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Abstract： Dominating X-ray detectors are mainly divided into direct semiconductor X-ray detectors and indirect 
scintillator X-ray detectors.  In recent years， hybrid X-ray detectors have emerged by combing the advantages of semi‑
conductors and scintillators.  The mixed semiconductors and scintillators as active layers lead to different working 
mechanisms.  The charge/energy transfer between the two phases avoids the afterglow effect of the scintillator.  And 
the presence of scintillators also optimizes the properties of the semiconductor material.  The review summarizes the 
mechanism， progress， and synergistic effect of hybrid X-ray detectors to highlight the advances of hybrid X-ray detec‑
tors.  Three types of hybrid X-ray detectors are discussed in detail according to different working mechanisms and 
their respective characteristics.  Finally， we present an outlook on hybrid X-ray detectors’ limitations and the future 
development direction.
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杂化 X 射线探测器的优势与进展
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摘要： 占主导地位的 X 射线探测器主要分为直接半导体型 X 射线探测器和间接闪烁体型 X 射线探测器。近

年来，杂化 X 射线探测器通过结合半导体和闪烁体材料的优势而出现。作为活性层的混合半导体和闪烁体导

致了不同的工作机制。两相之间电荷/能量转移可以避免闪烁体的余辉效应。并且闪烁体的存在也优化了半

导体材料的性能。本文总结了杂化 X 射线探测器的机制、进展和协同效应，以突出杂化 X 射线探测器的优势。

根据不同的工作机制和各自的特点，我们详细讨论了三种类型的杂化 X 射线探测器。最后，我们对杂化 X 射

线探测器存在的局限性和未来的发展方向进行了展望。

关 键 词： 杂化 X 射线探测器； 直接 X 射线探测； 间接 X 射线探测； 工作机制

1　Introduction
Since the discovery of X-rays in 1895, the solid 

penetrating capability of X-ray has led to the wide‑

spread use of X-ray detectors in security screening, 
nondestructive detecting, and medical imaging[1-3].  
Both the semiconductor-based direct X-ray detectors[4-5] 
and scintillator-based indirect X-ray detectors[6-7]   
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develop very fast as the intensive research, mature 
material synthesis technology, and improved device 
fabrication processes.

Direct X-ray detectors employ semiconductors 
to directly convert X-rays photons into charge carri‑
ers[8-10].  Electrons and holes then drift to the opposite 
electrode ends under an electric field.  Direct X-ray 
detectors offer better spatial resolution due to the ab‑
sence of intermediate conversion processes.  Amor‑
phous silicon（α -Si） flat-panel[11] was first proposed 
with a PIN structure in 1993.  Later, inorganic mate‑
rials amorphous selenium（α -Se） were widely com‑
mercialized to enlarge the stopping power of Si[12-14]， 
since the X-ray attenuation coefficient follows the re‑
lationship of α ∝ Z 4 E 3, where Z is the atomic num‑
ber in the material, and E is the energy of the X-ray 
photon[15].  However, α -Se detectors have a limited 
lifetime under the high electric field of direct detec‑
tion and their maintenance costs are high.  In recent 
years, direct X-ray detectors based on cadmium tel‑
luride（CdTe） and cadmium zinc telluride（CdZnTe） 
semiconductors, which offer good energy resolution, 
have become very attractive in the field of imaging.  
However, large size and high-quality single crystals
（e. g. , CdZnTe） are challenging to grow[16].  And it 
isnt easy to prepare flexible detectors from robust in‑
organic semiconductor materials[17].  Although low-

cost wet processing techniques can fabricate large or‑
ganic semiconductor materials[18], organics consisting 
of low atomic number elements have a weak attenua‑
tion of X-rays, resulting in limited sensitivity of di‑
rect X-ray detectors.  Emerging perovskites with a 
structure of ABX3（A=Cs, formamide（FA）, methylam‑
monium（MA）, B=Pb, Sn or Bi, X=Cl, Br or Ⅰ） have 
excellent properties of high X-ray attenuation coeffi‑
cients, large carrier mobility-lifetime products（μτ）, 
and solution-processed single-crystal growth[19-22].  
However, the dark current and noise induced by the 
perovskite ions migration severely limit the detection 
limit and operational stability of the device[23-24].

