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Metal halide perovskites have emerged as promising candidates for next-generation optoelectronic
applications due to their high absorption coefficient, tunable bandgap, long carrier mobility, and facile
solution processability. Besides these excellent physical properties, their unique features, including large
bulk resistance, strong stopping power, and high mobility-lifetime product, also favour halide perovskites
for radiation detection. Their excellent radiation response and radioluminescence enable them as both
indirect scintillators with excellent figures-of-merit, even exceeding the
performance of existing commercial radiation detectors. In this review, the background knowledge on

direct detectors and

ionizing radiation categorized based on the nature of the particles or electromagnetic waves and the
Then, the relevant
fundamental characteristics and superiorities of metal halide perovskites for radiation detection are
discussed in detail. Thereafter, recent achievements in detecting alpha-, beta-, gamma- and X-rays

requirements for high-performance radiation detectors are provided first.
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DOI: 10.1039/d1ma00569¢ using halide perovskites are summarised. Finally, the remaining challenges and future perspectives, with

particular emphasis on overcoming current obstacles, such as device stability, ion migration, and health
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1. Introduction

As a type of radiation that holds enough energy to ionize atoms
or molecules, ionizing radiation has been widely applied in
various areas in our life."” In the form of particles or electro-
magnetic waves, ionizing radiation can be divided into directly
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ionizing and indirectly ionizing, respectively. Any charged
particle that has enough kinetic energy can ionize atoms
through Coulomb force which induces direct ionizing. The
directly ionizing radiation particles mainly include atomic
nuclei, electrons, muons, charged pions, protons, and energetic
charged nuclei stripped of their electrons, of which the most
common types are alpha particles and beta particles that consist
of helium nucleus and electrons or positrons, respectively.
On the contrary, indirectly ionizing radiation is usually photon
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Fig. 1 Schematic representation of particle radiation with their formation (upper half), and the electromagnetic spectrum range from infrared to

gamma-rays (lower half).

radiation or neutron radiation induced by electrically neutral
particles, where the atoms will be further ionized by beta
particles from the interaction of photons or neutrons with
atoms. Photon radiation is typically known as high-energy
electromagnetic waves, including X-rays (0.1-100 keV) and
gamma-rays (0.1-100 MeV), which will cause ejection of electrons
from atoms and then further ionize atoms by secondary beta
particles, while neutrons often cause ionizing by interacting with
protons in hydrogen via linear energy transfer. Fig. 1 clearly
represents the formation of common radiation types, including
particle radiation and photo radiation, and their related energies.
While photo radiation can be divided into non-ionizing radiation
and ionizing radiation, in our case, we mainly focus on ionizing
radiation, including X-rays and gamma-rays. Thanks to their
peculiarity of high penetration and ionization, radiation rays
can be widely used in various fields, including nuclear physics,
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medical imaging, radiotherapy, food industry, security monitoring,
crystallography, etc.*®

In general, semiconductors with an appropriate bandgap
can easily detect free charges induced by radiation under the
applied voltages. Similar to the common photodetectors working
in the UV-visible-infrared light ranges, semiconductor-based
radiation detectors can also directly produce current signals
from free-charged carriers excited by Coulomb force or through
photoelectric effect. Current radiation detection devices are
mainly based on silicon (Si), amorphous selenium (a-Se), germanium
(Ge), cadmium zinc telluride (CZT), cadmium telluride (CdTe),
and mercury iodide (Hgl,).°"> However, some prerequisites
need to be fulfilled for suitable semiconductors to serve as
high-performance radiation detectors. First, the semiconductors’
bandgaps are normally required to stay in the range from 1.5 eV
to 2.5 eV, which can ensure a low dark current at room
temperature and provide enough energy barrier for electron-
hole pair production. Then, the high average atomic number Z
and high mass density lead to a large stopping power for
successfully detecting high-energy radiation. For instance, even
though the improvements of crystal purity and doping technique
have been applied for the widely-used semiconductor Si, the
relatively small bandgap (1.12 €V) causes a large dark current at
room temperature and the small atomic number sets a great
limitation for the fabrication of high-performance Si-based
radiation detectors, while the CZT materials, with a relatively
large bandgap (1.57 eV) and a high atomic number of 49.3, have
shown excellent performance in commercial radiation detectors,
which can be operated at room temperature.’*** Carrier
mobility-lifetime product pr is another important factor of
suitable semiconductors when applied to radiation detection.
A large ut product indicates a long carrier diffusion length, by
which the probability of a carrier being captured and recombined
is reduced. Besides direct radiation detectors, radiation can also
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be detected using indirect detectors consisting of a scintillator
and photodetector arrays. Scintillators can covert high-energy
particles and photons into visible light via radioluminescence,
which is further detected by other sensitive photodetectors
such as charged-coupled devices (CCD), photodiode arrays,
complementary metal-oxide semiconductors (CMOS), etc. Thus,
the conversion efficiency highly determines the performance of
the scintillator. To this end, high-quality scintillators should
have the traits of a high light yield for generating enough
detectable signals, long-term stability, and high energy resolution.
Currently, the most commercially used scintillators are based on
inorganic crystals, like thallium-doped sodium iodide (NaI(Tl)),
thallium-doped caesium iodide (CsI(T1)), and so on."®™*® However,
these commercial semiconductors usually require complex
growth methods and severe operating conditions, which create
a sharp rise in the demand for new semiconducting materials
with high performance, low cost and facile processing.

Over the past few years, as a family of promising photoactive
materials, metal-halide perovskites with the general formula of
ABX;, where the A site can be an inorganic cation like Cs*, a
monovalent organic cation (typically a methylammonium
(MA = CH3NH;) ion or a formamidinium (FA = CH(NH,),)
ion) or a mixture thereof, the B site is normally Pb or currently
widely-researched Sn, and X is usually a halide component Cl-,
Br-, I, or a mixture thereof, have attracted much attention in
the photovoltaic field,"*>' due to their excellent features,
including a long carrier lifetime, large absorption coefficient,
high light yield, and cost-effective growth method. Looking
beyond broadly-investigated halide perovskite solar cells, the
superior photophysical and electronic properties of halide
perovskites also enable them as promising candidates for
next-generation optoelectronic or electronic device applications,
such as light-emitting diodes,”*>* lasers,”® transistors,***° and
photodetectors.**>*

Encouragingly, metal-halide perovskites have also been
demonstrated to exhibit attractive features for radiation detection
applications. Since Stoumpus et al. first pointed out that metal
halide perovskites have the ability to detect radiations,>® many
radiation detectors based on both hybrid perovskites and
inorganic perovskites have also been successfully fabricated and
further improved.**® In this regard, the rapid research progress
and great strides that have been made by metal halide perovskites
in ionizing radiation detection call for a swift and consistent
survey into the state of the field. Notably, recently, there have been
excellent review papers spanning from lead halide perovskites to
lead-free perovskite with different crystal forms which cover
fundamental physical properties and the related radiation
detection devices.**™*! Each of these corresponding review
publications has a different line of focus, depth, and narrative.
However, the reviews centered on metal halide perovskite
radiation detection applications that also include the detection
of the directly ionizing radiation particles are limited. Therefore,
this review paper aims to comprehensively summarize the recent
achievements, ongoing progress, and challenges of halide
perovskites for radiation detection devices with an emphasis on
fundamental detection principles of various radiation photons
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and charged particles as well. We begin by offering the mechanism
of different types of radiation detectors. The subsequent section
comprehensively presents the unique physical characteristics of
metal halide perovskite materials for radiation detection.
Thereafter, the recent achievements and ongoing progress on
metal-halide perovskite radiation detectors in mainly detecting
alpha and beta particles, as well as gamma- and X-rays are
summarised and discussed in detail. At last, we conclude this
research article and present a perspective for the future
development of halide perovskite materials for radiation detection
applications and suggest some possible strategies to improve their
long-term stability and device performance.

