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Halide perovskites and perovskite related materials
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Radiation detectors are widely used in physics, materials science, chemistry, and biology. Halide perovs-
kites are known for their superior properties including tunable bandgaps and chemical compositions,
high defect tolerance, solution-processable synthesis of films and crystals, and high carrier diffusion
length. Recently, halide perovskites have attracted enormous interest as particle radiation detectors for
both charged (x and p) and uncharged (neutrons) particles. Solid-state detectors based on single crystal
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perovskites can detect a particles and thermal neutrons with energy-resolved spectra. Halide perovskite
scintillators are also able to detect f particles and fast neutrons. In this review, we briefly introduce the
fundamentals of radiation detection and summarize the recent progress on halide perovskite detectors
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1. Introduction

The development of modern science and technology relies
heavily on advanced experimental techniques. High energy
radiation, which can be classified as electromagnetic radiation
(X-rays and y-rays) and particle radiation (o particles,  par-
ticles and neutrons), is an important field of research in
physics,"* materials science,® structural chemistry, and mole-
cular biology.”> X-rays, y-rays and neutrons are powerful tools
for non-destructive inspection, for example, medical imaging,®
industrial monitoring,” and security inspection.® High energy
radiation is also extremely relevant in crystallography,® nuclear
materials,” particle physics' and astronomy.> Therefore, high
performance radiation detectors are pivotal to fully extract the
information carried by the high energy photons and particles.
All radiation detectors operate under the same principle,
that is, converting radiation into electrical or optical signals
that can be amplified and processed by conventional elec-
tronics. Hence, besides the radiation specific requirements,
they need to satisfy a few common requirements, including
high absorption cross section, high charge carrier/photon con-
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version efficiency, high radiation hardness and low back-
ground radiation. The detection of radiation relies on partial
or complete energy transfer from the photons/particles to the
detector material. Therefore, it is important to understand the
interactions between radiation and materials, which can be
discussed in three groups, namely, electromagnetic radiation
(X-rays and vy-rays), charged particles (a and f particles), and
uncharged particles (neutrons). The schematic of interactions
between different types of radiation and materials is shown in
Fig. 1a. However, different types of radiation are not really iso-
lated, as for example a radioactive decay can emit all three
types of radiation,'® and the interaction of a sample with one
type of radiation may introduce other types of radiation, e.g.,
the absorption of high energy X-rays may generate p particles
and « particle irradiation can produce X-rays."* Therefore, the
interaction between high energy photons and materials will
also be briefly introduced, although this review will focus only
on detectors for particle radiation. Note that only interactions
with solid materials will be discussed here, since liquid or gas
filled detectors are not related to perovskite materials.

After an X-ray or a y-ray photon enters the detector, it may
interact with the electrons or with the nuclei. Three inter-
actions mainly contribute to the energy transfer from the inci-
dent photon to the detector material, i.e., Compton scattering,
photoelectric absorption, and pair production.'” The Compton
scattering occurs when the incident photon is scattered by the
outer shell electron, and part of the photon energy is trans-
ferred to the scattered electron. The photoelectric absorption
is the complete absorption of the high energy photon by an
inner shell electron, producing a photoelectron with kinetic
energy equals to the photon energy minus the binding energy
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Fig. 1 (a) Sketch of interactions between different types of radiation and materials. Note that only the most important interactions are illustrated.
X-rays and y-rays can transfer all their energy to a primary photoelectron, which converts its energy into many electron—hole pairs. A p particle loses
its energy though multiple scattering processes with electrons. An « particle converts its kinetic energy into electron—hole pairs in a short range
through may interactions with electrons. A neutron may be scattered by a nucleus, and the recoil nucleus interacts with electrons through Coulomb
force. (b) Sketch of a solid-state detector. Electrons and holes are driven by the electric field and collected by the contacts. The signal is further pro-
cessed by external electronics. (c) Sketch of a scintillator. Electron—hole pairs recombine radiatively and emit visible photons. These photons are

detected and amplified into electrical signals by a PMT.

