPbBr3; (b) Energy-resolved image of the 
characters ‘ETH’; (c) Spectrum of the 109Cd source measured 
by the CsPbBr3 detector; (d) Spectrum of the Ag X-ray 
tube measured by the CsPbBr3 detector. Figs. 7a, 7c, and 
7d are reprinted from (He et al., 2022), Copyright 2022, 
with permission from John Wiley & Sons, Inc. Fig. 7b is 
reprinted from (Sakhatskyi et al., 2023), Copyright 2023, 
with permission from Springer Nature

Table 2  Key parameters and device performances of perovskite γ-ray and X-ray PCDs

Material
FAPbI3

MAPbBr2.94Cl0.06

MAPbI3

CsPbBr3

CsPbBr3

CsPbBr3

CsPbCl3

Cs2AgBiBr6

CsPbBr3

μτ product (cm2/V)
1.8×10−2

1.8×10−2

8.1×10−4 (h), 
7.4×10−4 (e)

1.34×10−3 (h), 
8.77×10−4 (e)

4×10−4

8×10−3 (h)

3.2×10−4 (h)

1.47×10−3

3×10−3

Applied electric field
7.7×10−3 V/μm

1.8×10−3 V/μm

4.6×10−2 V/μm

1.667 V/μm

–

500 V

300 V

6.67×10−2 V/μm

–

Source
241Am
137Cs
57Co

137Cs

137Cs
137Cs
57Co

241Am

Ag

Energy resolution (%)
35

12

6.8

3.8

5.5

1.4

~16

13.91

~24

Reference
Yakunin et al., 2016

Wei HT et al., 2017

He et al., 2018b

He et al., 2018a

Pan et al., 2020

He et al., 2021a

He et al., 2021b

Zhang et al., 2021

He et al., 2022
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detection still faces several challenges that limit their 
practical application.

The long-term performance of perovskite radia‐
tion detectors, particularly organic-inorganic perovs‑
kites, remains a challenge. The organic cation of 
organic-inorganic perovskites typically decomposes 
when the temperature reaches 60 °C (Brunetti et al., 
2016). Additionally, organic-inorganic perovskites 
face challenges related to ion migration, leading to 
hysteresis and phase segregation (Yuan and Huang, 
2016). Device performance frequently experiences 
degradation within a few hours of operation. There‐
fore, there is an urgent need to enhance the prolonged 
performance of perovskite radiation detectors.

The solution growth method is more cost-
effective than the Bridgman method for synthesizing 
halide perovskites but the device performance of 
solution-processed perovskites is inferior (Liu et al., 
2022). Therefore, additional research is needed to fab‐
ricate high-quality single crystals using the solution 
growth method.

Lead-free halide perovskites have attracted much 
attention because they eliminate the risk of Pb toxicity. 
However, the performance of lead-free double perovs‑
kites and two-dimensional perovskites still falls far 
short of the theoretical limit. Perovskite-related mate‐
rials (A3B2X9) suitable for energy-resolved detectors 
have not yet been demonstrated. Hence, more efforts 
are needed to explore lead-free halide perovskites.

X-ray PCDs have the capability to resolve the 
energy of incident photons, allowing the recording 
of X-ray images with a higher signal-to-noise ratio 
and improved resolution. However, perovskite X-ray 
PCDs suffer from ion migration that originates from 
their electronic-ionic nature. Ion migration can have 
detrimental effects on device performance, leading 
to large dark current and a reduction in long-term op‐
erating stability. Strategies must be devised to sup‐
press ion migration, a pervasive issue in perovskite 
materials. Photon fluxes used for clinical diagnosis 
reach as high as 106 to 109 photons/(s·mm2). Perovskite 
X-ray PCDs may encounter pulse pile-up that can 
result in count loss under such a high photon flux. 
Consequently, perovskite X-ray PCDs with a high 
count rate are essential for clinical use. Further im‐
provement in energy resolution is also needed to ob‐
tain higher-resolution X-ray images.
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