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Abstract: Halide  perovskites  have  emerged  as  the  next  generation  of  optoelectronic  materials  and  their  remarkable  perform-
ances have been attractive in the fields of  solar  cells,  light-emitting diodes,  photodetectors,  etc.  In addition,  halide perovskites
have been reported as an attractive new class of X-ray direct detecting materials recently, owning to the strong X-ray stopping
capacity,  excellent  carrier  transport,  high  sensitivity,  and  cost-effective  manufacturing.  Meanwhile,  perovskite  based  direct  X-
ray  imagers  have  been  successfully  demonstrated  as  well.  In  this  review  article,  we  firstly  introduced  some  fundamental  prin-
ciples  of  direct  X-ray  detection  and  imaging,  and  summarized  the  advances  of  perovskite  materials  for  these  purposes  and  fi-
nally put forward some needful and feasible directions.
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1.  Introduction

X-ray possesses strong penetrating capacity,  so has been
widely  applied  to  nondestructively  probe  the  inside  informa-
tion of condensed matter subjects in various fields, e.g., indus-
trial  inspection,  security  check,  medical  examination,  scientif-
ic research and so on[1−5]. Because of the difference in X-ray ab-
sorption  efficiency  among  diverse  matters,  X-rays  can  carry
the internal distribution information of subjects after penetrat-
ing  them,  then  the  corresponding  images  are  obtained  via
the  detection  of  these  X-rays[6].  X-ray  imaging  is  the  visual
form  of  X-ray  detection,  consisting  of  two  main  methods:
planar  imaging  and  computed  tomography  (CT)[7].  However,
it is confirmed that high-dose X-ray will increase the risk of can-
cer to patient later in life due to the damaging of DNA by ioniz-
ing radiation, which leads to concern on personal safety, espe-
cially  in  medical  applications[8].  The  low  performance  and
high  cost  of  detection  materials  still  severely  limit  the  mass
promotion  of  low-dose  X-ray  imaging,  hence  exploring  new
materials  with superior  properties  for  X-ray detection is  quite
necessary and urgently required.

Nowadays,  two  approaches  are  used  to  detect  X-ray[9].
The  dominant  one  is  indirect  detection  using  scintillators
(such  as  CsI:Tl  and  Gd2O2S:Tb)  to  convert  X-ray  photons  into
low-energy  photons  (UV–visible-NIR)  that  could  be  detected
by  photodetectors.  But  for  X-ray  indirect  imaging,  the  sensi-
tivity  and  image  quality  are  commonly  mediocre  due  to
lower conversion efficiency and the scattering induced optic-
al crosstalk[10]. The other one is direct detection by X-ray photo-
conductors  such  as  amorphous  selenium  (a-Se)  which  could
realize high-resolution imaging in mammography[11]. Neverthe-

less,  the  nearly-commercial  a-Se  direct  X-ray  imager  has  lim-
ited use because of its poor absorptivity of hard X-rays, low in-
trinsic  X-ray  sensitivity  and  insufficient  charge  transport  abil-
ity.  Therefore,  the  X-ray  direct  imaging  is  still  developing  on
the way to mass marketing.

During the last  decade,  halide perovskites have emerged
as a new generation of photoelectric materials and its remark-
able  performance  has  been  attractive  in  the  fields  of  solar
cells,  light-emitting  diodes,  lasers,  photodetectors,  etc.[12−15].
Halide  perovskites  have  been also  reported as  a  new class  of
X-ray  direct  detection  materials  in  recent  years,  relying  on
their  strong  X-ray  stopping  power,  high  sensitivity,  excellent
carrier transport performance and low-cost solution processa-
bility[16−18].  Meanwhile,  perovskite  direct  X-ray  imagers  have
been successfully demonstrated as well[19−21].

This  review  will  introduce  the  fundamental  principle  of
direct  X-ray  detection  and  imaging,  summarize  the  advances
of  perovskite  materials  for  this  purpose  and  finally  put  for-
ward some needful and feasible directions in this field.

2.  Mechanism of X-ray interacting with matter

X-rays  are  electromagnetic  waves  with  wavelengths  ran-
ging from 0.01 to 10 nm (Fig. 1(a)). From a quantum mechanic-
al  perspective,  a  beam  of  X-rays  can  be  quantized  into
photons  of  which  the  photon  energy  is  tens  of  thousands  of
times greater than that of visible light.  The intensity of X-rays
is then given by the number of photons passing through a giv-
en  area  per  unit  time.  There  are  two  ways  of  interaction
between X-ray photon and matter: scattering and absorption.

2.1.  Scattering of X-ray

X-ray  scattering can be divided into  two types:  Thomson
scattering  and  Compton  scattering.  As  shown  in Fig.  1(b),
Thomson  scattering  is  elastic  scattering  of  X-ray  radiation  by
a  free  charged  particle,  which  won’t  change  the  kinetic  en-
ergy  and  frequency  of  X-ray  photon.  Thomson  scattering  is

  
Yirong Su and Wenbo Ma contributed equally to this work.
Correspondence to: Y Yang, yangyang15@zju.edu.cn
Received 19 MARCH 2020; Revised 27 APRIL 2020.

©2020 Chinese Institute of Electronics

REVIEWS

Journal of Semiconductors
(2020) 41, 051204

doi: 10.1088/1674-4926/41/5/051204

 

 
 

http://dx.doi.org/10.1088/1674-4926/41/5/051204


also coherent and its coherence makes it exploited in investiga-
tions  of  the  structure  of  materials.  when  Bragg’s  law  is  ful-
filled, the X-ray will be elastic scattered from a crystal and co-
herently  add  up,  then  the  scattering  is  restricted  to  lie  at
points on the reciprocal lattice. On the contrary, Compton scat-
tering  (Fig.  1(c))  is  inelastic  and  incoherent  scattering  where
the  energy  of  incident  X-ray  photon  may  be  transferred  to
the electron, resulting in lower frequency of scattered photon
relative  to  that  of  incident  one.  The  unique  information  on
the  electronic  structure  of  materials  could  be  obtained  by
Compton  scattering.  As  the  energy  of  incident  X-ray  photon
is  increased,  the  scattering  becomes  progressively  more  inel-
astic  for  a  given  scattering  angle[6],  in  other  words,  the
Compton  scattering  gradually  dominates  the  X-ray  scatter-
ing as the energy of incident photon increases.