2. Principles of radiation detectors

2.1. Direct radiation detectors

Suitable semiconductors can directly detect radiation, of which
the fabricated detectors can be operated in the current or
voltage modes, depending on their direct interactions of incident
particles or photons with the active semiconductors.***?

2.1.1. Alpha and beta particle detections. For high-energy
alpha particles, the direct radiation detectors usually work in
the voltage mode, since the particle flux is relatively weak and
alpha particles will come into the detector one by one. As the
alpha particle interacts with the semiconductor via inelastic
collisions, electron-hole pairs are generated whose number is
proportional to the alpha particle energy. The electron-hole
pairs generated by alpha particles are further collected and
separated by the semiconductor under voltage bias in the form
of current. However, the preliminary current signal intensity is
relatively low, thus a charge-sensitive preamplifier is often
integrated with the semiconductors. The amplifier then
integrates the current signal and converts it into a voltage pulse
which is proportional to alpha particle energy too. Finally, these
voltage pulses are read out using a multiple channel digitizer
with an alpha particle spectrum as the final output.

Compared to alpha particles, beta particles usually hold
relatively lower energy but a much higher speed, which leads
to a different interaction model with atoms. Beta particles can
directly interact with other electrons in atoms by inelastic
scattering, which excites other electrons to high-energy level
or emitting photons. However, the beta particles can also
interact with the nuclei through elastic scattering due to their
much lower mass during which only the trajectories of the beta
particles change. Once the electron-hole pairs are generated by
beta particles, they can be detected by semiconductor-based
detectors in the voltage mode too.

2.1.2. Gamma-ray detection. As for gamma-ray, an energy-
resolved spectrum can also be obtained by operating the direct
radiation detectors in the voltage mode.** But the electron-hole
pairs can be generated in different ways depending on the
different gamma-ray energies. A photoelectric effect often
occurs when the gamma photon energy ranges from 10 keV
to 500 keV, where all the energies of gamma photons can be
used for charged carrier generation. When the gamma-photon

© 2021 The Author(s). Published by the Royal Society of Chemistry
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energies range from 50 keV to 3 MeV, Compton scattering can
happen from which some parts of energies from gamma
photons will thus be transferred into electrons and/or holes.
If gamma-rays hold energy over MeV, electron and positron
pairs will be generated in the active semiconductor which is
called pair production. The ut product is an important factor
for gamma-ray detectors, which can be derived by fitting the
modified Hecht formula:*®

1)
12 Ls (
J’_

where I, is the saturated photocurrent, L is the material thickness,
V is the applied voltage and s is the surface recombination
velocity. The gamma-ray detectors’ performance can be typically
characterized by the spectral peak resolution, which is defined by
the ratio of full-width at half maximum (FWHM) and the incident
energy of the radiation source.

2.1.3. Direct X-ray detection. Direct X-ray detectors can
usually work in the current mode, where the photon flux is
strong to generate enough current signals. Compared to high-
energy particles or photons which are collected by the detector
separately, multiple X-ray photons come and interact with the
active semiconductors at the same time and are converted into
electron-hole pairs by both photoelectric effect and Compton
scattering. Many charged carriers are generated during these
two processes, which will further be collected by the electrodes
under the applied voltage bias to produce the current signals.
The key parameter for direct X-ray detection is sensitivity,
which is calculated by*®

J‘(IX'my - Idark ) dl

§= DV (2)

where Iy .y and Iqar are current under X-ray radiation and in
the dark condition, respectively, D is the X-ray dose rate and V is
detector volume. Detectors with high sensitivity can generate
more current signals under the same irradiation with a higher
signal-to-noise ratio, which leads to higher contrast when
applied to imaging applications. The linear dynamic range
(LDR) describes the range in which the sensitivity remains
constant. A large LDR value means that the related detectors
can work steadily among a large range of X-rays with different
dose rates. Another important feature of the X-ray detector is
the lowest detectable dose rate, which is the detection limit of
an X-ray detector and is highly related to X-ray imaging in
medical diagnostics. Spatial resolution characterizes the imaging
quality obtained by an X-ray detector and is defined as the
number of line pairs that can be distinguished per millimeter.
Direct X-ray detectors often integrate with semiconductor photo-
diode arrays for imaging and therefore spatial resolution is
affected by both photodetector and photodiode arrays.

2.2. Indirect radiation detection

The indirect radiation detectors are also capable of detecting
high-energy particles or photons, and often consist of scintillator

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and photodiode arrays.”” As mentioned above, high-energy
particles can ionize the active semiconducting materials by
Coulomb force; while high-energy photons can interact with
the materials via the photoelectrical effect, Compton scattering,
and pair production. All these processes will generate many
excitons in the scintillators which will be transferred to the
defects states and further recombine together with UV or visible
light-emitting effect. The emitted UV or visible light will be
further captured by photo-sensitive photodetector arrays or
cameras, and then the output is offered as a current signal or
image information. The key figures of merit of scintillators are
light yield (LY) and decay time. Light yield is the number of
photons that can be converted by the scintillator per photon or
particle energy (in unit), which can be calculated using’

LY = 10°SQ/BE, (3)

where S is the efficiency of the transport of electron-hole pairs
to the emission centre, Q is the radioluminescence efficiency
and f is usually a constant of 2.5. A high LY value indicates the
high number of photons emitted from the scintillator which
leads to a high signal output. For a high-performance scintillator,
a fast decay time is essential since the time interval between the
emission of photons and absorption of radiation is short,
which will reduce some side effects such as afterglow. Table 1
summarises some of the main figures of merit used to character-
ize and evaluate the radiation detectors in the different working
models.

3. Superb properties of halide
perovskites for radiation detection

As mentioned above, the superior photophysical and electronic
properties of lead halide perovskites, including long
carrier lifetimes, large absorption coefficients, high light yields,
and cost-effective growth methods,**>* enable them as
promising candidates for next-generation optoelectronic devices,
such as light-emitting diodes,”° lasers,”” solar cells***' and
photodectors.”>®” Furthermore, several prerequisites need to be
fulfilled for suitable semiconductors to serve as high-performance
radiation detectors. Encouragingly, lead halide perovskites have
exhibited excessive properties that are actually desirable for
radiation detecting devices. Currently, there is an increasing
number of published reports on radiation detectors based on
both hybrid halide perovskites and inorganic perovskites that
have also been fabricated for detecting alpha particles, beta
particles, gamma-rays, and X-rays.’”*®® In this section, the
superb features of halide perovskite materials for radiation
detection applications are introduced in detail as follows:

3.1. Large stopping power

Large stopping power is essential for the high-performance of
radiation detectors, since more high-energy particles can be
dragged down with more energy loss and thus more signal
outputs. Given by the Bethe equation,*® the energy loss of
charged particles passing through certain materials can be

Mater. Adv,, 2021, 2, 6744-6767 | 6747
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Table 1 Radiation detector definition and figures of merit
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Quantity Unit Definition

ut product® em? vt
Spectral peak resolution®” %
energy of incident ray.

Product of carrier mobility and carrier lifetime in a radiation detector.
Defined by the ratio of full width at half maximum (FWHM) of alpha or gamma-ray peak and

The minimum detectable radiation dose rate, that is, the lowest radiation dose rate which
can induce photocurrent with a signal-to-noise ratio over 3 (in X-ray detectors).
The number of line pairs that can be distinguished per millimetre. A line pair consists of a bright line

Radiation-induced charge in a detector at a specific radiation dose rate and detector volume.

The range within which the photocurrent displays a linear relationship with the incident intensity.
Number of photons generated by radiation with a specific energy.

Lowest detectable dose NGY,ir st
rate®”
Spatial resolution® Ip mm ™
and a dark line (in X-ray imaging).

Sensitivity” UC Gyair

cm 2
Linear dynamic range” dB
Light yield® ph Mev ™’
Decay time” s

intensity.

@ parameter for direct detector. » Parameter for indirect detector.

described as:

dE  4nez?
dx  mgr?