of the electron. The pair production involves the generation of
an electron-positron pair after the incident photon is absorbed
by the intense coulombic electric field near the nuclei. Thus, it
can only take place when the photon energy is larger than the
rest energy of the electron-positron pair (1.022 MeV). The sec-
ondary electrons, including photoelectrons containing the
entire energy of the absorbed photons, the scattered electrons
containing a fraction of the energy of the scattered photons,
and the electron-positron pairs will undergo a series of elastic
and inelastic scattering event and will ultimately convert their
kinetic energy into many electron-hole pairs of which the
number is calculated by dividing the total energy by the cre-
ation energies of electron-hole pairs (Epair, in the range of a
few eV).'>'* The cross sections of all three interactions
increase with the atomic number (Z), and thus high Z
materials are preferred, especially for detecting high energy
X-rays and y-rays that can penetrate millimeters to centimeters
into common detectors.

In the case of charged particles, the interactions are primar-
ily scattering of the electrons in the material atoms through
Coulomb force. The energy of the scattered electrons is even-
tually converted into electron-hole pairs, similar to the case of
X-rays and y-rays. For an a particle, since its mass is much
larger than that of an electron, each collision can only transfer
a small fraction of its total kinetic energy. However, due to the
large cross section, an o particle can interact with many elec-
trons in a short range and lose all its energy. Additionally, a
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tiny fraction of « particles can also be scattered by the nuclei,
a process known as Rutherford scattering, named after Ernest
Rutherford.'> Hence, the penetrating depth of o particles is
short. For example, a 10 pm thick gold foil can stop most 1
MeV a particles.'® The p particles interact in a way similar to
that of a particles, except that the penetrating depth (milli-
meters) is longer than that of a particles due to the lower cross
section.'” Additionally, high energy p particles may lose energy
through bremsstrahlung (breaking radiation) and emit high
energy photons."® Those photons will interact with the detec-
tor in the same way as X-rays or y-rays. For all charged par-
ticles, the cross sections also increase with Z, but low Z
materials can also be used in detectors since the penetrating
capability of charged particles is not as strong as that of high
energy photons.

The detection of neutrons is more difficult than that of
charged particles because they cannot interact with materials
through Coulomb force. Therefore, the detection depends pri-
marily on elastic scattering with the nuclei, and the cross sec-
tions are small for most materials. The only exception is rep-
resented by thermal neutrons (energy less than 1 eV), which
can be efficiently captured by a few specific nuclei, i.e., *He,
B, °Li and "’Gd through nuclear reactions. Such reactions
produce secondary emissions including protons, o and f par-
ticles, and electromagnetic radiation."® For fast neutrons,
since elastic scattering dominates the interaction, hydrogen
becomes the most effective absorber because its nucleus has

This journal is © The Royal Society of Chemistry 2022
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the same mass as the neutron. The recoil nucleus (proton for
hydrogen) behaves similarly to an « particle and transfers its
energy to the surrounding electrons.

Radiation detectors can be classified as direct-conversion
(solid-state) detectors (Fig. 1b) and indirect-conversion detec-
tors (scintillators, Fig. 1c) by their working mechanisms.”® A
solid-state detector directly collects the electron-hole pairs
generated by the incident photons/particles by applying an
electric field across the detector. To facilitate the charge
transport and maximize the charge collection efficiency, the
detector materials need to have mobility-lifetime products (uz
products) that are large enough for the electrons or holes to
travel through the detector and arrive at the contacts.
Moreover, to minimize the leakage current under a large elec-
tric field, the bandgaps of detector materials must be rela-
tively large, and the defect densities must be small. Thus,
solid-state detectors often utilize semiconductors that can be
grown into large crystals with low defect density. The scintil-
lators convert the radiation into visible light through radiative
recombinations of the electron-hole pairs, and these visible
photons are further detected by a charge-coupled device
(CCDs), complementary metal-oxide semiconductor (CMOS),
photomultiplier (PMT) or silicon photomultiplier (SiPM).'*'*
A good scintillator needs to meet the following requirements:
high light yield, which is defined by the number of emitted
photons per absorbed radiation energy (MeV), fast emission,
which is important for time sensitive detection, and proper
emission wavelength to maximize the efficiency of the
coupled optical detector.