2.2.  Photoelectric absorption of X-ray

Fig.  1(d) illustrates  the  process  of  photoelectric  absorp-
tion. After the incident X-ray photon is absorbed by an atom,
the  excess  energy  is  transferred  to  an  electron  which  will  be
ejected  from  the  inner  atom  shell,  creating  a  hole  in  that
shell  and  leaving  the  atom  ionized.  The  hole  is  subsequently
filled  by  an  electron  from  an  outer  shell  with  the  simultan-
eous emission of a characteristic X-ray photon, of which the en-
ergy equals  to  the difference in  the binding energies  of  elec-
trons  in  these  two  shells.  The  characteristic  emission  X-ray  is
often  used  in  X-ray  fluorescence  (XRF)  analysis.  By  the  way,
the  ionized  atom  could  fill  the  hole  in  inner  shell  by  ex-
pelling Auger electron as well.

The  X-ray  absorption  can  be  quantitatively  calculated  by
the following formula[6]: 

I − I (d)
I

=  − e−μd =  − e−σρd,

ε

where the I0 and I(d) are the X-ray intensities when the thick-
nesses are zero and d, μ is the linear absorption coefficient, d
is  the thickness, σ is  the X-ray absorption cross-section and ρ
is  the  density  of  matter.  The  absorption  cross-section σ is  a
function  of  X-ray  photon  energy  ( )  and  atomic  number  (Z),
approximatively exhibiting the following relationship: 

σ ∝
Z

ε
.

It  could  be  concluded  that  high  energy  X-ray  has  strong
penetrating  capability  and  the  matter  with  heavy  atoms  is
able to attenuate X-ray more efficiently. It is how the X-ray ima-
ging is realized, and X-ray detection also puts forward some re-
quirements to the detection materials for the same reason.

3.  Direct X-ray detection and perovskite X-ray
detectors

Direct  detection  is  realized  utilizing  the  ionization  capa-
city of X-ray. When X-ray reaches a direct detector, the detect-
ing  materials  are  ionized,  generating  many  free  charges  by
the  photoelectric  effect  and  Compton  scattering.  In  these
two  processes,  the  energy  of  X-ray  photons  is  directly  trans-
ferred  to  lots  of  charges,  and  then  these  excess  charges  are
collected by electrodes under certain bias.

3.1.  Ion chamber

The  gas-filled  detector  worked  at  the  voltage  of  ioniza-
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Fig. 1. (Color online) (a) Spectrum region of X-ray to wavelength and photon energy. (b) Thomson scattering from an atom. An X-ray with a wave
vector k scatters from an atom to the direction specified by k’. The scattering is assumed to be elastic. Reproduced with permission from Ref. [6].
(c) Compton scattering. A photon with energy  and momentum  scatters from an electron at rest with energy mc2. The electron recoils
with a momentum . Reproduced with permission from Ref. [6]. (d) Schematic diagram of photoelectric absorption process. An X-
ray photon is absorbed and an electron ejected from the atom. The hole created in the inner shell (k) can be filled by Fluorescent X-ray emission.
Electrons in an outer shell fill the hole, creating a photon. In this diagram the outer electron comes either from the L or M shell. In the former case
the fluorescent radiation is referred to as the Kα line, and in the latter as Kβ line.
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tion region (100 to 200 V),  which is  known as ion chamber[22]

(Fig. 2(a)),  is a type of common and inexpensive X-ray detect-
or.  A  typical  ion  chamber  instrument  contains  a  chamber  of
about  200  cm3 filled  with  ambient  air.  When  X-ray  is  ab-
sorbed  by  the  air  contained  by  the  chamber,  charge  pairs  (a
positive  ion  and  an  electron)  are  produced,  which  are  collec-
ted  and  amplified  for  recording  the  signal  produced.
However,  on  account  of  the  slow  detection  speed,  large
volume,  low X-ray attenuation and feeblish response,  the ap-
plication fields of ion chamber are severely restricted, not suit-
able for imaging and energy spectrum analysis.

3.2.  Semiconductor X-ray detectors

3.2.1.    Mechanism of semiconductor detectors
Direct  X-ray  semiconductor  detector  have  become  an

attractive research field  in  recent  years  due to  its  good abso-
rption, high sensitivity, fast response and excellent energy res-
olution[23]. Through the interaction of X-ray with semiconduct-
or  materials,  electrons  are  excited  from  valence  bands  to
high energy states, and then produce plenty of secondary elec-

trons.  These high energy electrons are  rapidly  thermalized to
conduction band minimum generating pairs  of  electrons and
holes.  A  bias  voltage  is  applied  across  the  semiconductor
which causes these charge carriers  to  move,  leading to a  sig-
nal.  The  energy  needed  to  produce  an  electron–hole  pair
(EHP)  in  a  semiconductor  is  typically  about  2–10 eV,  which  is
considerably less than that required to produce ionizations in
air, therefore, a relatively large number of charge carriers is pro-
duced  for  each  photon  absorbed[22].  As  depicted  in Fig.  2(b),
semiconductor  X-ray  detector  has  two  types  of  work  modes:
current  mode  and  voltage  mode[23].  The  former  one  is  al-
ways  used  for  dose  rate  measurement  or  generating  ima-
ging  contrast[11],  while  the  latter  one  is  applied  to  photon
counters or energy spectroscopy of X-ray[24].