2mgv? v? v?

where m, and v are the mass and velocity of the incoming
charged particles, respectively; while N and Z are the number
density and atomic number of the absorbing material, respectively.
Heavy metal lead (Pb) and halide components (usually Br or I)
provide this class of perovskite materials with high average
atomic numbers, which offer a large stopping power and high
detection efficiency accordingly. For example, all-inorganic
halide perovskite CsPbBr; has an average atomic number of
65.9, which is even larger than that of 49.3 for the CZT material.
Hybrid perovskite MAPbI; has a density of 4 ¢ cm ™3, corres-
ponding to a linear attenuation coefficient of 10 ecm™' at
100 keV, while all-inorganic perovskite CsPbl; even holds a
larger linear attenuation coefficient of 14 cm™'. Fig. 2a
shows the linear attenuation coefficients of halide perovskite
materials - MAPbI; and CsPbl; and that of the commonly-used
Se, CdTe, and TIBr at different photon energies, from which we
can find that the halide perovskite materials have linear attenua-
tion properties comparable with these commonly-used materials
and even higher than some semiconductors in the particular
energy ranges.

3.2. Suitable bandgap and large bulk resistance

As mentioned above, appropriate bandgaps for the semiconducting
materials are crucial for high-performance radiation detectors,
especially for room-temperature operations. Encouragingly,
lead halide perovskites hold tunable bandgaps ranging from
1.3 to 3.2 eV that can be easily realized by adjusting their halide
components,”®”’* which make them perfectly suitable for
radiation detectors (Fig. 2b and c). Meanwhile, the bulk
resistances of lead halide perovskites range from 10’ to
10° Q cm, which can be further modified by tuning the halide
component ratio of perovskites. The large bulk resistances
ensure the low dark currents at room temperature and the
low noises of the perovskite radiation detectors, especially
when applied to a high voltage bias.

6748 | Mater. Adv, 2021, 2, 6744-6767

The time taken by the emitting light intensity excited by radiation to decay to 1/e of its initial

3.3. High mobility-lifetime product

Both the intrinsic and extrinsic defects of the semiconducting
materials can capture the charge carriers that are generated by
radiation, thus decreasing the signal currents of the related
detection devices. Large carrier-lifetime product pt values can
reduce the recombination of electron-hole pairs at the defects
and traps within them, and thus more charge carriers can be
collected by the electrodes which further increases the efficiency
of the detector. As for the halide perovskite films, most defect
centres are located at the surface or grain boundaries. To this
end, several surface cleaning and passivation approaches have
been applied to reduce the radiation-generated carrier recombi-
nation and thus improve the film quality.”> Among various
forms of halide perovskites, grain-boundary-free single crystals
usually exhibit a low trap density in the range of 10’-10° cm >
and thus offer high ur products.”*”® For example, hybrid
perovskite MAPDI; single crystal holds a high ut product of
10% em® V', with an ultralong carrier diffusion length over
175 um under the illumination of sunlight.” Moreover, the
internal quantum efficiency of a 3 mm thick MAPbI; single crystal
can also be approaching 100% under weak light illumination,
which indicates a diffusion length almost exceeding 3 mm.”’

3.4. Facile and low-cost crystal growth method

Other advantages of halide perovskite materials and the
relevant device applications include their cost-effective crystal
growth and device fabrication methods. Compared to the
widely-used commercial semiconductors, like Si, Ge, Se, and
CZT, for which the growth processes typically require high
temperature, high vacuum, or complex instruments, lead
halide perovskites can usually be produced using the low-
temperature (<150 °C) solution processes, such as inverse
temperature crystallization (ITC),”*®° antisolvent vapor-
assisted crystallization (AVC),””*" hot inject method,*® and
supersaturated recrystallization.®*®* Moreover, the total cost
for the growth of halide perovskite materials is quite low as
compared to that of the commonly-used semiconductor as
mentioned above. For example, growing a 1 cm® perovskite
single crystal is estimated to cost around $$0.3 when scaling up
the production, which is 3- or 4-times lower than that for CZT

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Attenuation coefficients of CsPbls, MAPbls, CdTe, Se, and TIBr versus different photon energies. Reproduced with permission.>® Copyright
2019, Nature Publishing Group. (b) PL spectra of the tunable APbXz nanocrystals. Reproduced with permission.8” Copyright 2017, AAAS. (c) Absorption
coefficient and length with different photo energies of MAPbls crystals. Reproduced with permission.®® Copyright 2015, Nature Publishing Group.
(d) Schematic of the structure of basic radiation detectors. Left: Direct detector. Right: Indirect scintillator.
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crystals.®® Besides, the related detection devices can be easily
fabricated via a one-step spin-coating or spray method and
directly using the freshly-grown perovskite crystals, which
offers a large operation room for further integration.

3.5. High light yield

The fascinating properties of lead halide perovskites can also
enable them as both direct photoconductors and indirect
scintillators for radiation detection. When transforming into
different crystal forms, like nanocrystals and quantum dots,
lead halide perovskites exhibit strong radioluminescence under
the excitation of high-energy radiations. For instance, as
compared to LaBr;-Ce, which exhibited optimal device
performance with a light yield (LY) of 70000 ph MeV " and a
decay time of 16 ns, lead halide perovskites hold a much higher
light yield (LY) over 10° ph MeV ™" and a fast decay time less
than 1 ns.** Such high light yield (LY) and fast decay time
ideally meet the requirement for first-class scintillators, which
enable them to measure the time of initial particle or radiation
with high precision and timing resolution. Besides, halide
perovskite nanocrystals also permit easy halide ion exchanges,
from which a tunable luminescence spectrum across almost
the whole visible region can be obtained.®**®

Armed with these unique advantages, direct radiation
detectors based on halide perovskite single crystals and poly-
crystalline films have exhibited excellent device performance in
a photoconductor mode.*>**** Fig, 2d shows the common
device structure of the halide perovskite direct radiation detector,
which is composed of a perovskite layer and two electrodes in the
left part. The right side in Fig. 2d displays the schematic diagram
of the perovskite-based indirect detector which normally consists
of a perovskite scintillator and another photodetector array.
Excellent compatibility and easy fabrication methods also enlarge
the room for further improving the device performance. Besides,
due to their high light yield under radiation, lead halide
perovskites can serve as scintillators integrated with other
semiconductor-based photodiodes, by which high-performance
radiation detectors can be achieved with multiple detection
abilities.”*%°

4. Charged particle detection by lead
halide perovskites

4.1. Alpha-particle detectors

In 1899, the alpha particles were named by Rutherford as they
have the lowest penetration of ordinary objects; and in 1907,
these particles were then confirmed as helium nuclei.®”
Emitted from the alpha decay of heavy atoms, alpha particle
energy varies with the half-life of the emission process, where
the higher energy is caused by the larger nucleus. Most alpha
particles can hold energy ranging from 3 to 7 MeV, with a speed
of 15000 km s~ * due to their higher particle mass as compared
to other radiation rays. Thus, the penetration of the alpha
particles is typically lower than that of beta particles or gamma
rays, and can be blocked by a piece of paper or human skin.
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However, it is still the most destructive ionizing radiation; if
alpha-emitting atoms are inhaled, ingested, or injected into our
body, they will cause serious chromosomal damage to DNA
which is 20 times greater than that caused by the same dose of
gamma-rays or beta particles.’® In this regard, developing high-
quality detectors for alpha particle radiation would be of
significance, as they will be of use not only for environmental
safety concerns but also for the nuclei information carried out
by alpha particles. An alpha spectrum is commonly used to
characterize alpha particles that are emitted from the nuclei.
Thus peak resolution is an important parameter for alpha
radiation detectors, which helps distinguish the alpha radiation
peak in the alpha spectrum. As mentioned in the above section,
another key parameter of alpha particle detectors is the ut
product, which is directly related to the charge collection
efficiency (CCE) and can be derived from the Hecht equation
for single carrier:>*'°

:%:’%/(1 76—;%}/) (5)

where 1 is CCE, Q and Q, are the maximum and theoretical
channel numbers, V is applied voltage, and d is the thickness of
the detector.