The detectors can also be categorized by their working
mode, for example, integrating mode and single photon/par-
ticle counting mode (spectrometer). The integrating mode
integrates all signals (electrical charges from solid-state detec-
tors or visible photons from scintillators), and the output is
equal to the total energy that the radiation deposits to the
detector during the exposure. The integrating mode is usually
used in imaging detectors, for example, X-ray medical
imaging® and neutron imaging,”* where the image contains
only contrast information, indicating the different absorptions
from different materials.”> The performance of integrating
detectors is thus measured by the sensitivity, defined by the
charges/photons per unit dose.”” The single photon/particle
counting mode counts each high energy photon/particle indi-
vidually, and the output signals are often processed by charge
sensitive amplifiers and converted into voltage pulses of which
the heights are proportional to the energy deposited by the
incident photon/particle. Thus, the energy spectrum of the
radiation can be extracted by plotting the histogram of the
pulse height after proper energy calibration.?® The critical per-
formance of single photon/particle counting detectors is
measured by their energy resolution, calculated by the full
width at half maximum (FWHM) of the energy peak divided by
the center energy.>* This is particularly important for y-ray and
charged particle detectors for isotope identification,* single
photon-emission computed tomography (SPECT),>® energy-
resolved X-ray imaging®” and neutron spectroscopy.’®

This journal is © The Royal Society of Chemistry 2022
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Notably, PMTs in combination with scintillators are primar-
ily used as single photon/particle counting detectors.”**°
PMTs are also widely used as photodetectors for spectroscopy
and biological fluorescence detection.**> The basic working
principle of a PMT is the transformation, by means of a photo-
cathode, of incident photons into photoelectrons, which are
extensively amplified through a series of secondary electron
emissions inside the PMT. Therefore, the photocathode is the
crucial component in determining the efficiency and spectral
range of a PMT.

Halide perovskites are a group of materials that share the
same crystal structure as the mineral perovskite.’® The three-
dimensional (3D) perovskites have a general chemical formula
of ABX;, where A is an organic or inorganic cation (MA":
methylammonium, FA': formamidinium, Cs', Rb’, etc.), B is
an metal cation (Pb, Sn, Bi, etc.), and X is a halide anion (Cl,
Br, I). Since the initial exciting works on 3D halide perovs-
kites,** other perovskite-related materials have also been
widely studied, including the so-called two-dimensional (2D)
perovskites,* zero-dimensional (0D) perovskites,*® double per-
ovskites®” and many other perovskite-like materials.*® In this
review, we will use the term “halide perovskites” when refer-
ring to both perovskite and perovskite-related materials.

Halide perovskites have received enormous attention
during the last decade, mainly for their strong potential to
achieve low-cost solar cells.**”*" Thanks to their superior pro-
perties, ie., tunable bandgaps and chemical compositions,
high defect tolerance, solution-processable synthesis of films
and crystals, and high carrier diffusion length, halide perovs-
kites have also been exploited in prototype light-emitting
diodes,”*™  lasers,’® optical detectors,"””  field-effect
transistors, and photocatalysts.>® Also, radiation detectors
based on halide perovskites have attracted considerable inter-
est during the past few years, especially for electromagnetic
radiation detectors.

Halide perovskites are known as effective absorbers for
high energy photons, primarily due to the heavy atoms includ-
ing Pb, Cs and I. They also meet all necessary requirements for
both solid-state detectors and scintillators. In terms of solid-
state detectors, halide perovskites have high uz products that
can facilitate charge carrier transport. They also have suitable
bandgaps that can give low leakage current for low detection
limit. Polycrystalline thin films are often used for X-ray detec-
tors, while single crystals are usually required to ensure the
complete absorption of high energy y photons. In the case of
scintillators, halide perovskites possess high radiolumines-
cence quantum yield for efficient detection of high energy
photons. The emission wavelength of halide perovskites is also
tunable within the visible and near infrared range, which can
match the maximum detection efficiency of the coupled photo-
detectors. Therefore, perovskite scintillators based on both
single crystals and nanocrystals have succeeded in detecting X-
and y-rays.