3.2.2.    Parameters of semiconductor detectors
The direct X-ray detection is generally considered to con-

sist  of  three  processes:  absorption  of  X-ray  energy,  genera-
tion of carries (EHPs) and transport of charges[9]. There are sev-
eral  parameters  in  these  processes  influencing  the  perform-
ance of semiconductor X-ray detectors.
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Fig. 2. (Color online) (a) Working Principle of ion chamber. Reproduced with permission from Ref. [22]. (b) Semiconductor X-ray detectors’ two
types of work modes: current mode and voltage mode. Reproduced with permission from Ref. [23]. (c) The linear absorption coefficients of differ-
ent kinds of perovskite and conventional X-ray detectors. (d) Images of a piece of MAPbI3 single crystal. Reproduced with permission from Ref.
[52]. (e) Images of perovskite single crystals of MAPbBr3 (left top), c-MAPbI3 (right top), Cs2AgBiBr6 (left bottom) and (NH3)4Bi2I9 (right bottom). Re-
produced with permission from Ref. [16–18, 53]. (f) Schematic representation of the ITC apparatus in which the crystallization vial is immersed
within a heating bath. The solution is heated from room temperature and kept at an elevated temperature (80 °C for MAPbBr3 and 110 °C for
MAPbI3) to initiate the crystallization. Reproduced with permission from Ref. [54]. (g) Schematic of layer stacking of the MAPbI3-based PIN photodi-
ode. Reproduced with permission from Ref. [20]. (h) Illustration of an all-solution-processed digital X-ray detector. Reproduced with permission
from Ref. [21]. (i) Device stack of the MAPbI3-wafer-based X-ray detector. Inset: Free-standing MAPbI3 wafer (thickness: 1 mm). Reproduced with
permission from Ref. [55]. (j) Preparation scheme for a thick CsPbBr3 film using the four-step hot-pressing method. Reproduced with permission
from Ref. [56].
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In  the  first  process,  the  atomic  number  (Z)  and  density
(ρ)  of  the  detection  material  determine  the  linear  absorption
coefficient  (μ),  which  represents  the  X-ray  stopping  power  of
this  material  at  per  unit  thickness  under  certain  photon  en-
ergy. Fig 2(c) shows the linear absorption coefficients of differ-
ent kinds of perovskites and some conventional X-ray detect-
ing  materials.  In  order  to  maximize  X-ray  energy  utilization
and reduce the risk of  radiation leakage,  semiconductor layer
needs  sufficient  thickness  to  completely  absorb  X-rays.
However,  larger  thickness  tends  to  cause  undesirable  prob-
lems.  For  example,  it  is  difficult  to  fabricate  large  area  thick
film with high quality and the thick semiconductor has lower
charge  collection  efficiency  in  most  cases.  Besides,  a  larger
thickness  can  also  damage  the  imaging  quality  of  X-ray,  be-
cause  the  lateral  charge  transport  will  cause  signal  crosstalk
in  the  image  read  out  circuit[25].  Hence,  high Z and  large ρ
are  essential  for  X-ray  detection  materials  because  they  can
decrease the X-ray absorption length.

In  the  carriers  generation  process,  the  EHP  creation  en-
ergy  (W±),  which  is  defined  as  the  amount  of  radiation  en-
ergy required to create a single EHP, should be as small as pos-
sible  because  the  free  charge  (ΔQ)  generated  from  an  ab-
sorbed  radiation  of  energy  (ΔE)  could  be  calculated  by  the
following formula[11]: 

ΔQ = eΔE
W±

,

where e is  the  elementary  charge. W± is  proportional  to  the
bandgap  (Eg)  in  many  material  systems.  It  is  well-known  that
W± ≈  3Eg for  many  crystalline  semiconductors,  which  is  so-
called Klein rule[26, 27],  so this means that the low Eg is benefi-
cial to the carriers generation.

The transport and collection of carries is a pretty complic-
ated process  in  semiconductor  X-ray  detector,  and various  of
parameters  are  related.  The  central  parameter  is  the  product
of carrier mobility and mean carrier lifetime (μτ), which is nor-
mally called the range of the carrier. It represents the mean dis-
tance drifted by the carrier per unit electric field before the car-
rier  disappears  by  recombination  (or  trapped  by  defects)[11].
Since X-ray detector has much thicker film thickness than the
visible light detector, the μτ greatly limits the sensitivity of de-
tector by influencing charge collection efficiency, where sensit-
ivity  is  an  important  parameter  to  measure  the  performance
of  the  detector.  Materials  with  strong  X-ray  stopping  capa-
city, lower W±, high μτ product and high charge collection effi-
ciency  are  needed  to  realize  high-sensitivity  devices.  In  same
way,  the  larger  electric  field  (bias  voltage  per  unit  thickness,
F)  applied on the X-ray detector can promote the output sig-
nal  of  X-ray  detector  as  well,  which  improves  the  theoretical
sensitivity  during the  detection process.  When analyzing and
comparing sensitivities,  it  is  necessary  to  indicate  the  electric
field  applied  across  the  device.  But  it  doesn’t  mean  that  a
large F is  absolutely  beneficial  for  X-ray  detection  because F
can affect another important parameter, dark current (Id). It af-
fects  the  lowest  detectable  dose  rate,  in  the  unit  of  (μGyair/s
or  nGyair/s).  The  dark  current  should  be  as  small  as  possible
so as to obtain enough signal  to noise ratio (SNR) and is  nor-
mally  attributed  to  two  factors:  injectied  carriers  from  con-
tacts  and  intrinsic  thermally  activated  carriers  The  former  is
mainly  caused  by  the  electrical  filed F and  the  resistivity  of

the  material,  while  the  latter  is  related  to  the Eg of  semicon-
ductor.  In  general,  material  with  a  broad  bandgap  likely  has
lower  dark  current,  but  the  corresponding  larger W± reduces
the  intrinsic  X-ray  sensitivity  to  some  extent,  which  is  quite
paradoxical.