Recently, Xu et al. fabricated alpha particle detectors based
on hybrid perovskite MAPbBr; single crystals (5 mm x 5 mm x
2 mm) with a metal-semiconductor-metal structure."®" As
shown in Fig. 3a, the organic BCP and Cg, layers were coated
for the functions of both passivation and electron extraction,
and a preamplifier and a digitizer were used for alpha spectrum
measurements. A series of alpha energy spectrums were
obtained under the exposure of a 0.8 pCi >*'Am source for
900 s at different biases. A voltage-dependent alpha spectral
peak with a voltage bias changing from 180 V to 550 V can be
clearly observed, as shown in Fig. 3b. From the Hecht equation
of single-polarity charge transport, the calculated hole mobility-
lifetime ut product could be (0.4-1.6) x 10~ * cm® V™" (as shown
in Fig. 3c). However, the relatively high device dark current
(200 nA) apparently limits the device performance. To this end,
He et al firstly reported the alpha particle detector based
on an all-inorganic perovskite CsPbBr; with an asymmetric In/
CsPbBr;/Au structure.”” The crystal was grown by the Bridgman
method and cut into 3 mm x 3 mm x 1 mm for device
fabrication. Due to the large difference in work functions
between the In (¢, = 4.1 eV) and Au (¢, = 5.1 eV) electrodes,
the large potential barriers for both hole and electron can be
formed on the In and Au sides, respectively, which further
suppressed the dark current of the device under reverse bias.
As shown in Fig. 3d and e, a low dark current of 2 nA cm™ > was
obtained at —1 V, and it could be increased to 100 nA cm > at a
bias of —100 V; while a large dark current of 300 nA cm™? at a
100 V forward bias was obtained. A voltage-dependent alpha
spectral peak was also shown in all-inorganic perovskite alpha
radiation detector (as shown in Fig. 3f), with a peak resolution
of 15%. Notably, this alpha particle detector can be operated at a
low bias of —6 V compared to other perovskite-based alpha
particle detectors which usually require large operation voltages.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic illustration of the alpha particle detector based on MAPbBr3 single crystal with the size of 5 x 5 x 2 mm>. (b) Voltage-dependent alpha

spectra obtained from MAPbBr3 single crystal detector. (c) Spectral peak centroids at different voltage biases. Black points represent experimental data, with
a red line fitted from the Hecht equation. Reproduced with permission.*°* Copyright 2017, Elsevier. (d) /-V curve characterization of In/CsPbBrs/Au alpha

particle detector with the structure of In/CsPbBrs (3 x 3 x 1 mm?®)/Au under the dark condition at bias from —1V to 1 V. (e) Temporal -V characterization of

the In/CsPbBrs/Au detector under forward and reverse applied bias conditions. (f) Voltage-dependent alpha spectra were obtained under different reverse

biases. (g) Mobility-lifetime product calculation for hole obtained by fitting the Hecht equation. Reproduced with permission.”* Copyright 2019, Elsevier.
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The hole mobility-lifetime product of 9.4 x 10™* em® V™" was
obtained from fitting the Hecht equation (Fig. 3g), which
exhibits the competitive device performance of all-inorganic
perovskites working for alpha particle detectors.

Besides direct alpha particle detectors, lead-based halide
perovskites can also be suitable for fabricating indirect
scintillators for detecting alpha particles. The most outstanding
merit of halide perovskite-based scintillators is their fast response
speed, which usually lies in the magnitude of nanosecond.
Mykhaylyk et al. reported high lightyield (LY) alpha particle
scintillators based on hybrid perovskite MAPbBr; nanocrystals
with an ultrafast response time at low temperature.®* As depicted
in Fig. 4a, hybrid perovskite MAPbBr; shows an increasing light
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output yield with decreasing temperature, which is much higher
than those of the commercial LYSO-Ce-based scintillators at
around 150 K and Csl-based scintillators at around 50 K.
Moreover, hybrid perovskite MAPbBr; also exhibited a rapid and
intense alpha response with fast and slow decay times of 0.1 ns
and 1 ns, respectively, at 77 K compared to the relatively longer
decay of 1 us for LYSO-Ce (Fig. 4b). Fig. 4c shows the pulse height
spectra of the scintillators based on MAPbBr; and CsI with a
distinct Gaussian shape peak of 5.5 MeV alpha particle from
>IAm source, which exhibited the comparable alpha detecting
ability of MAPbBr; with that of the commercial scintillators.
Currently, lithium-doped 2D lead halide perovskite
(PEA),PbBr, is also being used for multiple radiation detectors
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and scintillators, which was reported by Xie et al. for the first
time."°> With a lithium dopant, light yield of (PEA),PbBr,-based
devices could be increased up to 11000 ph MeV ™, and a fast
decay time of 11 ns was also obtained (in Fig. 4d). Fig. 4e
displays the pulse height spectra results of the (PEA),PbBr,
scintillator under radiation from **'Am and ***Cm sources.
Table 2 summarizes the figures of merit of halide perovskite-
based alpha detectors. Compared to the commercial alpha
particle detectors and scintillators which require high-cost
production lines, lead-based halide perovskites, taking the
obvious advantages of low cost and multiply functional
detectability, have already shown impressive potential for
next-generation alpha particle detection applications.

4.2. Beta particle detectors

Holding a moderate penetration ability, beta-rays, usually
consisting of electrons or positrons, play an important role in
surface radiative contamination surveillance'®® and cancer cell
0% Beta particles can interact with atoms by elastic
scattering and inelastic scattering. As mentioned above, elastic
scattering happens when beta particles are scattered with
nuclei which only changes the trajectory and inelastic scattering
happens between beta particles and electrons in atoms which
produces other electrons or photon signals. The ratio between
elastic scatter and inelastic scatter # is higher for the element
with a larger Z, which means that more inelastic scatterings
happen in the low-Z elements and thus more photons are
emitted and high scintillator performance can be obtained.
Recently, beta-ray scintillators were mainly fabricated using
organic single crystals, liquids, or plastics, which usually suffer
from high production cost, carcinogenicity, complex fabrication,
and poor thermal stability.’°>'°® Currently, Yu et al. reported a
new type of beta-ray scintillator based on 2D lead halide
perovskite (A),PbBr,,®” in which the organic cations can be buty-
lamine (BA), octylamine (OA), stearamine (STA), or dodecylamine
(DA). A series of 2D lead halide perovskites were synthesized
through a facile solution process, as shown in Fig. 5a-d. After
adding Mn>" as the emission centre, 2D lead halide perovskites
show a significant increase in PL-QY values, as shown in Fig. 5e-h.
Fig. 5i displays the working set-up of a beta-ray scintillator based on
2D lead halide perovskite with scintillation signal captured using a
CCD camera. Moreover, the resultant beta particle scintillator
exhibited a low detection limit of 0.1 mCi (Fig. 5j and k) and a
high decomposition temperature of 300 °C compared to that in the
range of 70-105 °C for the commercial plastic beta-ray scintillators.
Taking the combined advantages of the organic cations for beta-
particle detection and the perovskite structure for high PL-QY

treatment.

Table 2 Figures of merit of the alpha detectors

ut product Light yield Response
Material (em*Vv™") (phMev'') time (ns) Ref.
MAPDBr; single crystal 1.6 X 107° — — 101
CsPbBr; single crystal 9.4 x 107* — — 91
MAPbBr; nanoparticle — 90 000 0.1/1 84
(PEA),PbBr, single crystal — 11000 11 102

© 2021 The Author(s). Published by the Royal Society of Chemistry
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values, hybrid 2D lead halide perovskites shed light on high-
performance beta-ray detectors.