Indirect scintillator detectors first convert high-

energy X-rays into visible photons, which are detect‑
ed by the image sensor（photomultiplier tube（PMT）, 
charge-coupled device（CCD）, or complementary  

metal oxide semiconductor（CMOS）） to indirectly 
convert X-rays photons into electronic signals[25-27].  
Indirect X-ray detectors, which are cheaper and 
more stable than direct detectors, have gained wide 
acceptance.  Compared to inorganic crystal scintilla‑
tors with harsh preparation conditions and organic 
crystal scintillations of weak stopping power, low 
light yield, and low transparency[28-30], perovskite scin‑
tillations possess strong X-ray stopping power, and 
the capability to produce color-tunable emission to 
enlarge the Stokes shift[31-33].  However, perovskite 
materials are less environmentally stable and are 
prone to phase changes under X-ray irradiation.  
And some perovskite scintillators（e. g. , （PPN）2Sb‑
Cl5（PPN=bis（triphenylphosphoranylidene） ammoni‑
um cation）[34]，lead-free copper-based halide（Rb2Cu‑
Cl3）[35]）are limited by the long afterglow（microsec‑
ond luminous lifetime）, which often results in an ul‑
tralong response time.  In addition, the light scatter‑
ing problem of the indirect scintillator makes the de‑
vice have a low spatial resolution, which is very dis‑
advantageous for high-definition imaging[36-37].

Hybrid X-ray detectors are new kinds of solid 
X-ray sensors that combine the advantages of direct 
semiconductors and indirect scintillators[38-39].  For di‑
rect detection of semiconductor materials, strong X-

ray attenuation is necessary.  For indirect scintillator 
materials, avoidance of excessive light scattering and 
afterglow effects is necessary.  Hybrid X-ray detec‑
tors can improve the sensitivity of semiconductor ma‑
terials with weak X-ray attenuation coefficients 
while avoiding the light scattering and afterglow ef‑
fects of scintillators.  The advent of hybrid X-ray de‑
tectors has opened up the possibility of further devel‑
opment of many semiconductor and scintillator mate‑
rials that are limited by their properties.  However, 
hybrid X-ray detectors also suffer from a certain de‑
gree of deficiencies, such as phase stability and pas‑
sivation of interface defects.  Although hybrid X-ray 
detectors do not yet match perovskite direct X-ray 
detectors in terms of single performance（e. g. , sensi‑
tivity）, they show good promise in terms of combined 
performance（combines flexibility, sensitivity, spatial 
resolution and response time）.
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In hybrid X-ray detectors, since organic mole‑
cules often have much smaller stopping power com ‑
pared to the inorganic counterpart, inorganic scintil‑
lators are often employed to boost the scintillation 
processes[40-41].  The mixed semiconductor and scintil‑
lator serving as active layers lead to a different work‑
ing mechanism. Type （I） If the semiconductor is 
made of organic materials, X-ray induced charge car‑
riers are mainly generated in the inorganic scintilla‑
tor phase compared to the organic phase.  Two path‑
ways may occur during optoelectronic conversions.  
In one pathway, the emitting light from the scintilla‑
tor can be absorbed by the semiconductor, and light-
generated charges are transported along the semicon‑
ductor phase[42].  In the other pathway, charge or en‑
ergy transfer occurs between the scintillator and 
semiconductor, followed by the same charges trans‑
port process[43].  The two pathways often compete 
with each other, and the final processes are deter‑
mined by the two-phase architecture correlations 
and energy band structures.  Type （Ⅱ） If the semi‑
conductor is made of inorganic or heavy-element ma‑
terials, charges can be generated within both the 
semiconductors and the scintillators[38].  Apart from 
the optoelectronic conversion processes, semiconduc‑
tors can also directly attenuate the X-rays and contrib‑
ute to the signal current.

It has been reported that the incorporation of 
scintillators into organic semiconductors can effec‑
tively solve the light crosstalk phenomenon of scintil‑
lators without affecting their luminescent proper‑
ties[44].  And it has also been shown that the introduc‑
tion of scintillator blocking layers in perovskite semi‑

conductors can restrain the ion migration phenome‑
non of three-dimensional（3D） perovskites and avoid 
the light scattering effect of scintillators, thus im‑
proving the detection performance of the devic‑
es[38-39].  As a result, hybrid X-ray detectors that can 
break through the limitations of traditional scintilla‑
tors through different mechanisms, and show good 
prospects for further development.  In the following, 
we present a breakdown of the different operating 
mechanisms of hybrid X-ray detectors and explore 
their competitive advantages.
2　Working Mechanism of Hybrid X‑ray 

