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Abstract： Lead-halide perovskite single-crystal （SC） X-ray detectors have received considerable attentions due to 
their strong stopping power and high carrier transport efficiency.  However， the application of lead-halide perovskite 
for wearable electronics is inhibited by their toxicity.  ABX3 hybrid perovskites have versatile structures， which en‑
able the combination of optoelectronic properties and environmentally friendly processing through B-site engineering.  
In this perspective， we summarize the state of the art in perovskite SC X-ray detectors， providing an overview of B-

site engineering from lead-based to lead-free and then metal-free.  Later， perspective for future perovskite wearable 
electronics are proposed.  We hope that this perspective will provide a helpful guide for structure design towards high‑
ly efficient and eco-friendly perovskite wearable electronics.
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钙钛矿单晶 X 射线探测器：未来可穿戴电子器件的 B位工程

马　闯， 赵　奎*

（陕西师范大学  材料科学与工程学院， 教育部应用表面与胶体化学重点实验室， 陕西省新能源器件重点实验室， 
陕西省新能源技术工程实验室， 新能源材料研究所， 陕西  西安　710119）

摘要： 卤化铅基钙钛矿单晶（SC）X 射线探测器由于其强大的阻挡能力和高载流子传输效率而受到广泛关注。

然而，铅基钙钛矿在可穿戴电子产品中的应用受到其毒性的限制。ABX3杂化钙钛矿具有多种结构，通过 B 位

点工程将光电子特性和环境友好处理相结合。在这篇展望中，我们总结了钙钛矿 SC X 射线探测器的最新进

展，提供了从铅基到无铅再到无金属的 B 位工程概述。随后，提出了未来钙钛矿可穿戴电子器件的前景。我

们希望这篇展望将为结构设计提供有益的指导，以实现高效、环保的钙钛矿可穿戴电子器件。

关 键 词： 卤化钙钛矿单晶； X 射线探测器； B 位工程； 可穿戴电子器件

1　Introduction
X-ray detection and imaging have become nec‑

essary tool for non-destructive testing in the areas of 
medical diagnosis, security inspection, and scientific 
research[1-2].  As a new generation of optoelectronic 
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materials, metal halide perovskites have shown great 
potential for application in X-ray detection due to 
their excellent properties, such as solution-process‑
able, high atomic number, large attenuation coeffi‑
cient, and large carrier mobility lifetime product
（μτ）[3-4].  The general formula of metal halide 
perovskites is ABX3, where A is MA+（MA = methyl‑
ammonium）, FA+ （FA = formamidinium） and Cs+ ; 
B = metal ion; X is Cl, Br, and I.  Perovskite single-

crystals（SC） exhibit lower defect concentrations, 
smaller ion migration behavior, and better stability 
compared to their polycrystalline counterparts, main‑
ly due to the absence of grain boundaries in SCs, 
which are ideal materials for highly sensitive X-ray 
detector devices[5-7].

In terms of X-ray detection mechanism, it can 
be divided into direct and indirect type X-ray detec‑
tion.  For the indirect X-ray detectors, incident X-

ray photons are converted into ultraviolet or visible 
light by a scintillator.  The resulting radiolumines‑
cence is then detected by a photodiode and its elec‑
trical signal is recorded by an external circuit[8].  
Compared with indirect X-ray detection, direct X-ray 
detection can convert high-energy X-ray photons di‑
rectly into photogenerated electron-hole pairs（Fig.   
1（a））, which not only avoids the intermediate con‑

version process of visible photons, but also helps to 
minimize scattering effects, thus achieving high sen‑
sitivity and spatial resolution[9].  The relatively soft 
nature of halide perovskites makes it potential for 
the preparation of versatile and flexible wearable 
electronics[10-11].  Wearable electronics is a portable 
device that is worn directly on the body or integrated 
into a person  s clothing or accessories.  It not only 
satisfies daily life by providing their diverse and in‑
telligent functions, but also provides great conve‑
nience for monitoring physical conditions.  Wearable 
electronics need to have large flexibility, lightweight, 
harmless to human body, low power consumption, 
high working stability.  The rapid development of 
miniaturized applications of wearable devices has 
led to their extensive use in watches, bracelets, glass‑
es, etc. , which in turn are interconnected with mo‑
bile terminals through wireless networks and Blue‑
tooth technology, and eventually data analysis is per‑
formed through corresponding applications[12-13].  Cur‑
rently, halide perovskites are mostly focused on rigid 
X-ray detectors, while less has been reported for flex‑
ible X-ray detectors[11,14-16].  Due to the bending prop‑
erty of flexible perovskite, it can be suitable for imag‑
ing in non-flat objects or narrow spaces.  Meanwhile, 
flexible X-ray detectors can solve the compatibility 