3.2.3.    Development status of semiconductor X-ray

detectors
Since Van Heerden first investigated silver chloride (AgCl)

crystals  as  radiation  detectors  in  1945[28],  semiconductor  X-
ray  detectors  have  made  much  progress.  Due  to  the  excel-
lent  transport  ability  of  charges,  high-purity  silicon  (Si)  and
germanium  (Ge)  have  been  widely  applied  in  X-ray  (or γ-ray)
spectrum  measurement[22, 29−33].  Nevertheless,  the  narrow
bandgaps  of  Si  and  Ge  crystals  cause  considerable  thermal
noise,  which  need  to  be  suppressed  by  ancillary  cooling  sys-
tems  or  bulky  cryogenics  resulting  in  inconvenience  of  app-
lication[31].  In  addition,  the  weak  X-ray  absorption  capacity
(due  to  the  lower Z)  and  poor  radiation  intolerance  of  them
are  also  limiting  the  applied  areas.  In  comparison  to  mono-
atomic  semiconductors,  compound  semiconductors  offer
more  possibilities  for  direct  X-ray  detection  because  of  the
tunable  bandgap  and  introduction  of  high-Z elements.  The
cadmium  zinc  telluride  (Cd1–xZnxTe, x <  0.2,  CZT)  is  typical
case  of  compound  semiconductors  X-ray  detectors[31, 32, 34].
Other  semiconductor  X-ray  detectors  have  also  realized  fair
performance  based  on  HgI2

[35−39],  PbI2
[37, 40, 41],  PbO[25, 42],

TlBr[43, 44] and so on.

3.2.4.    Advantages of perovskite for semiconductor X-ray

detectors
In  recent  years,  halide  perovskites  (composition  of  ABX3,

X  =  Cl,  Br  or  I)  have  revolutionized  the  development  of  com-
pound  semiconductor  X-ray  detectors  due  to  many  benefi-
cial qualities of them. Firstly, each of common elements in hal-
ide perovskite material systems, e.g.,  Cs, Pb, Bi,  Br and I,  has a
high Z, meaning a strong stopping power and a favorable ab-
sorption  efficiency.  Meanwhile,  narrower  bandgaps  of  halide
perovskites give rise to smaller W±, which produce high intrins-
ic  X-ray  sensitivity.  Furthermore,  perovskites  own  outstand-
ing charge transportation ability (long carrier lifetime and low
trap  density),  leading  to  their μτ products  much  better  than
that  of  conventional  compound  semiconductor  X-ray  detect-
ors[45]. Table  1 summarizes  the  various  parameters  of  part  of
conventional  and  most  of  perovskites  X-ray  direct  detectors
in researches through the years.

In  addition  to  their  superior  performances,  solution-pro-
cessed  perovskites  have  another  significant  advantage,  i.e.
the  low  cost  both  in  raw  materials  and  manufacturing  tech-
niques[46, 47], which provides more chance for cosmically com-
mercialization  of  perovskite  X-ray  detectors.  Perovskites  also
surprisingly  perform well  in  radiation tolerance and self-heal-
ing[48, 49],  which  is  explained  by  the  defect  tolerance  (or  de-
fect relaxation)[23, 50, 51].

3.3.  Development progress of perovskite X-ray

detectors

3.3.1.    Advance in perovskite single crystal X-ray

detectors
Single  crystal  is  quite  infrequent  in  the  past  compound

semiconductor  X-ray  detectors,  because  the  single  crystal
growth  process  of  other  materials  is  often  expensive  and
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hard to obtain a bulk of big enough single crystal for flat pan-
el  imaging.  But  now  in  perovskites,  this  situation  has  been
changed.  Dong et  al.  have  successfully  fabricated  organo-
lead  trihalide  perovskite  (OTP)  single  crystal  (MAPbI3,  MA  =
CH3NH3)  with  long  carrier  diffusion  lengths  (>  175 μm)  by
low-cost  solution-grown  method  in  2015[52].  The  length  of
this single crystal  is  about 10 mm, while the thickness of that
is  3  mm,  as  shown  in Fig.  2(d).  The  excellent μτ product,
high-Z elements and low-cost growth method all imply the ex-
citing  prospects  of  perovskite  single  crystals  applied  in  X-ray
detection. As expected, it was soon reported that a highly sens-
itive X-ray detector  with a  record-high μτ product (1.2  × 10−2

cm2 V−1) was made by MAPbBr3 single crystal[16].  The sensitiv-
ity  of  this  detector  (80 μC/(Gy·cm2))  is  even four  times higher
than the sensitivity achieved with a-Se X-ray detectors[57] and
this  work  then  intrigued  many  researchers[58].  Further  re-
search  from  this  team  realized  simple  X-ray  imaging  and  im-
proved  the  sensitivity  of  MAPbBr3 single  crystal  X-ray  detect-
or  to  2.1  × 104 μC/(Gy·cm2)  by noise current  suppression and
applying  higher  working  voltage[19].  Another  device  struc-
ture design strategy for X-ray imaging was put forward as PIN
diode array, and the sensitivity of this detector based on MAPb-
Br3 single crystal attained 2.36 × 104 μC/(Gy·cm2)[59].