Detectors
Three different working mechanisms of hybrid 

X-rays have been reported.  When organic mole‑
cules, which exhibit weak absorption of X-rays, are 
used as semiconductor materials: （1）Scintillators 
convert X-rays directly into visible light, the organic 
semiconductor in the hybrid layer rapidly converts 
UV-visible photons into charge carriers.  Compared 
to conventional scintillator photodetectors, hybrid de‑
tectors based on the working mechanism of Fig. 1（a） 
can effectively increase the photoelectric conversion 
efficiency.  （2）As shown in Fig. 1（b）, scintillators 
first attenuate the X-rays, and generate the charge 
carriers.  Due to the favorable energy band structure, 
the charge carriers are completely transferrted to the 
adjacent semiconductor phase before radiative re‑
combination[43].  The response time of this kind of de‑
vice working on this principle is often on the order of 
nanoseconds range, hugely shortening the response 

（a） （b） （c）
Bottom electrode

Top electrodeHTL

Light‑generatedcharges

Semiconductorlight absorption
ETL

Bottom electrode

Top electrodeHTL

ETL
Bottom electrode

Top electrode
HTL

ETL

semiconductorblend region
Scintillator and X‑ray‑generatedcharges Scintillator and

semiconductorblend region

X‑ray X‑ray
X‑ray

X‑ray

Scintillatorattenuated X‑ray
Semiconductorattenuated X‑ray

Scintillator and
semiconductorblend region

+

-

+

-

+

-

Fig.1　（a）Schematic of scintillation reabsorption to suppress light scattering in a hybrid X-ray detector. （b）Schematic diagram 
of the charge/energy transfer principle of scintillators in a hybrid X-ray detector. （c）Schematic diagram of the operation of 
a hybrid X-ray detector with multiple charge collection paths.
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time of the scintillators[45-46].  Thus, many high efficient 
scintillators that have serious afterglow effects can 
be reconsidered based on this new device architec‑
ture.  （3）When heavy elemental materials with 
strong X-ray attenuation serve as semiconductors in 
Fig. 1（c）, semiconductors and scintillators that ex‑
hibit strong X-ray absorption allow two different 
charge collection paths in hybrid X-ray detector[38].  
One is the direct attenuation of X-rays into charge 
carriers by the semiconductor.  The other is the same 
as the working principle （2）（presence of charge 
transfer from scintillator）.
3　Avoid Scintillation Reabsorption to 

Suppress the Light Scattering and 
Crosstalk
Although indirect scintillators coupled with 

photodetector arrays have been widely commercial‑

ized due to their convenience and low-cost advantag‑
es, conventional indirect X-ray detectors also have 
some fatal disadvantages, such as low sensitivity and 
poor spatial resolution.  To avoid the optical crosstalk 
of scintillators, Büchele et al. [44] prepared a hybrid 
X-ray detector by incorporating terbium-doped gado‑
linium oxide（GOS∶Tb） particles into the bulk het‑
erojunction（BHJ）（see Fig. 2（a）） in 2015.  GOS∶
Tb scintillators convert X-rays into visible photons, 
which are then absorbed by the adjacent BHJ, signif‑
icantly reducing the optical crosstalk phenomenon.  
The sharpness comparison of the X-ray imaging in 
Fig. 2（b） further verifies the significant improved 
spatial resolution（4. 8 lp·mm-1）.  It should be noted 
that the filling amount of GOS∶Tb is the key point, 
which should be below 66% as shown in Fig. 2（c） to 
maintain the continuity of the polymer phase and 
avoid any voids in the composite.  Otherwise, the device 
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Fig.2　（a）Schematic of the image sensor with an a-Si∶H backplane and a hybrid front-plane［44］. （b）70 kV X-ray images of inte‑
grated circuit devices（photograph on the right） realized with an HPD image sensor（left） and a conventional stacked de‑
vice（center）［44］. （c）SEM cross-sections（FIB cuts with 52° tilt angle）， red boxes and insets highlight voids inside the de‑
vices［44］. （d）Current density curves of the device with a blending weight ratio of 1∶1∶2 versus bias voltage. The thickness‑
es of the active layer are about 20 μm. The 520 nm incident light at 146 μW·cm-2 enters from the top side（Al electrode） 
and the bottom side（ITO electrode）， respectively［42］. （e）The normalized coverage ratio（OA/OAm- and pyridine capped） 
under the 0 and 12 h ligand exchange time［48］. （f）The evaluated parameters（RS， CCD-DCD， and sensitivity） of the de‑
tectors based on P3HT∶PC71BM active layer with FAPbBr3 QDs（1 mg） at 0， 6， 12， 18 h ligand exchange time［48］.
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will exhibit a high dark current of >100 nA·cm-2.
To suppress the large leakage current, Xiang et 