5. Photon-radiation detection by lead
halide perovskites

5.1. Gamma-ray detectors

Gamma-rays, as a form of electromagnetic waves, have the
shortest wavelength and the highest energy, and are usually
emitted from atomic nuclei. Gamma-rays can also be detected
using an indirect scintillator or direct photodetector that
records a gamma-ray spectrum through the voltage mode. So,
the most important figure of merit of a gamma-ray detector is
gamma energy resolution, which can be defined as the ratio
between the FWHM of the gamma-ray peak and the gamma-ray’s
energy. Similar to the other photons, gamma-rays show an
exponential decay in their intensity when they pass through
objects. The gamma-ray intensity can be given by

I=Ie™™ (6)

where x is the thickness of the active material and u is the
absorption coefficient related to atomic density (atomic
number Z). Due to the high energy and penetration of
gamma-rays, several severe requirements should be fulfilled
for detecting gamma-rays with high efficiencies, such as a large
average atomic number Z for a high stopping power, a large
carrier-lifetime product for charge collection, high bulk
resistance for low dark current, and superb stability under long
time radiation. Nowadays, the state-of-the-art CZT gamma-ray
detectors can offer a gamma-ray resolution of 0.5% at room
temperature,'” and the high-purity Ge (HPGe) gamma-ray
detector holds the highest resolution of 0.3%. However, as
mentioned before, these commonly-used gamma-ray detectors
usually need to be operated under cryogenic conditions, aiming
to suppress the high dark current.'%®

Compared with the halide perovskite polycrystalline films
which suffer from high trap density and defects induced from
grain boundaries, halide perovskite single crystals with
appropriate thickness and low trap density have gained favors
for gamma-ray detectors. Yakunin et al. reported the fabrication
of the gamma-ray detectors based on FAPbI; single crystals at
room temperature for the first time.'® In this work, two large-
sized (3-12 mm) hybrid perovskite MAPbI; and FAPbI; single
crystals were grown through a facile solution-processed
method. Fig. 6a shows the photocurrent measured as a
function of voltage bias under the radiation of Cu Ko X-ray.
By fitting the data using the Hecht equation, perovskite MAPbI;
exhibited a high ut product of around 107> cm® V~'. The
fabricated gamma-ray detector based on FAPbI; also showed
a good response under radiation from **'Am, as shown in
Fig. 6b. However, the FWHM of the gamma-ray detectors was
only 35%, which was limited by the large dark current and poor
phase stability of the FAPbI; single crystals at room temperature.
Then, He et al. also demonstrated a well-resolved gamma-ray
spectrum via using the MAPDI; single crystals."'® Constructed by
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an asymmetric Ga/MAPbI;/Au structure, the dark current was
successfully suppressed to less than 100 nA at a 100 V reverse
bias (Fig. 6¢). Fig. 6d depicts the gamma-ray spectrum measured
using a Ga/MAPbI;/Au photodetector, where a superb peak
resolution of 6.8% was achieved under the radiation of
122 keV of *’Co source. However, the relatively low bandgap
and bad thermal stability of MAPbI; single crystals set a huge
limit for their usage in high-energy gamma-ray detection
applications. Compared to MAPbI;, both MAPbCI; and MAPbBr;
are more thermally stable under radiation conditions and can
also be synthesized via a solution process. Wei et al. reported a
high-performance gamma-ray detector by further modifying the
halide component ratio in MAPbBr,Cl,_, single crystals.®® As the
halide component varied from totally Br to Cl, hybrid perovskite
single crystals showed a clear transition from the p-type
transport to the n-type behaviour. Particularly, it is found that
the mixed hybrid perovskite MAPbBr; ¢,Clo 06 Single crystal was
almost intrinsic, thus leading to a ten-fold improved bulk
resistivity of 3.6 x 10° Q cm. The dopant technique also offered
an increased ut product of 1.8 x 1072 cm” V. Besides crystal
quality improvement via the dopant strategy, efficient device
designs also made a great contribution to the radiation detecting
performance. As shown in Fig. 6e, the surface/edge leakage
current was mitigated by a guard ring electrode. Being capable
of detecting higher-energy gamma-rays, the MAPbBr, 94Clo 06
photodetector exhibited a resolution of 6.5% under 665 keV
gamma-ray radiation from a '*’Cs source (Fig. 6f).

6754 | Mater. Adv, 2021, 2, 6744-6767

Besides hybrid lead halide perovskites, all-inorganic lead
halide perovskites, in which organic cations are usually replaced
by inorganic cation Cs', also hold huge potential for gamma-ray
detection. All-inorganic perovskite CsPbBr; has a high average
atomic number of 65.9 which is much higher than that of CZT
(50.2), thus leading to a larger attenuation coefficient and a
higher stopping power. He et al. have successfully obtained a
high-resolution gamma-ray spectrum by using CsPbBr;
crystals.”® Grown using the Bridgman technique, perovskite
CsPbBr; single crystal can be easily diced into different shapes
(Fig. 7a). Asymmetric device structure with CsPbBr; single crystal
working as the active layer was also applied in this work with Ga
and Au used as electrodes. As mentioned above, because of the
different Work Functions between the Ga and Au electrodes, the
dark current was highly suppressed even under high reverse bias.
Fig. 7b and c¢ show the dark current characterization of the
asymmetrically-structured Ga/CsPbBr;/Au and the symmetrically-
structured Au/CsPbBrs/Au devices, respectively, where the
asymmetric devices displayed a 10*-times lower dark current at
—200 V bias. Noticeably, CsPbBr; also maintained a good ut
product of 1.34 x 10> em? V', Furthermore, when exposed to a
5 uCi "¥’Cs source, the asymmetric photodetector achieved a
peak resolution of 3.8% at 662 keV (Fig. 7d). Recently, He et al.
also reported a gamma-ray photodetector with an asymmetric
In/CsPbBr;/Au structure,”* which was capable of detecting both
alpha-particles and gamma-rays. Sharing a similar principle, a
4.8% photopeak resolution under the radiation of >’Co source at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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122 keV was achieved. Lately, He et al. further improved the device
structure via using a low work-function metal in the eutectic
Ga-In alloy (EGaIn),""* which enabled a record-high gamma-ray
peak resolution of 1.4% by the EGaln/CsPbBr;/Au gamma-ray
detector with a planar structure (Fig. 7e). However, the planar-
structured radiation detector suffers from a decrease in peak
resolution when enlarging the crystal size. With a hemispherical
device structure as shown in Fig. 7f, a unipolar radiation device
with electrons being screened was obtained, and a larger-sized

© 2021 The Author(s). Published by the Royal Society of Chemistry

CsPbBr; crystal can be applied into this gamma-ray detector with
a high peak-resolution of 1.8%.

Lead-based halide perovskites have also been used in indirect
gamma-ray scintillators, owing to their high photoluminescence
(PL) and light-emitting properties. Recently, Xu et al. reported a
gamma-ray scintillator based on hybrid perovskite MAPbBr, ¢5-
Cl, o5 single crystal."** In this work, a series of MAPbBr,Cl;_,
single crystals were grown via a solution-processed method,
and then the obtained single crystals were further integrated
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(a) CsPbBrs single crystal grown using the Bridgman technique. (b) /-V curve of the Ga/CsPbBrs/Au asymmetric device. (c) -V curve of the Au/

CsPbBrs/Au device, with a large dark current at —200 V. (d) Gamma spectrum obtained by CsPbBrs single crystal under radiation from **’Cs source.
Reproduced with permission.®> Copyright 2018, Nature Publishing Group. () Gamma spectrum obtained by CsPbBrs single crystals with different device
structures under radiation from a **’Cs source. (f) Schematic illustration of the device operation principle of planar and hemispherical gamma-ray
detectors and the corresponding device pictures. Reproduced with permission.!'* Copyright 2020, Nature Publishing Group.

onto the silicon photomultiplier (SiPM) window as the scintillators.
Fig. 8a and c show the PL spectrum of MAPDbBr,Cl;_, single
crystals by tuning the ratio of Br and Cl components. A near-
band-edge emission was obtained for MAPbBr, 45Cl, o5 single
crystal. The pulse height spectra of 1.7 pCi **’Cs source were
successfully acquired at room temperature (as shown in
Fig. 8b). Furthermore, 0D all-inorganic halide perovskite-
based gamma-ray scintillators were also fabricated by Xu and
his colleagues.”® 0D Cs,PbBr, embedded with CsPbBr;