Perovskite X-ray detectors, both solid-state detectors and
scintillators, have shown superior sensitivity compared with
conventional materials.”’ ™ The energy resolution of perovs-

48,49
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kite y-ray detectors has been improving rapidly, and detectors
based on inorganic perovskite CsPbBr; have demonstrated per-
formances comparable to those of established CdZnTe ternary
alloys.”*® A few comprehensive review articles published
lately have summarized these recent progress on electromag-
netic radiation detectors based on halide perovskite, for
example, X-ray detectors,”™®® y-ray detectors,” and both.*"°
Recently, significant efforts have been made toward particle
radiation detection using halide perovskites, for example for
detecting a particles,®*™® B particles,®® thermal neutrons,®”:*®
and fast neutrons.®®”® Therefore, this review will aim at sum-
marizing the current status on particle radiation detectors
based on halide perovskite. The recently reported photo-
cathodes using halide perovskites will also be included.
Finally, we will also provide an outlook on these fields.

2. Halide perovskites for a particle
detector

An «a particle consists of two protons and two neutrons and is
categorized as a heavily charged particle. The o particles can
be generated by many radioactive isotopes (radium, uranium,
americium, plutonium, etc.), and thus represent a character-
istic radiation in the identification of these isotopes.”® a par-
ticles strongly interact with electrons in the detector material.
Although each scattered electron can only take a small fraction
of the total kinetic energy of an « particle, many electrons can
interact with the « particle in a short distance and completely
stop it. The penetrating depth of « particles, centimeters in air
and micrometers in solid, is the shortest among all types of
radiation considered in this review.'® Therefore, the air gap
between the source and the detector must be taken into con-
sideration. Owing to the short penetrating depth, high Z
materials are not required for o particle detection, and low Z
semiconductors with high gz products can make good solid-
state detectors. The state-of-the-art diamond detectors can
resolve the 5.486 MeV o particles from an **!
source with an energy resolution of 0.3%.”*”> Scintillators
can also discriminate the energy spectra from o particles
effectively. ZnSe scintillators doped with Te can produce the
spectrum of **’Am « particles with highest energy resolution
of 3% at 5.15 MeV.”*’” There are several reports on halide
perovskites for a particle detection, including 3D perovskite
MAPbBr;, MAPbI; and CsPbBr;,**”"’® 2D perovskite

Am radioactive

Table 1 Performance of « particle solid-state detectors
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(BA),PbBr, (BA: butylammonium) and (BDA)CsPb,Br,
(BDA: 1,4-butanediamine),’>”® 0D perovskite Cs,PbBr, and
Cs4Pbls,”>%° and other perovskite related structures (Cs;Bi,lo,
Cs,Tilg, Cs,Crlg, etc.)."%H%

2.1 Solid state detectors for o particle

Solid state o particle detectors have been demonstrated by
using 3D, 2D and defect perovskites. The material properties
and detector performance are summarized in Table 1. An early
attempt to detect o particles using solid-state detectors based
on halide perovskites was reported by Xu et al® A single
crystal MAPbBr; grown by anti-solvent solution process was de-
posited by Cr and Cgo/bathocuproine (BCP)/Cr contacts as
cathode and anode, respectively. Although energy spectra
could be acquired from the detector under an **'Am o source,
the spectral peaks were broad, and the peak position did not
scale linearly with the applied voltage. This was attributed to
the high dark current level (206 = 10 nA cm™>) and the unba-
lanced electron and hole transport. Detectors based on
MAPDI; single crystals reported by He et al. presented better
performance in detecting **'Am « particles.” The MAPDI;
detector exhibited a lower dark current of ~81 nA cm > and a
more balanced electron and hole transport. Consequently, it
could detect the 5.5 MeV **'Am « particles with an energy
resolution of 14%. (Fig. 2a and b) The same group also
reported detectors using inorganic CsPbBr; single crystals.”®
The detector, with a structure of In/CsPbBr;/Au, can simul-
taneously resolve the y-ray (122 keV)and a particle (5.5 MeV)
peaks from a *’Co source with energy resolutions of 4.8% and
15%, respectively. Compared with organic-inorganic perovs-
kites, inorganic perovskites possess higher stability and lower
defect density when they are grown by the Bridgman
method,* and have great potential in competing with the
current technology for a particle detection, especially consider-
ing the recent progress on high-resolution y-ray detectors
based on CsPbBr;.”’