al. [42] uniformly dispersed lead cesium bromide（CsPb‑
Br3） perovskite quantum dots（QDs） into the BHJ in 
2021, and the reduction of internal defects combined 
with the high efficiency of light yields（~95%） en‑
ables a detection sensitivity of 3. 7 μC·Gyair-1·

cm-2  while maintaining a low dark current（2. 3 nA·
cm-2） of the hybrid X-ray detector.  Further elevat‑
ing the CsPbBr3 QDs amount will cause the assem‑
bly of QDs at the device bottom, and the self-absorp‑
tion prevents more visible light transmission to the 
semiconductor layer, thus weakening the perfor‑
mance of the hybrid X-ray detector（see Fig. 2（d））.  
To ensure that the incorporation of nanoparticles 
does not affect the phase stability of organic semicon‑
ductors, researchers often introduce organic ligands 
onto the surface of nanoparticles.  The introduction 
of ligands improves the surface defects of QDs and 
also influences the properties and stability of the 
QDs.  Kim et al. [47] demonstrated that introducing 
short-chain ligands on QDs facilitates active materi‑
als’ dispersion and improves the charges transfer.  
Lee et al. [48] replaced the oleic acid/oil geshiamine
（OA/OAm） ligands in the formamidine lead bro‑
mide （FAPbBr3） QDs with short-chain pyridine li‑
gands for high electrical conductivity（pyridine high‑
er surface coverage in Fig. 2（e））.  Although short-
chain ligands with high electrical conductivity facili‑
tate charge transport compared to long-chain li‑
gands, there is major concern on the long-term stabil‑
ity in the coexistence between nanoparticles with or‑
ganic phases.  The ligand coating on the surface of 
the quantum dots will greatly affect the stability of 
the material.  As shown in Fig. 2（f）, the detection 
performance of the device drops significantly after 
18 h of operation.  Further research needs to balance 
the detection performance and operational stability 
of hybrid X-ray detectors.
4　Charge/Energy Transfer in Suppress‑

ing the Scintillator Afterglow
Afterglow is a common phenomenon of scintilla‑

tors that describes the long radiative recombination 
lifetime of charge carriers.  Many excellent scintilla‑
tors have high scintillation efficiency but failed in 
commercial competition due to the scintillation after‑
glow effect, which can cause severe imaging smear 
and low spatial resolution.  In contrast, hybrid X-ray 
detectors realize fast charge carrier/energy transfer 
from scintillators to semiconductors, thereby hugely 
reducing the response time of the device.  Therefore, 
many synthesized scintillators that have high lumines‑
cent efficiency but long afterglow can be reevaluated 
due to the fast development of hybrid X-ray detec‑
tors.  At the same time, the introduction of semicon‑
ductor materials into scintillators can improve the 
charge collection efficiency and avoid the light scat‑
tering effect, thereby increasing the sensitivity of the 
detector.

In 2016, Ankah et al. [43] introduced lead sul‑
phide（PbS） quantum dots into organic heterojunc‑
tions（BHJs）.  The electrons and holes generated by 
PbS are transferred to the corresponding semicon‑
ductor phase without recombination of luminescence 
by the energy level structure（see Fig. 3（a））.  In the‑
ory, a hybrid X-ray detector based on this working 
mechanism should exhibit fast response.  However, 
the poor solubility of PbS particles leads to inhomo‑
geneous mixing of the composite material, as shown 
in Fig. 3（b）, and the response time of the device is 
severely affected as the active layer thickness in‑
creases.  The bismuth oxide（Bi2O3） shows advantag‑
es in higher atomic numbers, strong stopping power, 
and non-toxic properties[49].  And the higher density 
of Bi2O3 facilitates adding small amounts of nanopar‑
ticles to meet high weight fractions, which contrib‑
utes to the homogeneous dispersion of the active sub‑
stance.  In 2018, Thirimanne et al. [50] incorporated 
Bi2O3 nanoparticles（NPs） into the BHJ to construct 
an ITO/poly（3,4-ethylenedioxythiophene）: poly（sty‑
rene-sulfonate） （PEDOT∶PSS）/P3HT-PCBM-Bi2O3/
BCP/Al hybrid X-ray detector.  The nanoparticles 
were periodically and uniformly distributed in the 
mixed layer, forming a nanoscale diode close to the 
NPs and facilitating efficient charge extraction（>60%） 
by poly（3-hexylthiophene）（P3HT） and [6, 6] -phenyl-
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C70-butyric acid methyl ester （PCBM）.  The hybrid 
X-ray detector exhibits a sensitivity of 42. 8 μC·
Gy-1·cm-2 and 1. 5 μC·Gy-1·cm-2 for “soft” and 