6756 | Mater. Adv, 2021, 2, 6744-6767

nanocrystals was synthesized by a facile solution method. The
obtained 0D Cs,PbBrys/CsPbBr; nanocrystal composites were
further coated onto a photomultiplier tube (PMT) for fabricating
gamma-ray scintillators, as shown in Fig. 8d. Fig. 8e exhibits the
obtained pulse height spectra under the radiation from **'Am,
where a high resolution of 3.0% was achieved by the 0D
Cs4PbBrs/CsPbBr;-based scintillator compared with that of the
commercial NaI(Tl) (resolution of 17.8%). Moreover, a fast decay
time of 10 ns and a high light yield of 64000 ph MeV " were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) X-Ray induced photoluminescence of MAPbBr,Cls_, single crystals. (b) Pulse height spectra acquired by MAPbClz and MAPbBrg 05Cls 95 under

the radiation of a 1.4 uCi **’Cs source. Reproduced with permission.**2 Copyright 2019, ACS. (c) Optical images of MAPbBr,Cls_, single crystals excited by
a 365 nm laser. (d) Schematic of gamma-ray scintillator set up. (e) Pulse height spectra acquired by the commercial NaT(Tl) and CsPbBrz/Cs4PbBrg
scintillator under the radiation of 2**Am source. Reproduced with permission.’® Copyright 2020, RSC.

obtained as well. Besides the 3D- and OD-formed halide
perovskites (like CsPbBr; crystals and 0D Cs,PbBrs materials
embedded with CsPbBr; nanocrystals), layered halide perovskite
(C¢H5C,H,NH;),PbBr, has also shown good scintillation when
excited by gamma-rays.' ™ In the work, the large-sized (27 x 13 x
4 mm) layered perovskite crystals were synthesized by a solution-
processed method. The bulk crystal sample showed a high light
yield of 14000 ph MeV ™" and a fast decay time of 11 ns. Table 3
summarizes the figures of merit of the lead halide perovskite-
based gamma-ray detectors and other commercial gamma-ray
detectors based on other materials. Even though halide
perovskite-based gamma-ray detectors have a relatively lower
resolution (about 1%) as compared with the state-of-the-art
CZT gamma-ray detector, its low-temperature growth method
and reasonable production cost indisputably blaze a new way for
new generation gamma-ray detectors which are capable of both
direct and indirect detection applications.

5.2. X-Ray detectors

X-Rays, as a kind of electromagnetic wave with high penetration,
is one of the most widely-used forms of radiation in modern
society. Since their discovery by Rontgen in 1895, X-rays were

© 2021 The Author(s). Published by the Royal Society of Chemistry

immediately applied into the field of medical applications due to
their high sensitivity to different materials and thus enabled
high-resolution imaging applications."*®> In the 20th century,
X-rays have shown their ability in the areas of crystallography,
imaging, microscopy, and even been used in World War I.
Nowadays, the application of X-rays covers more broad fields,
including medicine, food safety, environmental surveillance,
industry, science research studies, etc.>*''® Similar to gamma-rays,
X-rays can be detected using either direct photodetectors
coupled with semiconductor photodiodes or indirect scintillators.
While aiming to get high imaging performance, extra consideration
of sensitivity, spatial resolution, and lowest detectable dose rate
need to be taken for X-ray detectors.

5.2.1. X-Ray photodetector. As mentioned before, lead-
based halide perovskites, which hold a large bulk resistance,
strong stopping power, and high mobility-lifetime ut product,
are promising for high-energy photon detection devices, which can
be also applied to X-ray detection applications. Recently, Wei et al.
reported a highly sensitive X-ray detector based on hybrid
perovskite MAPbBr; single crystal.>® A non-stoichiometry pre-
cursor ratio with MABr/PbBr, of 0.8 was used for the growth of
high-quality perovskite single crystals (Fig. 9a), where the

Mater. Adv, 2021, 2, 6744-6767 | 6757
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Table 3 Figures of merit of conventional gamma-ray detectors

Bandgap ut product Energy
Material (eV) (em®> V™) Source resolution (%) Ref.
HPGe 0.66 >1 B7cs 0.2 39
CZT 1.5-1.6 >10"> B37Cs 0.5 107
MAPbI, 1.5 0.8 x 10~ *’Co 6.8 110
MAPDBI, 6,Clo.o0s 2.2 1.8 x 1072 ¥Cs 6.5 89
CsPbBr; 2.3 1.3 x10°°% ¥Cs 3.8 35
CsPbBr; 2.3 8§x10° YCs 1.4 111
MAPbBr 4sClyo5 3.0 — 37Cs  10.5 112
Cs,PbBre/CsPbBr; — — 2Am 3.0 90
Nal(Tl) 3.0 — 7’Cs 5.6 114

obtained MAPDBTr; crystals showed a record ut product of 1.2 x
102 cm® V™. As shown in Fig. 9b, the fabricated X-ray detector
exhibited a great linear relationship between photocurrent and
X-ray dose. The high sensitivity of 80 UC Gy, ' cm > was
achieved, which was ten times higher than that of the CZT
detector under the same bias. The lowest detectable X-ray dose
rate was observed as 0.5 uGy,ir s~ ', which is enough to satisfy
the medical diagnostics (5.5 uGya; s~ ') requirement. Except for
the single-crystal perovskites, MAPDbI; polycrystalline films were
also applied in the direct X-ray detectors,"”” where a high
sensitivity of 2527 uC Gy, ' cm > was achieved. Lately, a
quasi-monocrystalline CsPbBr;-based X-ray detector was fabri-
cated by Pan et al®® By using an easy hot-press method, a
CsPbBr; film with a thickness of hundreds of micrometres was
obtained, as shown in Fig. 9c. Notably, the X-ray detectors held
a record-high sensitivity of 55684 pC Gy.; ' cm > under a
5.0 V. mm " electric field (Fig. 9d). The all-inorganic compo-
nents enabled excellent film stability with only a slight
reduction in sensitivity after exposure to air for 9 months.
Gou et al. have also successfully grown high-thickness CsPbBr;
polycrystalline films for X-ray detection applications."'® A
dissolve-recrystallization method was used to improve the film
quality, which further enhanced the device performance with a
high sensitivity of 470 uC Gy,;; ' cm™? at zero bias under a low
X-ray dose radiation of 0.05 UGy, s~ . Synthesized by a facile
hot-injection solution process, CsPbBr; quantum dots (QDs)
can also be used in the devices that can exhibit promising X-ray
response performance.'’® Moreover, flexible X-ray detectors
based on CsPbBrz QD arrays were also fabricated on a PET
substrate using the inkjet printing method (Fig. 9e). This easily
printable X-ray detector can detect a low dose of 17.2 PGy, s~
with a sensitivity of 1450 pC Gyairf1 cm™2, as shown in Fig. of.

5.2.2. X-Ray imaging or scintillators. The first halide
perovskite-based X-ray detector for imaging attempt was
reported by Yakunin et al. in 2015.%® A hybrid perovskite MAPbI,
polycrystalline film was spray-coated on a glass substrate with Ti/
Au electrodes for X-ray photodetection applications. By scanning
various objects under an X-ray beam in the x-y directions, well-
resolved images can be directly obtained by the MAPbI; photo-
detector, as shown in Fig. 10a. The superb X-ray response
enabled by MAPbI; further proved its promising potential for
the perovskite-based X-ray imaging applications, while the inte-
gration of perovskites and other semiconductor arrays is
still a large obstacle for direct X-ray imaging. Wei et al. used
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(3-aminopropyl) triethoxysilane molecule to connect the native
oxide Si and perovskite single crystals by the NH;Br terminal of
the molecule,"*® which achieved direct X-ray imaging applica-
tions without any destruction of the perovskite layers. As shown
in Fig. 10b, a solid connection between the Si substrate and
hybrid perovskite MAPbBr; single crystals was obtained which
enables the direct X-ray imaging devices. The dark current was
also suppressed due to the molecular interlayer between Si and
MAPbBr;, which led to a high sensitivity of 2.1 x 10* pC Gy, * em ™2
and the lowest detectable dose rate of 36 nGy.,;, s . Clear X-ray
imaging devices can be obtained with a spatial resolution of
around 10 Ip mm~" (Fig. 10c). Recently, Kim et al doctor-
bladed a large-scale MAPbI; film (10 x 10 cm) integrated on TFT
arrays® (Fig. 10d). A well-resolved X-ray image can be clearly seen
with a spatial resolution of 3.1 Ip mm ™, as shown in Fig. 10e,
while the resolution is still limited by charge diffusion at grain
boundaries even when the pixel is only 70 pm.