Compared  with  MAPbBr3 single  crystal,  X-ray  detector
made  by  MAPbI3 single  crystal  is  rather  limited  although  its
X-ray stopping power is stronger. Ye et al. thought it was prob-
ably  because  the  natural  geometry  of  MAPbI3 single  crystals
is usually nonrectangular dodecahedrons, which is not as feas-

ible  as  cuboid-shaped  single  crystals  (such  as  MAPbBr3)  for
device  fabrications,  especially  for  flat-panel  array[53].  They
demonstrated  high-quality  cuboid-MAPbI3 single  crystals  by
seed  dissolution-regrowth  (SDR)  method  and  manufactured
an  X-ray  detector  with  a  favorable  sensitivity.  Moreover,
Huang et  al. used  A-site  cation  engineering  decreasing  the
electron-phonon coupling strength and increasing the materi-
al  defect  formation  energy  in  MAPbI3 single  crystals,  im-
proved the charge collection efficiency and gained a highly ef-
ficient  X-ray  detector[60].  Unlike  organic-inorganic  hybrid  per-
ovskites, all-inorganic perovskites (such as CsPbBr3) have attrac-
ted interest of people mainly because of their stability[61], and
the replacement of organic A-site cation by metal cation (Cs+)
also  leads  to  better  absorption efficiency  for  X-ray.  A  flexible,
printable  X-ray  detectors  based  on  CsPbBr3 quantum  dots
(QDs)  has  been made[62].  Some other  preliminary works  mak-
ing  good  advances  have  also  been  reported  about  rubidium
(Rb)  doped  CsPbBr3 single  crystal[63] and  one-dimensional
CsPbI3

[64] X-ray detectors.
Because Pb2+ can severely  damage the human brain and

threaten  the  biological  systems  for  the  high  solubility  in  wa-
ter,  the toxicity of  lead halide perovskites should not be neg-
lected[17].  Therefore,  the  bismuth  (Bi)  halide  perovskites  have
become  promising  materials  for  X-ray  detection[65].  Bi3+ has
the  same  electronic  configurations  with  Pb2+ and  has  higher
atomic number (83 for  Bi)  that will  benefit  the attenuation of
X-ray.  A  typical  material  of  these  is  Cs2AgBiBr6 double  per-
ovskite,  which  was  first  reported  in  2017  as  X-ray  detectors

Table 1.   Performances and parameters of part of conventional and perovskite X-ray direct detectors. In “status” column, A is amorphous, S is
single-crystal and P is polycrystalline.

Material

Linear
absorption
coefficients to
50 keV (cm−1)

W± (eV)

μτ (cm2 V−1)

F (V/cm) Sensitivity
(μC/(Gy·cm2))

Lowest
detectable
dose rate
(nGyair/s)

Status (A,
P or S) Ref.

μeτe μhτh

Si 1.022 3.62 >1 ~ 1 0.5 8 <8300 S [30−32,
71]

CZT 60.63 ~ 4.6 10−3 – 10−2 10−5 0.1−1 318 50 S [32, 34, 72,
73]

a-Se 3.864 45 3 × 10−7−
10−5

10−6–
6 × 10−5

>104 20 − A [11, 21, 57]

MAPbBr3 19.41 6.03 1.2 × 10−2 0.5 80 500 S [16]
MAPbBr3(Si) 19.41 6.03 1.39 × 10−4 ~ 35 2.1 × 104 <100 S [19]
MAPbBr3(PIN) 19.41 6.03 — 150 2.36 × 104 − S [59]
MAPbI3(Cuboid) 40.61 ~ 4.4 1.1 × 10−4 10 968.9 − S [53]
MAPbI3(GA
alloyed)

<40.61 ~ 4.5 1.25 × 10−2 ~ 42 2.3 × 104 16.9 S [60]

CsPbBr3(QDs) 35.07 ~ 5.9 — 1000 1450 − S [62]
CsPbBr3(Rb
doped)

35.07 ~ 5.9 7.2 × 10−4 ~ 200 8.1 × 103 − S [63]

CsPbI3(1D) 57.06 ~ 6.8 3.63 × 10−3 41.7 2.37 × 103 219 S [64]
Cs2AgBiBr6 39.08 5.61 1.21 × 10−3, 6.3 × 10−3,

5.51 × 10−3, 1.94 × 10−3,
—, 5.95 × 10−3

33, 250,
5000,
227, 500,
500

4.2, 105, 250,
288.8,
988,1974

− S/P [17, 18, 63,
66−68]

(NH4)3Bi2I9 46.98 5.47 1.1 × 10−2//, 4 × 10−3⊥ 50 8.2 × 103//,
803⊥

55 S [18]

(DMEDA)BiI5 ~ 40 5.15 — 4940 72.5 − S [69]
MAPbI3(PV) 40.61 ~ 4.4 2 × 10−7 ~ 8000 1.75 − P [20]
MAPbI3(Flat
detector)

40.61 ~ 4.4 1 × 10−4 ~ 2410 3.8 × 103 − P [21]

MAPbI3(Wafer) 40.61 ~ 4.4 2 × 10−4 5700 2.527 × 103 − P [55]
CsPbBr3(Hot-
pressed)

35.07 ~ 6 1.32 × 10−2 50 5.5684 × 104 215 P [56]

MA3Bi2I9 ~40 5.39 1.2 × 10−3 (out-of-plane),
2.8 × 10−3 (in plane)

120 10 620 (out-of-
plane)

5.3 S [74]
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showing  an  adequate  low-dose  X-ray  detection  ability  (low-
est detection limit: 59.7 nGy/s)[17]. This performance may be at-
tributed  to  its  high  intrinsic  resistivity  and  consequent  low
dark  current.  The  familiar  ionic  migration  in  perovskite  crys-
tals will cause large noise and baseline drift limiting the detec-
tion  and  performance  of  X-ray,  hence  Yang et  al.  introduced
bismuth oxybromide (BiOBr) as heteroepitaxial passivation lay-
ers  to  suppress  ionic  migration  in  Cs2AgBiBr6 polycrystalline
wafer,  decrease  noises  and  improve  sensitivity[18].  Centering
on Cs2AgBiBr6 single crystal systems, multifarious approaches,
such as liquid-nitrogen refrigeration[66], A-site cation engineer-
ing[67],  management of  crystallization temperature[68] and im-
proved ordering of  crystal  structure[63],  have  been attempted
to promote the performance of X-ray detection.