“hard” X-rays respectively.  Moreover, the introduc‑
tion of NPs does not affect the flexibility of the organ‑
ic semiconductor.  Fig. 3（c） shows that the sensitivi‑
ty of the hybrid X-ray detector remains after a 3 mm 
radius bending for ten times.  The hybrid X-ray de‑
tector exhibits a sensitivity of 7 μC·Gy-1·cm-2 for 
flexible detection and the flexible performance has 
been developed to facilitate medical imaging.  To en‑
able practical application, the accuracy of the radia‑
tion dose of this hybrid X-ray detector exhibits a 
good linear response as shown in Fig. 3（d）.

Although BHJ/NPs-based hybrid X-ray detec‑
tors achieved prominent breakthroughs in sensitivity 
and real-time response, the excessively high dark 
current of about 103 nA·cm-2 at a bias voltage of -10 
V results in high detection dose rates and poor imag‑
ing clarity.  It is known that the hygroscopic nature 
of PEDOT∶PSS can disrupt the structure of the hole 

transport layer（HTL）, resulting in poor charge selec‑
tivity of the X-ray detector[51-52].  Therefore, Nanayak‑
kara et al. [53]  developed the hybrid X-ray detector with 
the inverted device architecture of ITO/ZnO/Bi2O3-
PCBM-P3HT/Ag in 2021.  As shown in Fig. 3（e）, 
the active material is distributed in a vertical gradi‑
ent in the mixed layer, with an enrichment of the p-

type semiconductor P3HT near the Ag electrode.  The 
P3HT that accumulates near the anode region corre‑
sponds to a hole-selective/electron-blocking layer.  
P3HT effectively prevents electrons to transfer from 
the PCBM phase to the anode region, thus achieving 
an ultra-low dark current（the dark current density of 
the hybrid X-ray detector remains below the industry 
requirement of 1 nA·cm-2 even at high electric 
fields）.  To achieve medical dose accuracy, Nanay‑
akkara et al. [53] also tested the angular dependence 
for the hybrid detector, displaying angular support of 
below 6% under irradiation with hard X-rays.  HTL-

free hybrid X-ray detector with inverted device struc‑
ture can better fit variations in body shape and is 
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more conducive to accurate dose detection[54].
Compared to flat panel detectors, flexible detec‑

tors show better trends due to their greater flexibility 
and clarity in imaging.  To further enhance the flexi‑
bility of the HTL-free BHJ/NPs hybrid X-ray detec‑
tor while maintaining the detection performance, 
Nanayakkara et al. [55]  investigated the effect of organ‑
ic polymers’ molecular weight（MW） on the device 
in 2022.  The shorter chain length of the low MW 
P3HT favors a high degree of polymer crystalliza‑
tion, leading to a faster migration rate of carriers and 
improving device sensitivity（see Fig. 3（f））.  Howev‑
er, the high crystallinity of organic polymers is detri‑
mental to the mechanical flexibility of the device.  
By modulating the molecular weight of the organic 
semiconductor, the hybrid X-ray detector based on 
P3HT（>40 ku）/PCBM/Bi2O3 has been further im‑
proved in flexibility while maintaining the original 
ultra-low dark current（<0. 1 nA·cm-2）.  This sug‑
gests that with further optimization, a highly sensi‑
tive flexible semiconductor/scintillator-based X-ray 
detector is achievable.