（a）X‑ray Au Au Au Au

VV
Electrons Holes

（c）（b）

Fig. 1　（a）Schematic diagram of the working principle of direct X-ray detector. （b）Schematic diagram of flexible X-ray detector. 
（c）Photograph of the flexible X-ray detector on a laboratory glove［15］.
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problem with non-uniform X-ray sources and reduce 
the misdiagnosis rate in disease screening.  Kaltenb‑
runner et al.  achieved the preparation of an ultra‑
thin flexible X-ray detector and demonstrated its ap‑
plication on a laboratory glove, demonstrating the ad‑
vantage of adapting to complex surfaces and facilitat‑
ing the development of wearable devices（Fig. 1（b）-
（c））） [15].  This review provides a brief overview of the 
progress of direct perovskite SC X-ray detectors, 
then the opportunities and challenges for perovskite 
wearable devices are described.
2　Progress of Perovskite SC X‑ray De‑

tectors
Perovskite SCs can be divided to three types, 

Pb-based, Pb-free and metal-free according to ions 
at the B-site.  In the following section, we present 
the research progress of the three types of X-ray de‑
tectors.
2. 1　Pb‑based Metal Halide Perovskites

In terms of Pb-based three-dimensional（3D） 
metal halide perovskites, it has the structural form 
APbX3（Fig. 2（a））.  The presence of high atomic 

number Pb makes Pb-based perovskites highly atten‑
uate to X-rays, thus opening up their application in 
the field of X-ray detection.  In 2013, Stoumpos et 

al.  reported the first application of CsPbBr3 SC for 
X-ray and γ -ray detection[17].  In 2016, the MAPbBr3 
SC X-ray detector exhibited the sensitivity of 80 μC·
Gyair−1·cm−2 as reported by Huang et al[18].  Wei et al.  
achieved a sensitivity of 3 928. 3 μC·Gyair−1·cm−2 for 
the （110） facet of MAPbBr3 SC by the facet competi‑
tion management strategy（Fig. 2（b））[19].  Subse‑
quently, 3D MAPbI3[20] SC X-ray detectors were suc‑
cessfully applied, as well as GAMAPbI3（GA=guani‑
dinium）[21], FA0. 55MA0. 45PbI3[22], and FAMACs[23] SCs 
obtained by component modulation, which led to a 
significant improvement in the detection perfor‑
mance of 3D Pb-based perovskites.  Among them, 
Liu et al.  achieved a sensitivity of （3. 5 ± 0. 2）×106 
μC·Gyair−1·cm−2 and detection limit of 42 nGyair·s−1 
for FAMACs SC using a triple-cation mixed halide 
strategy[23].  The FAMACs SC device structures are 
shown in Fig. 2（c）.  Although Pb-based perovskite 
SCs based on MA+ and FA+ ions typically exhibit 
high sensitivity, ion migration is very pronounced 
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Fig. 2　（a）The crystal structure of APbX3［28］. （b）The plot of current density versus various dose rates for different facets of MAPb‑
Br3 SC X-ray detector［19］. （c）The schematic diagram of FAMACs SC device structure［23］. （d）The plot of current density 
versus various dose rates for （F-PEA）2PbI4 SC device［25］.
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when applying a high operating electric field, caus‑
ing severe dark current drift as well as being detri‑
mental to device stability[24].  The introduction of 2D 
Pb-based perovskites with large-sized organic cat‑
ions increases the ion migration potential and has a 
significant effect on the inhibition of ion migration.  
Li et al. used （F-PEA）2PbI4（F-PEA=4-fluorophene-

thylammonium） to enhance the supramolecular in‑
teraction between organic spacers, which in turn ef‑
fectively blocked the ion migration pathway and 
achieved the sensitivity of 3 402 μC·Gyair−1·cm−2 as 
well as high operational stability（Fig. 2（d））[25].  
Compared with 3D perovskites, low-dimensional 
perovskites （LDPs） exhibit significant quantum-con‑
fined effect, anisotropy, and larger band gap.  There‑
fore, its detection performance has some gap com ‑
pared with 3D perovskites[26].  Based on the excellent 
air stability in LDPs, combining 3D and LDPs to fab‑
ricate high-performance, high stability X-ray detec‑
tors is an important direction for future develop‑
ment[27].  Although Pb-based perovskites have large 
attenuation capability for X-ray and high charge ex‑
traction capability, the toxicity of elemental Pb re‑
stricts their application in wearable devices.