In addition to double perovskites, another low-dimension-
al and bismuth halide perovskite materials system has also re-
ceived  attention  due  to  its  unique  anisotropic  performance.
Zhuang et  al. showed  their  2D  layered  perovskite-like
(NH4)3Bi2I9 X-ray  detector  revealing  high  sensitivity  of  8.2  ×
103 μC/(Gy·cm2) in the parallel direction and low detection lim-
it  of  55 nGy/s  in  the perpendicular  direction[18].  The well  per-
formance might be ascribed to the suppression of ionic migra-
tion  by  the  unique  2D  crystal  construction,  reducing  noise  in
device.  Recently,  X-ray  detectors  made  by  (DMEDA)BiI5

(DMEDA:  N,N'-dimethylethanediamine)  and  (H2MDAP)BiI5

(H2MDAP = N-methyl-1,3-diaminopropanium) with one-dimen-
sional  crystal  structure  have  been  reported  and  achieved  fair
X-ray detection sensitivities[69, 70].

Fig.  2(e) shows  some  graphs  of  single  crystals  among
part  of  representative  perovskites  discussed  above,  and
Fig. 2(f) schematically illustrates the method of inverse temper-
ature  crystallization  (ITC),  which  is  a  common  and  low-cost
method  for  synthesis  of  perovskite  single  crystals[54].  In  a
word,  perovskite  single  crystals  have  guided  a  new  develop-
ment  direction  for  X-ray  detection  relying  on  their  outstand-
ing detecting performance.

3.3.2.    Large-area fabrication of polycrystalline

perovskites for X-ray detection
Actually, the first time of polycrystalline perovskites X-ray

detection was before that  of  single crystal  detection.  Even so
the material systems of polycrystalline perovskites X-ray detec-
tion  have  been  hardly  innovated,  while  the  fabrication  tech-
nique  of  large-area  polycrystalline  perovskite  thick  films  for
X-ray  imaging  has  made  great  progress.  Yakunin et  al.  firstly
tried  to  detect  X-ray  and  carry  out  X-ray  imaging  using  a
piece of polycrystalline perovskite solar cell (Fig. 2(g))[20]. In or-
der  to  absorb  X-ray  as  much  as  possible,  they  manufactured
MAPbI3 photovoltaic  cells  with  thick  perovskite  layers  (up  to
about  700  nm)  by  spin-coating  method,  then  obtained  X-ray
detectors  with  sensitivity  of  1.75 μC/(Gy·cm2)  and  lastly  re-
ceived  X-ray  images  by  using  this  single-pixel  detector  and
moving  the  object  with  an xy positioner[47].  In  view  of  the
low  efficiency  of  taking  X-ray  images,  Kim et  al. designed  a
new  device  structure  of  perovskite  layers  especially  for  X-ray
detection  (Fig.  2(h))  and  realized  large-area,  low-dose  X-ray
imaging[21].  Two  interlayers  of  polyimide  (PI)-perovskite  com-
posites  were  inserted  by  spin-casting  as  hole-transporting  or
blocking layers to reduce the dark current caused by charge in-
jection.  The  high  intrinsic  resistivity  of  PI  could  also  reduce
electrical  crosstalk  among  the  pixels.  The  830-μm-thick  poly-

crystalline  MAPbI3 photoconductor  layer  was  printed  on  the
coated  PI-MAPbI3 using  a  doctor  blade.  Finally,  tape-auto-
mated bonding of  readout integrated circuits  was performed
on  the  X-ray  detectors.  The  imaging  area  of  this  X-ray  digital
flat  detector  consisted  of  1428  ×  1428  pixels  (10  ×  10  cm2)
with  a  pixel  pitch  of  70 μm  and  accomplished  low-dose  ima-
ging down to 10 μGy.

In  addition,  two crafts  have been presented for  potential
fabrication  of  large-area  and  high-quality  polycrystalline  per-
ovskite  thick  films applied in  X-ray  imaging.  The first  one is  a
mechanical  sintering  process  to  fabricate  polycrystalline
MAPbI3 wafers  with  millimeter-scale  thickness  and  well-
defined crystallinity (Fig. 2(i))[55]. It could be found that the per-
formances of MAPbI3 films were obviously elevated by their ad-
ditional  structure  design  of  layers,  as Fig.  2(j) shown.  The
second one is a hot-pressing method to fabricate thick quasi-
monocrystalline CsPbBr3 films (Fig. 2(k)), and a record sensitiv-
ity of 55684 μC/(Gy·cm2) is achieved[56]. The hot-pressing meth-
od  is  simple  and  can  produce  thick  quasi-monocrystalline
CsPbBr3 films with uniform orientations and large μτ product.

4.  X-ray imaging based on perovskite detectors

4.1.  Evaluation indicators of X-ray imaging

Spatial  resolution  is  a  vital  performance  of  an  X-ray  ima-
ging  system.  While  the  spatial  resolution  of  imaging  system
promoted,  the  clearer  X-ray  images  would  be  collected.  The
spatial  resolution  of  the  imaging  system  can  be  determined
with the modulation transfer function (MTF), representing the
transfer  ability  of  input  signal  modulation  of  the  spatial  fre-
quency  (in  line  pair  per  millimeter;  lp/mm  or  cycles  per  milli-
meter; cy/ mm) relative to its output[21].  An MTF value of 1 in-
dicates  the  perfect  detection of  a  given spatial  frequency.  To
compare different detectors, it is practicable to determine the
value  of  the  spatial  frequency  at  which  the  MTF  drops  to
0.2[75].

The  slanted-edge  method  is  frequently  used  to  measure
the curve of MTF[76].  Through processing the X-ray image of a
sharp,  attenuating  edge  device  (lead  foil  with  sharp  edge,
Fig.  3(a)),  the  edge  spread  function  (ESF)  information  could
be  obtained.  The  ESF  is  then  differentiated  to  get  the  line
spread function (LSF) and the MTF similarly deduced by Fouri-
er transformation, as the following relationship: 

MTF(f) = F(LSF(x)) = F (dESF(x)x ) ,
where x is  the position of  pixel  and f is  the spatial  frequency.
Another approach to determine MTF is very visualized, which
is  to  take  X-ray  image  for  an  X-ray  resolution  test  chart.  As
shown  in Fig.  3(b),  this  test  chart  made  by  lead  film  consists
of  many  line  pairs  with  different  intervals,  representing  a
series  of  spatial  frequencies  from  low  to  high.  The  MTF  of  X-
ray  system  can  be  estimated  by  observing  the  definition  at
each spatial frequency.