5　 Multi ‑ charge ‑ collection Paths in  
Perovskite/Scintillator Hybrid X ‑ ray 
Detector
Halide perovskites possess high X-ray attenua‑

tion coefficients and high charge carrier mobility, 
which efficiently extracts the X-ray induced charges 
from inside bulk crystals.  The excellent properties 
of halide perovskites are incredibly beneficial for 
high-quality direct detection.  However, perovskites 
are easily degraded by the environment, which is 
still a major concern.  In indirect detection, scintilla‑
tors with decay lifetimes of more than microseconds 
have severe afterglow phenomena, making them diffi‑
cult to utilize.  In 2021, Li et al. [38]  prepared the 
perovskite semiconductor/scintillator hybrid X-ray 
detector through a tableting process, which was dem‑
onstrated to be an excellent solution to the afterglow 
through fast energy transfer process.  Fig. 4（a） shows 
that the ethylenebis-triphenylphosphonium manga‑
nese （Ⅱ） bromide（（C38H34P2）MnBr4） scintillator is 
uniformly dispersed at the grain boundaries of the  
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Fig.4　（a）Schematic mechanism of the Cs2AgBiBr6/（C38H34P2）MnBr4 hybrid detector［38］. （b）Dark drift current of the hybrid ma‑
terial and Cs2AgBiBr6 device［38］. （c）Fast X-ray imaging ability of the MAPbI3/Cs3Cu2I5 hybrid X-ray detector［39］. （d）The 
lowest detectable X-ray rate does of the hybrid devices with different scintillator contents［39］.
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cesium silver bismuth bromide（Cs2AgBiBr6） perovs⁃
kite, thus effectively blocking the ion migration chan‑
nel of the perovskite.  Therefore, compared to the 
Cs2AgBiBr6 perovskite semiconductor-based X-ray 
detector, the dark current drift of the Cs2AgBiBr6/
（C38H34P2）MnBr4 hybrid detector is significantly 
suppressed（see Fig. 4（b））, which is beneficial for 
hard X-ray detection.  Liu et al. [39] optimized the de‑
vice structure and prepared Au/2, 2', 7, 7'-tetra[N, N-

bis（4-methoxyphenyl）amino] -9, 9'-spirobifluorene 
（Spiro-MeOTAD）/MAPbI3/methylamine lead iodide
（MAPbI3）-cesium copper iodide （Cs3Cu2I5）/MAPbI3/
C60/bathocuproine（BCP）/Cr hybrid X-ray detectors 
in 2022.  Covering both sides of the hybrid layer 
with a thin perovskite phase reduces fugitive photo‑
luminescence（PL） emission from the surface of ac‑
tive layers and helps collect more charge carriers.  
The MAPbI3/Cs3Cu2I5-based hybrid X-ray detector 
shows a fast response time（36. 6 ns） compared to 
the long decay lifetime of the Cs3Cu2I5 scintillator
（1. 07 μs）.  This is because all the charge generated 
by the scintillator  s attenuated X-rays will be trans‑
ferred to the semiconductor phase under the barrier 
effect of the type Ⅱ heterojunction constructed by 

the scintillator and the semiconductor material.  The 
uncharged recombination of the luminescence pro‑
cess facilitates the device to exhibit a nanoscale re‑
sponse and the nanosecond response time of the X-

ray detector is advantageous for dynamic scanning at 
multiple angles for medical purposes, and Fig. 4（c） 
demonstrates the potential of the perovskite semicon‑
ductor/scintillator hybrid X-ray detector for fast im‑
aging.

Sensitivity and detection limits are crucial fig‑
ures-of-merit for X-ray detectors.  Although semicon‑
ductor-based direct X-ray detectors are extremely 
sensitive, they require a high cost for high-quality 
single crystals.  Since the ion migration of 3D 
perovskites and scintillators’ light scattering are ef‑
fectively suppressed, the MAPbI3/Cs3Cu2I5 hybrid X-

ray detector shows a high sensitivity of 885 μC·
Gyair-1·cm-2 and a low detection limit of 0. 41 μGyair·
s-1 under hard X-ray operated at 120 kV condition
（see Fig. 4（d））.  Perovskite semiconductor/scintilla‑
tor hybrid X-ray detectors show excellent perfor‑
mance for practical applications. The detection per‑
formance of three hybrid X-ray detectors with differ‑
ent working mechanisms are compared in Tab.1.