2. 2　Pb‑free Metal Halide Perovskites
Pb-based perovskite SCs contain heavy metal 

Pb2+ ions, which can cause groundwater or soil con‑
tamination if applied directly, and can accumulate in 
the human body after circulation and cause damage 
to the central nervous system and reproductive sys‑
tem[29].  Therefore, B-site engineering via replacing 
Pb2+ by Pb-free metal ions is highly required.  The 
preparation of Pb-free metal halide perovskites using 
B-site engineering can be employed by the following 
strategies.  （1）The divalent metal M2+ directly re‑
places Pb2+ , forming a structure similar to APbX3（M 
represents metal elements）.  （2）Replacement of two 
Pb2+ using a combination of monovalent M+ and triva‑
lent metal ions M3+ constructs the called double 
perovskite A2B（Ⅰ）B（Ⅲ）X6 structure.  （3）The mo‑
lecular structure of A2 □□ B（Ⅳ）X6 is obtained using 
tetravalent metal ions M4+ in replace of Pb2+ .  The 
sign of □□ represents ordered vacancy.  This type of 
crystal structure consists of a face-centered lattice 
with the cuboctahedral voids occupied by A-site cat‑
ions, such as the reported Cs2SnI6 and Cs2TeI6[30].  
（4）The substitution of Pb2+ for trivalent metal ions 

M3+ can give the molecular formula of A3□□B（Ⅲ）2X9
（a） A2B（Ⅰ）B（Ⅲ）X6 （b） A2□B（Ⅳ）X6 （c） A3□B（Ⅲ）2X9

300

200

100

0

PEA
Pristine

10 20 30 40 500
Bias/V

（d）

Sen
siti

vity
/（μ

C·
Gy air-1 ·cm

-2 ）

（e）

104

In‑plane

20 40 60 80 120
V/V

（f）

Sen
siti

vity
/（μ

C·
Gy air-1 ·cm

-2 ）

27 mm
100

103

102

Out‑of‑plane

Fig. 3　The crystal structures of A2B（Ⅰ）B（Ⅲ）X6（a）， A2□（（B（Ⅳ）X6（b）， A3□（（B（Ⅲ）2X9（c）［28］. （d）The sensitivity under dif‑
ferent bias for the pristine and PEA-Cs2AgBiBr6 SC device， respectively［34］. （e）The photograph of MA3Bi2I9 SC. （f）The 
plots of sensitivity versus various voltages for different MA3Bi2I9 crystal planes［37］.
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（Fig. 3（a）-（c））[28].  Among them, Bi3+ , which has 
the same electronic configuration as Pb2+ and a large 
atomic number, is a candidate material for the study 
of Pb-free perovskite SCs[31].  Meanwhile, the Bi—I 
bond has a higher bond energy relative to the Pb—I 
bond, which essentially suppresses the ion migration 
effect and improves its structural stability[32].  Pan et 

al.  successfully prepared the first double perovskite 
Cs2AgBiBr6 SC X-ray detector with a sensitivity of 
80 μC·Gyair−1·cm−2 and a low detection limit of 59. 7 
nGyair·s−1[33].  The introduction of phenylethylamine 
bromide（PEABr） into the Cs2AgBiBr6 precursor so‑
lution improved the ordering degree of [AgX6]5−and 
[BiX6]3− octahedra, resulting in a sensitivity of 288. 8 
μC·Gyair−1·cm−2 for the PEA-Cs2AgBiBr6 SC X-ray 
detector reported by Niu et al（Fig. 3（d））[34].  Fur‑
thermore, this group optimized the crystal growth 
strategy to prepare higher quality Cs2AgBiBr6 SC, 
achieving a sensitivity of up to 1 974 μC·Gyair−1·

cm−2[35].  In addition, Bi-based low dimensional 
perovskite SCs such as （NH4）3Bi2I9[36], MA3Bi2I9[37] 
and FA3Bi2I9[38] have shown great promise for applica‑
tion.  In particular, the MA3Bi2I9 SC devices pre‑
pared by Zheng et al.  achieved a sensitivity of       
10 620 μC·Gyair−1·cm−2 and a very low detection lim‑

it of 0. 62 nGyair·s−1[37], as shown in Fig. 3（e）-（f）.  
Pb-free metal halide perovskites have a broader vari‑
ety of structural forms compared to Pb-based perovs⁃
kites, which are more favorable for exploring new op‑
toelectronic properties.  However, the performance 
of Pb-free metal halide perovskites is highly depen‑
dent on the synthesis method, while the reproducibil‑
ity of their devices remains a great challenge[31].
2. 3　Metal‑free Hybrid Perovskites