Compared to the direct X-ray detector, halide perovskite X-ray
scintillators are more suitable for real-time X-ray imaging appli-
cations due to their superb light yield and ultrafast photore-
sponse. As mentioned above, halide perovskite QDs and
nanocrystals exhibited tunable radioluminescence properties
with high light yield under excitation from X-rays or gamma-
rays,"*"'**> which enable them as high-performance X-ray scin-
tillators. Heo et al. fabricated X-ray scintillators based on all-
inorganic perovskite CsPbBr; nanoparticles,"** which comprised
a carbon fiber reinforced polymer (CFRP), CsPbBr; nano-
particles, and Si-PD arrays (as shown in Fig. 11a and b). The
spatial resolution of the X-ray detector is 9.8 Ip mm™", which is
almost the same as that of the commercial CsI(Tl) scintillator
(10 Ip mm™") and is much higher than that of gadolinium
oxysulfide (GOS) scintillator (6.2 Ip mm™*). Fig. 11c shows the
X-ray detection images obtained from both the CsPbBr;-based
scintillator and the GOS-based scintillator. Even with decreasing
X-ray dose, the CsPbBr;-based scintillators can still hold the
good image contrast as compared to the GOS-based scintillators.
Recently, flexible X-ray detectors based on CsPbBr; QDs were
also fabricated on photomultiplier tube (PMT) substrates via a
facile spin-coating method."** As shown in Fig. 11d, the X-ray
detectors exhibited a clear linear radioluminescence in relation
with different X-ray dose rates. Moreover, a lowest detectable
dose rate of 13 nGy.ir s~ ! from these detection devices was
achieved, which is over 400-times lower than the medical
diagnostic baseline. Fig. 11e exhibits the real-time X-ray imaging
setup of a flexible detector for a biological sample, where steel
can be clearly found inside the insect body (as shown in Fig. 11f).
Except for the all-inorganic perovskite QDs, CsPbBr; nanosheets
with a high X-ray excited light-yield could also be fabricated into
X-ray scintillators. Zhang et al. reported a large-scale (72 cm?)
X-ray scintillator based on CsPbBr; nanosheets,'?” which showed
a good image resolution of 0.21 mm. Lead-based halide perovs-
kites have already exhibited their outstanding capacity for both
X-ray detection and imaging in the past few years, keeping the
gap between them and the commercial detectors more and more
narrowing. Table 4 shows the key parameter comparison of
currently reported halide perovskite-based X-ray detectors.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) MAPbBr3 single crystals grown at different MABr/PbBr, ratios. (b) X-Ray induced photocurrent at different dose rates. Reproduced with

permission.*® Copyright 2016, Nature Publishing Group. (c) SEM image of CsPbBrs thick films grown via the hot press method. (d) Sensitivity and gain
factor of X-ray detector at the various electric fields. Reproduced with permission.®? Copyright 2019, Wiley-VCH. (e) CsPbBrs QD array on a flexible PET
substrate. (f) X-Ray excited photocurrent and sensitivity at different dose rates. Reproduced with permission ' Copyright 2019, Wiley-VCH.

6. Non-lead halide perovskites for

radiation detection

Except for the lead halide perovskite-based radiation detectors,
non-lead halide perovskites have also attracted enormous

© 2021 The Author(s). Published by the Royal Society of Chemistry

research interests due to their environmentally safe nature.
For example, the double perovskites (A,BB’Xs) and the defect
perovskites (Az;M,Xy) have also shown a huge potential for
radiation detection applications, in which the common Pb
component is usually replaced by other heavy elements, such

Mater. Adv, 2021, 2, 6744-6767 | 6759
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Fig. 10 (a) Photograph (left) and the corresponding X-ray image (right) obtained using a MAPbls photodetector. Reproduced with permission.®®
Copyright 2016, Nature Publishing Group. (b) Solid connection between MAPbBr3 single crystal and Si wafter integrated by a small molecule. (c) Optical
and X-ray images of a capsule with a steel spring and a fish fin. Reproduced with permission.'?® Copyright 2017, Nature Publishing Group. (d) Optical
image of MAPbIs on TFT backplane. Inset shows a pixel structure of TFT. (e) A hand phantom X-ray image was obtained using a MAPblz photodetector.

Reproduced with permission.*® Copyright 2017, Nature Publishing Group.

as Bi, Sb, and Ag."**""?? McCall et al. synthesized A;M,], (A = Cs,
Rb; B = Bi, Sb) defect perovskites for alpha-particle detection.’*°
These perovskites all have high average atomic numbers from
49 to 58, which offer them enough attenuation coefficients and
high stopping powers for radiation detection. However, it

6760 | Mater. Adv, 2021, 2, 6744-6767

should be noted that these perovskite materials also have their
own disadvantages, that is, the yt products of these perovskites
are only around 107> em” V", In this regard, replacing the
inorganic elements Cs and Rb with NH, group would be an
effective approach. Zhuang et al. fabricated highly sensitive

© 2021 The Author(s). Published by the Royal Society of Chemistry
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using the GOS scintillator (top) and CsPbBrs detector (bottom) under different X-ray dose rates. Reproduced with permission }2*> Copyright 2018, Wiley-VCH.
(d) Radioluminescence intensity of a flexible X-ray scintillator at different dose rates. (e) Set up for real-time X-ray diagnosis of biological samples. (f) Bright-field
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X-ray detectors based on (NH,);Bi,l; single crystals.'*!

Encouragingly, the (NH,);Bi,I, single crystals held a high ur
product of 107> em”® V', which is comparable to those of
MAPbBr; and CZT single crystals. The relevant X-ray photo-
detector showed a lowest detectable dose rate of 55 nGya;, s~ L
Zheng et al. have reported an X-ray detector based on MA;Bi,I,
single crystal with a much lower detectable limit of
0.62 NGy, s~ ."*” (Fig. 12a and b). The anisotropic properties of
MA;Bi, ], single crystals led to a large resistance in the out-of-plane
direction, by which a high sensitivity of 10 620 pC Gy, * ecm™ > was
achieved. Double perovskite Cs,AgBiBrg has also attracted huge
research attention for X-ray detection, due to its high average
atomic number of 53.1. Pan et al reported Cs,AgBiBrs single
crystals with the large bulk resistances in the range of 10°-
10" Q em,"®® which further suppressed the dark current when

© 2021 The Author(s). Published by the Royal Society of Chemistry

applied in X-ray detectors. The all-inorganic components also
enhanced thermostability, by which the single crystals can endure
thermal stress up to 430 °C (in Fig. 12c). As shown in Fig. 12d, the
lowest detectable limit of the related X-ray detectors is 59.7 NGy, S~
with a it product of 10> em?® V™. But, it should be pointed out
that the sensitivity of Cs,AgBiBrs-based X-ray detector is rela-
tively low (105 pC Gy, - cm™?). More recently, the photo-
physical behavior of the Cs,AgBiBrs X-ray detector has been
studied by Steele et al.,"** where they found that the radiation-
induced charge carriers were less susceptible to scattering at
lower temperatures and the resistance of Cs,AgBiBrs was
significantly increased as well, thus an improved device
sensitivity of 2100 uC Gy, ' cm™? was obtained. These non-
lead perovskite-based radiation detectors have shown their
promising potential for radiation detection application, which