4.2.  Common X-ray imaging systems using direct

detection scenario

The most common X-ray imaging system by direct detec-
tion  is  flat  panel  X-ray  imager  (FPXI)[11],  which  is  widely  used
in  medical  diagnosis,  such  as  mammography.  An  FPXI  con-
sists  of  a  large  array  of  pixels,  and  each  pixel  has  a  thin  film
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transistor  (TFT)  to  read out  the  signal.  This  array  is  coated by
a suitable X-ray detection material,  which is then coated with
electrodes  on  its  surface  to  allow  the  application  of  a  bias
voltage.  Thus,  each  pixel  acts  as  an  individual  X-ray  detector
and has a biased semiconductor as illustrated in the schemat-
ic cross section of a pixel depicted in Fig. 3(c).

The spatial resolution of direct FPXI is usually much high-
er  than  that  of  indirect  X-ray  imaging  system  because  the  X-
ray is not scattered but scintillation is strongly scattered in scin-
tillators.  The theoretical  limit  of  the MTF for  an FPXI  is  a  two-
dimensional sinc function in diagonal direction dominated by
the pixel aperture (a)[77], as the following formula: 

MTF(f) = sinc ( af√

) ,

where f is  the  spatial  frequency.  Based  on  the  idealized  situ-
ation,  several  factors  are  influencing  the  MTF  of  direct  FPXI.
The  design  of  FPXI  generally  allows  only  one  type  of  carriers
(electron  or  hole)  to  be  collected  by  TFTs[11],  and  the  trap-
ping of this type of carriers (such as hole in a-Se) will give rise
to  the  degrading  of  MTF[78].  Kabir  has  created  a  model  to  in-
vestigate  this  phenomenon  (Fig.  3(d))[25].  For  some  materials,
the  K-fluorescence  reabsorption  mechanism  also  reduces
MTF,  i.e.,  the  K-edge  characteristic  X-ray  photon  is  reab-
sorbed  in  a  region  away  from  the  initial  X-ray  interaction
point  and  hence  causes  blurring[79].  Besides,  the  lateral  diffu-
sion  of  carriers  would  spread  or  blur  the  information  espe-
cially in FPXIs based on crystalline or polycrystalline semicon-
ductors[11, 21, 80].

In current commercial direct FPXIs, the material of choice

is  stabilized  amorphous  selenium  (a-Se)[11],  which  is  easy  to
integrate  on  large-area  TFT  back  plate  and  has  low  dark
current  to  reach  adequate  SNR  under  high  work  voltage.
Fig. 4(a) demonstrates an a-Se based FPXI (AXS-2430) for mam-
mography  that  has  been  developed  and  marketed  by  Anrad
and  the  corresponding  X-ray  image  of  a  hand  taken  by  this
FPXI.  However,  the  practical  applications  of  a-Se  imager  are
still very limited, because of its low X-ray stopping power, defi-
cient μτ product  value,  and  the  accompanying  high  operat-
ing electrical  fields required to overcome its  poor charge col-
lection efficiency (Table 1)[21].

4.3.  Advances of X-ray imaging based on perovskite

direct-type detectors

As  described  above  in  Section  3.3,  direct  X-ray  imaging
demonstrations  based  on  perovskite  have  been  achieved  by
various  means.  Yakunin et  al. used  a  MAPbI3 based  solar  cell
as a single-pixel X-ray detector, carried out scanning of the ob-
ject  and  demonstrated  a  simple  X-ray  image  of  piece  of  leaf
(Fig.  4(b))[20].  Though  this  imaging  method  was  ineffective
and the quality was poor, this work had certainly inspired oth-
er researchers.

Kim et  al. referred  the  design  philosophy  of  a-Se  FPXIs,
firstly  manufactured  a  true  sense  of  perovskite-based  FPXI
and  successfully  realized  large-area  X-ray  imaging[21].  In  this
work, a demonstrative X-ray image of human hand was taken
by  this  FPXI  (Fig.  4(c))  under  a  low  radiation  dose  (25 μGy)
and  the  spatial  resolution  reached  3.1  lp/mm  when  MTF
dropped  to  0.2.  This  value  was  unsatisfying  compared  with
that  of  a-Se  FPXI  (7.1  lp/mm  at  MTF  =  0.2),  and  they  specu-
lated it to MAPbI3 crystallites of 20 to 100 μm size that are lar-
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Fig. 3. (Color online) (a) X-ray image of resolution test chart. Reproduced with permission from Ref. [42]. (b) An edge X-ray image used for calcula-
tion of MTF. Reproduced with permission from Ref. [76]. (c) A simplified schematic diagram of the cross section of a single pixel with a TFT. The
charges generated by the absorption of X-rays drift towards their respective electrodes. The TFT is normally off and is turned on when the gate
G1 is addressed. Reproduced with permission from Ref. [11]. (d) Idealized MTF and MTF due to trapping. Reproduced with permission from Ref.
[25].
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ger  than a  pixel  size  and can overlap adjacent  pixels,  leading
to charge sharing among pixels.

In addition, Yang et al. fabricated a large-area (5 cm of dia-
meter) Cs2AgBiBr6 polycrystalline wafer by the isostatic-press-
ing  process,  then  Au  electrodes  array  was  thermally  evapor-
ated  on  the  wafer  to  accomplish  preliminary  X-ray  imaging
(6  ×  6  array, Fig.  4(d))[18].  In  this  work,  MTF  was  measured  as
4.9  lp/mm  when  MTF  value  was  equal  to  0.2  by  point-scan-
ning method without read out integrated circuit (ROIC).