Due to the presence of metal ions and the high 
density of these materials, it is still difficult for met‑
al-based perovskites to be applied for wearable de‑
vices.  The newly emerged metal-free perovskites, 
which have low toxicity, low density（lightweight）, 
chemical tunability and promising optoelectronic 
properties[39].  Metal-free hybrid perovskites have the 
structural formula of ABX3, where B is occupied by a 
non-metal cation, which is commonly used as NH4+[40]

（Fig. 4（a））.  The （NH4）X6 in the A（NH4）X3 has 
larger cubic cavity relative to the PbX6 octahedra 
and can accommodate large size divalent organic cat‑
ion[41].  Song et al.  pioneered the use of DABCO-

NH4Br3（DABCO = N-N′-diazabicyclo [2. 2. 2] octo‑
nium） SC device to achieve a sensitivity of 173 μC·
Gyair−1·cm−2 at 1 250 V·mm−1[42].  The photograph of 
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DABCO-NH4Br3 SC and the corresponding X-ray 
photocurrent density versus dose rates plots are 
shown in Fig. 4（b）-（c）, respectively.  Based on 
component modulation engineering, several metal-
free perovskite SCs have been exploited[40,43-44], among 
which the MDABCO-NH4I3（MDBACO=methyl-N′-   
diazabicyclo [2. 2. 2] octonium） SC X-ray detector 
achieved a sensitivity of （1 997. 0 ± 80. 0） μC·
Gyair−1·cm−2[43], which is the highest value in this field 

so far（Fig. 4（d）-（e））.  Moreover, the MDABCO-

NH4I3 crystal device can be completely dissolved in 
water, which is beneficial for the future develop‑
ment of biocompatible perovskite optoelectronic 
materials.  The comparison parameters of metal-
based and metal-free perovskite SC X-ray detectors 
are shown in Tab. 1, where the detection perfor‑
mance of metal-free perovskite has huge potential 
for development.

Metal-free perovskites have the following advan‑
tages over metal-based perovskites: most of them can 
be prepared at room temperature in aqueous solution, 
which greatly reduces environmental pollution and 
energy consumption; the smaller density facilitates 
the preparation of lightweight wearable devices.  Met‑
al-free perovskites have large band gap and are not 
suitable for applications in the visible light.  For X-

ray detection, perovskite with large band gap general‑
ly produces lower noise during operation, which is 
beneficial for their long-term operational stability[39].  
For the preparation of flexible devices, the organic 
components in metal-free perovs ⁃kites can soften the 
compound and thus facilitate the preparation of large-

area thin films.  MDABCO-NH4I3 can be deposited on 
silica substrates and form uniform film without pin‑
hole, which demonstrates the potential of metal-free 
perovskites for applications in wearable devices[41, 45].

3　Perspective
In summary, although the current researches on 

the performance of metal-based perovskite SC X-ray 
detectors show greater performance advantages than 
that of metal-free ones, the merits of metal-free ha‑
lide perovskites are also incomparable.  How to max‑
imize the advantages of metal-free perovskite SCs 
and grow high-quality SCs for wearable devices are 
the focus of future research.  The highlighted        