Mater. Adv,, 2021, 2, 6744-6767 | 6761
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Table 4 Figures of merit of a perovskite-based X-ray detector
Sensitivity Lowest detectable Spatial resolution
Material ut product (cm® V1) (LC GYair ' ecm™?) limit (Gyair s~ (Ip mm™) Ref.
MAPDBT; single crystal 1.2 x 1072 80 0.5 p — 38
MAPDI; polycrystal film 2x10* 2527 — 117
CsPbBr; quasi single crystal 1.3 x 1072 55684 215 n — 92
CsPbBr; polycrystal film — 470 0.05 p — 118
CsPbBr; QD arrays — 1450 17.2 p — 119
MAPDBI; single crystal 4x10°° 21000 36n 10 120
MAPDI; films 1.0 x 107* 11000 10p 3.1 36
CsPbBr; nanoparticles — — 30 9.8 123
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(a) Photograph of MAsBi,lg single crystals. (b) X-Ray dose-dependent signal-to-noise ratio of the out-of-plane device with the lowest detectable

dose of 0.62 NGy, s~ . Reproduced with permission.**? Copyright 2020, Elsevier. (c) Thermogravimetric analysis of Cs,AgBiBre. Included is a photograph

of the Cs,AgBiBrg single crystal. (d) The signal-to-noise ratio of the device under different voltages and X-ray doses. Reproduced with permission.

Copyright 2017, Nature Publishing Group.

may further make the environmentally-safe halide perovskite
detectors highly possible.

7. Challenges and outlook

Metal-halide perovskites have attracted tremendous research
attention for various energy-related and optoelectronic applications
in the past decade, due to their high absorption coefficients, long

6762 | Mater. Adv, 2021, 2, 6744-6767
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diffusion lengths, superb light yields, and high carrier mobilities.
So far, many halide perovskite-based radiation detectors have also
been reported, because of their fast and excellent response to the
charged particles and photon radiation. These outstanding photo-
physical and transport properties of metal halide perovskites
enable them as direct radiation detectors with high sensitivity
and spectral resolution. Besides, metal halide perovskites can
also be fabricated into scintillators working in the indirect mode
due to their efficient light-emitting features under all types of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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radiation. Notably, metal halide perovskites can be easily
integrated with other semiconductors for radiation detectors,
which even hold superior device performance when appropriate
device design is applied. Moreover, compared with today’s
commercial radiation detectors, like X-ray imagers, the detectors
based on halide perovskites are far more sensitive and use less
power. The low-cost raw materials and facile film and the crystal
growth methods, mainly solution-processed approaches, will
potentially reduce the fabrication and operation costs of X-ray
detectors. Therefore, halide perovskite radiation detectors will
offer better prices than the commercial radiation detectors that
we use now.

Despite the advantages that metal halide perovskites hold
for radiation detection applications, there are still a few
challenges that block the commercialization of this class of
materials. Firstly, the large-scale production of halide perovskites
is still a daunting challenge and thus limits industrial-level
radiation detector fabrication. Most commercial digital radio-
graphy detectors require an area larger than 1000 cm?, while
the area of a large-scale perovskite film has just passed over A4
size.’®> Even though the scalable fabrication of perovskite film
is technically achievable, the accompanying trade-off on device
performance is still unaffordable. Then, there is still a vast
distance in the detection performance between halide perovskite
detectors and the existing commercial radiation detectors. As for
alpha particle detection, the state-of-the-art detector offers the
highest spectral resolution of 0.25%,"® while attempts to detect
alpha particles using halide perovskites are still in the early
stages with a spectral resolution of only 15%. The main reason is
that the resistance of halide perovskites (10-10° Q cm) is still
not high enough to reduce the dark current compared with the
high resistance of 10'* Q cm for the 4H-SiC epitaxial layer, which
may reduce the signal quality at high voltage bias and thus
lower the spectral resolution. On the one hand, building an
asymmetric device structure induces a contact barrier which can
sufficiently reduce the device’s dark current. On the other hand,
how to reduce the grain boundaries and intrinsic defects on
perovskite films and single crystals is also another concern on
suppressing the relatively high dark currents. Furthermore, as an
electronic-ionic mixed material, severe ion migration occurs in
perovskite materials under applied voltage which can even react
with the electrodes and lead to the decomposition of the
perovskite active layer."*”*° Effective reduction of ion migration
in halide perovskites is essential for sustaining detector
performance, which may require a deeper understanding of
the physical mechanism inside halide perovskites. Plus, the
stability of halide perovskites needs to be taken into consideration
because most of them suffer from decomposition in the air,
especially the hybrid perovskites in which the organic parts
are chemically active."*® Currently several methods have been
developed for improving the long-term stability of halide perovs-
kite, such as surface engineering, passivation of grain boundaries,
construction of heterostructures, and so on, while the thermal
stability and phase stability cannot be satisfied in both ways yet.
Although the all-inorganic halide perovskites show better long-
term stability in the air, a thorough encapsulation method is still

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in high demand. Environmental safety would be another concern
for commercial radiation applications based on halide perovskite,
particularly the lead-based perovskites, due to the presence of
the heavy metal component Pb. A totally environment-friendly
assembly line is required for perovskite radiation detectors to
minimize lead contamination.

Regarding the photon radiation detections, the highest
gamma-ray spectral resolution is only 0.5% which was obtained
in the commercial CZT crystal-based detectors at room
temperature. Although impressive progress on metal halide
perovskite-based gamma-ray detectors has been made, the
spectral peak resolution is still far low from this level, which
can be attributed to the relatively higher dark current, especially
for the lead iodide types. One of the reasons is the self-doping
nature of single halide component perovskites, which causes the
perovskites to demonstrate p- or n-type and thus lowers their
resistances. Though the self-doping of perovskite can be tuned
by adjusting the halide component ratio, new phase purity and
decreasing mobility will arise as new obstacles. Besides, the long-
term stability of halide perovskites under the radiation of
gamma-rays remains elusive, where the organic components in
hybrid perovskites may suffer degradation. Metal halide
perovskite-based direct X-ray detectors share the same challenges
as those of gamma-ray detectors. However, due to the imaging
requirement, the lowest detectable limit and spatial resolution
should be taken into consideration as extra factors. On the one
hand, the lowest detectable limit of halide perovskite-based X-ray
detectors keeps renewing which is enough for medical diagnosis
now. On the other hand, larger detectors are required for imaging
under a lower X-ray dose rate while the resolution decreases as the
detector area increases. Moreover, the spatial resolution of direct
X-ray detectors is still left behind the first-class HPGe detector,
which is limited by both the perovskites quality and device
fabrication method.

Despite being confronted with these challenges, a bright
future for metal halide perovskite-based radiation detection
applications can be clearly seen, considering their tremendous
advantages, including the low-cost raw materials, facile
production, excellent compatibility, and superb optoelectronic
properties. In addition, given the fact that the active halide
perovskite crystalline films or quantum dots can be grown by
solution-processing at a relatively low temperature, it would be
quite possible to produce flexible radiation detectors for
commercial applications. In this sense, halide perovskite
X-ray imagers could conform to whatever is being scanned.
Therefore, these flexible features would enable halide
perovskite radiation detectors to detect some diseases like
cancer earlier. With more investigations on this promising
field, halide perovskite-based radiation detectors, which show
the high device performance in detecting both the high-energy
particle radiation (alpha and beta particles) and the photon
radiation (gamma-ray and X-ray), hold great potential to lead
the replacement of the existing radiation detection devices, like
X-ray detection technologies, which are omnipresent in our
daily life and used in a multitude of medical diagnostic and
therapeutic tools, for security checking and safety inspections
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of luggage, or in various scientific equipment. Furthermore, as
compared with today’s commercial radiation devices, halide
perovskite detectors are far more sensitive and use less power.
Also, the low-cost raw materials and crystal growth will
potentially reduce the fabrication and operation costs of X-ray
detectors. Therefore, it can be reasonably estimated that halide
perovskites will not only revolutionize the radiation detection
applications but also expand what is already a multibillion-
dollar industry.
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