6　Conclusion and Outlook
New types of hybrid X-ray detectors are discuss ⁃

ed to show their advantages in improving the shortcom ‑
ing of scintillators in this minireview.  Semiconductor 

materials in hybrids can provide additional charge 
collection paths and multi-charges generation pro‑
cesses depending on the stopping power of semicon‑
ductors.  Because of the weak X-ray absorption of or‑
ganic semiconductors, the organic/scintillator hybrid 

Tab. 1　Performance of hybrid X-ray detectors based on different materials

Hybrid layer
PTAA/Bi2O3 NPs

P3HT/PCBM/PbS QDs

P3HT/PCBM/Bi2O3 NPs

P3HT/PCBM/GOS∶Tb
P3HT/PCBM/CsPbBr3 QDs

Cs2AgBiBr6/（C38H34P2）MnBr4

MAPbI3/Cs3Cu2I5

Voltage/
V

-150
-30
-10

-200
-10

-100
-10
-10
-3

-100
-100

X‑ray  
energy/kV

50
40
50
70

6. 0×103

70
6. 0×103

70
40 ~ 80

120
120

Dark current/
（nA·cm-2）

1. 0
~110
~ 103

~ 105

―

1. 0
~ 0. 1
~ 102

2. 3
0. 4
―

Sensitivity/
（μC·Gyair

-1 ·cm-2）

4. 0×10-1

1. 3×10-1

48
1. 6×104

30. 8
1. 5×103

1. 7×10-1

5. 8
3. 7
114
885

Detection limit/ 
（μGyair·s-1）

1. 3×104

―

27
20

114
56. 7
1. 5

1. 5×103

5. 8×102

0. 2
0. 4

Refs
［49］
［43］
［50］
［56］
［54］
［53］
［55］
［44］
［42］
［38］
［39］

503



第  44 卷发 光 学 报

detectors can generate X-ray induced charges main‑
ly in scintillator phase, but organic phase can pro‑
vide flexible properties.  Perovskites, because of 
their excellent X-ray attenuation capabilities, allow 
for a direct X-ray attenuation way as semiconductor 
phase except the scintillator-absorbing path.  The 
two charges collection paths allow for X-ray detec‑
tors’ higher energy conversion efficiency.

With the development of society, people are no 
longer satisfied with bulky and complex detection 
equipment but prefer lightweight and flexible X-ray 
detectors[57].  Especially for medical radiotherapy, 
bulky instruments do not fit perfectly into the shape 
of the human body[58].  Organic/inorganic hybrid X-

ray detectors with a linear X-ray dose-response, low 
beam angle dependence, and flexibility show promis‑
ing trends in medical imaging and dosimetry.  Al‑
though perovskite semiconductor/scintillator hybrid 
X-ray detectors show excellent potential in terms of 
sensitivity and detection limits, further research is 
needed to develop flexibility.  In summary, hybrid X-

ray detectors show ground-breaking advantages in 
terms of sensitivity, spatial resolution, response time 
and detection limits.  Especially the charge/energy 
transfer process solves the afterglow phenomenon of 
many scintillators and largely reduces the device re‑
sponse time.  However, the problem of homogeneous 
stability of the hybrid phase of hybrid X-ray detec‑
tors is currently a pressing one.  Two-phase materi‑
als that are energy level matched and do not react 
with each other are necessary.  For organic semicon‑

ductors, the choice of the right ligand modification is 
important.  For three-dimensional perovskite semi‑
conductors, ion migration is the main culprit for un‑
stable device operation.  The introduction of scintil‑
lators only weakly mitigates this phenomenon.  So 
from the source we can choose some perovskite mate‑
rials with good stability（e. g. , bismuth-based halide 
perovskites）.  Also, the relative content of semicon‑
ductors and scintillators is essential to control the 
stability of the mixed phase.

Current detectors still have deficiencies in 
terms of considerable size, mechanical flexibility, 
sensitivity to X-ray dose, and operational stability.  
Moreover, in order to gain a firm foothold in the de‑
tector market, hybrid X-ray detectors, which do not 
offer outstanding single detection performance, are 
in urgent need of further breakthroughs.  In addition 
to improving the stability of the mixed phase, modifi‑
cation of the device structure and passivation of in‑
terfacial defects can be very helpful in improving de‑
tector performance[59].  The review will help readers 
understand the different working mechanisms of hy‑
brid X-ray detectors and facilitate researchers’ fur‑
ther development of hybrid X-ray detectors with ex‑
cellent overall performance.  More functions like dig‑
ital, integrated, and smart are the critical high-tech 
cores to be developed in the future.

Response Letter is available for this paper at: http://
cjl. lightpublishing. cn/thesisDetails#10. 37188/CJL.
20220327.
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