Tab. 1　Key parameters of the perovskite SC X-ray detectors

Kindness
Pb‑based

Pb‑free

Metal‑free

Compound
MAPbBr3

MAPbI3

GAMAPbI3

FA0. 55MA0. 45PbI3

（F‑PEA）2PbI4
CsPbBr2. 9I0. 1

CsPbBr2I
Cs2AgBiBr6

（NH4）3Bi2I9

MA3Bi2I9

FA3Bi2I9
Cs3Bi2Br9

（DABCO）NH4Br3

（MDABCO）NH4I3

（DABCO）NH4I3

X‑ray energy/
keV
50
50
40
50

120
120

30
50

100
40

120
50
40
40
40

μτ product/
（cm2·V-1）

1. 20×10−2

—

1. 25×10−2

2. 90×10−3

5. 10×10−4

5. 06×10−3

3. 66×10−4

6. 30×10−3

4. 00×10−3

1. 10×10−2

1. 20×10−3

2. 40×10-5

8. 32×10−4

3. 73×10−4

1. 20×10−3

（6. 70±0. 33）×10−4

3. 20×10−3

Sensitivity/
（μC·Gyair

-1·cm-2）

80. 0
700 000. 0
23 000. 0
87 000. 0
3 402. 0

62 748. 0
492. 0
105. 0

803. 0（⊥001）
8 200. 0（∥001）

10 620. 0
598. 1

1 705. 0
230. 4
173. 0

1 997. 0±80. 0
567. 0

Detection limit/
（nGyair·s-1）

500. 00
1. 50

16. 90
27. 70
23. 00

117. 00
54. 00
59. 70
55. 00

210. 00
0. 62

200. 00
0. 58
—

4 960. 00
—

—

Ref
［18］
［20］
［21］
［22］
［25］
［46］

［33］
［36］

［37］
［38］

［47‑48］
［42］
［43］
［40］
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perspectives are shown as follows.
（1）More attempt should be focused on design‑

ing novel metal-free perovskite SCs.  At present, met‑
al-free perovskites are mostly concentrated in 3D 
crystal structures, so they have a large rigidity limita‑
tion, which is not conducive to the development of 
flexible devices[39].  Due to the diversity of A-site cat‑
ions in the LDPs, the limitation of tolerance factor 
can be broken, and the LDPs have the more flexible 
crystal structures, which are easier to be applied in 
flexible devices.  Combined with the B-site engineer‑
ing modulation strategy, the exploration of low-di‑
mensional metal-free perovskite SC structures can 
be enhanced in the future research, and then a series 
of effective design strategies will be developed.  
Meanwhile, the stability of perovskite materials has 
been a key factor hindering their practical applica‑
tions.  Although the thermal stability of metal-free 
perovskites has been reported, there is a lack of re‑
search on their resistance to water and oxygen in 
air[3].  In the preparation of metal-free perovskites, 
multiple non-covalent bonding interactions between 
A-site cations and octahedras, the use of water-resis‑
tant A-site cations, and surface passivation strategies 
can be designed to enhance their stability.

（2）The researches on the optoelectronic appli‑
cation of metal-free halide perovskite SCs are still in 
its infancy stage, so systematic strategies towards 
surface passivation, device structure optimization 
have not been established.  This offers the new re‑
search hotspots for the preparation of efficient and 
lightweight X-ray detectors.

（3）Strengthen the exploration of high quality 
as well as high purity metal-free perovskite SCs.  
The metal-free perovskite SCs can be grown in aque‑
ous solution, which solves the problem of environ‑
mental pollution by organic solvents.  The main 
methods used to grow metal-free perovskite SCs are 
temperature cooling and controlled solvent evapora‑
tion methods, such as the reported DABCO-NH4X3

（X = Cl, Br, I） and MDABCO-NH4I3 SCs[40,43].  How‑
ever, the SCs suitable for flexible materials have not 
been successfully prepared.  It may be possible to 
prepare metal-free perovskite films by space-con‑
fined method and surface tension-controlled strategy 
to explore their SC flexible device properties[49].  
Therefore, when exploring growth strategies for flexi‑
ble metal-free SCs, the goal is also to obtain high pu‑
rity materials.  The obtained high purity metal-free 
perovskite SCs are combined with flexible substrates 
to prepare flexible metal-free crystal-filled materials, 
which will be utilized in wearable devices[50].

（4）More attention should be paid to the flexible 
wearable devices.  First of all, due to the different 
shapes of flexible devices, research on mechanically 
durable and highly flexible perovskite materials needs 
to be enhanced.  As a photoactive layer, the intrinsic 
high mechanical stability and resistance to bending 
and deformation play a key role in perovskite.  The 
flexible substrate and electrode materials matched 
with perovskite need to undergo mechanical perfor‑
mance measurements.  In addition, perovskite opto‑
electronic devices are mostly concentrated on small 
area substrates, combined with roll-to-roll, slot-die 
coating, and blade coating technologies to achieve 
the preparation of large-scale flexible devices.  
Therefore, in-depth research on stable perovskite ink 
is needed[51].  Finally, wearable devices often need to 
be integrated with energy source to achieve continu‑
ous energy input for optoelectronic devices.  Self-
driven perovskite flexible devices can also be further 
developed without the need for external power sup‑
ply to streamline their preparation process[12].
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