On  the  other  hand,  X-ray  imaging  attempts  by  means  of
perovskite single crystals  have made some good advances as
well.  Wei et  al. reported  a  low-temperature  solution-pro-
cessed  molecular  bonding  method  with  the  assistance  of
brominated APTES molecules[19]. They firmly integrated MAPb-
Br3 single  crystal  with  Si  wafer  by  utilizing  this  method
(Fig.  4(e)),  which made the perovskite single-crystal  FPXI  pos-
sible.  Then  the  X-ray  image  of  ‘N’  copper  logo  was  taken  by
this  integrated Si-perovskite  single  crystal  on  which  ten  pixel
electrodes  (linear  array  with  pixel  size  of  200 μm  and  a  pitch
of 400 μm) were deposited (Fig. 4(f)). During the imaging pro-
cess, the object was scanning by the linear detection array. In-
spired by this design, Wang et al. decided to fabricate PIN di-
odes  array  on  MAPbBr3 single  crystal,  attaining  X-ray  images

under different X-ray photon energies (Fig. 4(g))[59].

5.  Summary and outlook

From  this  review,  it  could  be  seen  that  direct-type  per-
ovskite X-ray detection and imaging have revealed vast poten-
tials for future applications. Compared to a-Se, perovskite semi-
conductor  has  many  significant  advantages  including  strong
X-ray  stopping  power,  remarkable  carrier  transport  ability,
high  intrinsic  sensitivity,  low  detection  limit  and  inexpensive
solution-processed  fabrication.  However,  there  still  exist
some  issues  to  be  addressed  to  facilitate  the  commercializa-
tion.

Firstly,  more  physical  insights  are  encouraged  to  under-
stand and guide the material  optimization and device design
in  order  to  fulfill  high  sensitivity  and  low  noise.  For  example,
the narrower bandgap leads to smaller W±, and higher intrins-
ic  X-ray  sensitivity,  while  the  broader  bandgap  material  usu-
ally  gives  larger  resistance  and  therefore  lower  noise.  Hence,
an optimal bandgap needs to be selected for the sake of balan-
cing  sensitivity  and  noise,  after  all,  the  X-ray  imaging  re-
quires  adequate  SNR with  as  low dose as  possible.  We might
overemphasized on high sensitivity while ignored the noise re-
duction, particularly those devices with large trap-assisted pho-
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Fig. 4. (Color online) (a) Left: Anrad’s mammographic FPXI (AXS-2430) is used in mammography markets. The field of view is 24 × 30 cm2 and the
FPXI have a pixel  pitch of 85 μm. Right:  an X-ray image of a hand from AXS-2430. Reproduced with permission from Ref.  [11].  (b) Photograph
(left) and corresponding X-ray image (right) of a leaf, obtained with the photoconductor in Ref. [20]. Reproduced with permission from Ref. [20].
(c)  Left:  image of  spin-cast  PI-MAPbI3 on an a-Si:H TFT backplane.  The inset  in the left  shows a single-pixel  structure of  TFT (scale bar  30 μm).
Right: A hand X-ray image obtained from this MAPbI3 FPXI. Reproduced with permission from Ref. [21]. (d) Left: The fabricated multi-pixel wafer-
based Cs2AgBiBr6 polycrystalline detector. Right top: schematic illustration of the imaging process. Right bottom: X-ray image and optical image
of  ‘HUST ’  symbol.  Reproduced  with  permission  from  Ref.  [18].  (e)  Photograph  of  Si-integrated  MAPbBr3 single  crystal  with  a  10  g  weight  at-
tached to the MAPbBr3 crystal. Reproduced with permission from Ref. [19]. (f) Left: schematic illustration of X-ray imaging with Si-integrated MAPb-
Br3 single crystal detectors. Right: photo (top) and X-ray image (bottom) of an ‘N’ copper logo. Reproduced with permission from Ref. [19]. (g)
Top: photo of the PIN array. Bottom: object photo (left) and X-ray image (right) for 100 keV energy. Reproduced with permission from Ref. [59].
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toconductive  gains,  they  might  not  be  so  useful  for  practical
applications,  because  the  noises  are  also  increased  because
of  the traps,  and ultimately the SNRs are sacrificed.  Secondly,
it is important to understand and identify the factors that lim-
it  the  special  resolution  of  the  X-ray  imaging.  It  was  found
that  perovskite-based  FPXI  had  much  lower  spatial  resolu-
tion than that of a-Se[21], but the reason was not clear yet. Trap-
ping  and  lateral  diffusion  of  carriers  in  polycrystalline  per-
ovskite  film  are  inferred  as  probable  origins.  The  promotion
of spatial  resolution in perovskite FPXI  is  an important aim in
next  stage.  Thirdly,  low-cost  method  to  fabricate  large-area
high-quality  perovskite  thick  film (~ 1  mm) should be further
explored.  Some  of  the  previous  methods  required  high  tem-
perature,  which  not  only  increased  the  processing  difficulty
but also made them questionable when integrating with α-Si
TFT  back  panel[19].  Fourthly,  new  perovskite  derivatives  are
worthy to be explored, such as double perovskites and low-di-
mension perovskites[17, 18], which are able to provide new pos-
sibilities  for  the  performance  improvement  for  X-ray  detec-
tion  and  imaging.  In  addition,  the  radiation  hardness  of  per-
ovskite X-ray detector is  also an important factor.  There are a
few very encouraging results  on perovskite  radiation stability
reported[49].  However,  more  data  related with  radiation hard-
ness are certainly encouraged, and the testing methods need
to be standardized.

In  conclusion,  more  efforts  should  be  contributed  to  the
theorical  understanding,  fabrication  methods  and  attempt-
ing of new materials for perovskite direct X-ray detectors.  We
believe that the perovskites will emerge as a splendid X-ray de-
tecting  material  and  hold  a  bright  future  for  practical  X-ray
imaging applications.
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