2D perovskites have a quantum well structure, with layers of
lead halide octahedra separated by layers of organic
molecules.*>*> They have higher stability and larger exciton
binding energy than 3D perovskites, thus they are promising
for optoelectronics.’® Xiao et al. tested solid-state detectors
using 2D Dion-Jacobson perovskite (BDA)CsPb,Br; single crys-
tals.®® (Fig. 2c and d) The 2D perovskite had a large band gap
of 2.76 eV and a high resistivity of 4.35 x 10" Q cm. The detec-
tor had a low dark current density of 34 nA cm™>, and the

Growth pt product Charge collection Energy resolution
Material method Structure (em>Vv™) efficiency (%) o source (%) Ref.
Diamond CVD Al/diamond/TiC/Au 3.1x107* (h) 100 5.5 MeV *"'"Am  0.3% 75
MAPbBT; SC Solution Cr/MAPbBr;/C/BCP/Cr  (0.4-1. 6) x107 (h) — 5.5 MeV **'Am  — 63
MAPbI; SC Solution Pb/MAPbI;/Au 8.1x10° ( ) — 5.5 MeV **'"Am  14% 71
CsPbBr; SC Bridgman  In/CsPbBrs;/Au 9.5 %10~ ( ) — 5.5 MeV *'Am  15% 78
Cs;Bi,lo Bridgman  Au/Cs;Bi,lo/Au 5.4 %10 ( ) — 5.5 MeV **’Am  — 64
CsPbBr,,Clys  Solution Ga/CsPbBr, 4Cl, ¢/Au 3.26 x 107 (h) — 5.5 MeV *'Am  42% 92
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Fig. 2 (a) Sketch of the MAPbIz detector (left) with asymmetric contacts and the corresponding band diagram (right). (b) Energy spectrum acquired
by a MAPbIs detector at room temperature under 2**Am radiation source with both o particles (5.5 MeV) and X-rays (59.5 keV). The inset is the low
energy section of the energy spectrum corresponding to the 59.5 keV X-ray peak. Reproduced with permission from ref. 71. (c) Photograph of a
(BDA)CsPb,Br; single crystal. Copyright 2018 American Chemical Society. (d) Sketch of the crystal structure of (BDA)CsPb,Br;. (e) The energy spectra
of a (BDA)CsPb,Br, detector under an ?*!Am source. Reproduced with permission from ref. 65. Copyright 2022 American Chemical Society. (f)
Sketch of the Cs4PbBrg crystal structure. (g) Radioluminescence and transmission spectra of a Cs4PbBrg crystal. (h) Pulse height spectrum of a
Cs4PbBrg single crystal scintillator under an 2**AM source. Dashed lines are Gaussian peak fit. Reproduced with permission from ref. 72. Published

2021. Licensed under CC BY 4.0.

energy resolution for **'Am o particles was 37% (Fig. 2e).

While the energy resolution still falls behind those of 3D per-
ovskite, 2D perovskites hold great promise as o particle
detectors.

Other perovskite related structures have also been explored
as radiation detectors. For example, solid-state detectors made
of defect perovskites in the form of A;M,I, (Rb3Bi,ly, Rb3Sb,lo,
Cs3Biyl, and Cs3Sb,l,) were able to detect o particles.®®
However, no energy-resolved spectrum was acquired. Although
the perovskite-based detectors have shown their performance
for efficient a particle detection, their performance still fall
largely behind that of the established diamond detector,”
especially for the energy resolution. In addition, the charge
collection efficiency (CCE), defined by the amount of collected

This journal is © The Royal Society of Chemistry 2022

charge relative to the generated charge inside the detector by
radiation, is also an important performance indicator for
solid-state detectors. A high CCE usually indicates that the
detector is free of charge traps. Although no perovskite detec-
tor has reported CCE values, it is reasonable to assume that
their CCEs are much lower than that of the diamond detector
(100%), which is also related to their difference performance
in the energy resolution. Compared with scintillators, solid-
state a particle detectors are more compact and can provide
high energy resolution. But the requirement for good carrier
transport capabilities also limits the material selections.
Future studies need to focus on improving the crystal quality
of halide perovskites and optimizing the device structure to
improve both CCE and energy resolution.

Nanoscale, 2022, 14, 6743-6760 | 6747
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Table 2 Performance of a particle scintillators
Growth Wavelength Light yield Decay Energy resolution

Material method (nm) (ph Mev™) time « particle (%) Ref.
ZnSe(Te) Bridgman 640 70 000 30-80 pus 5.15 MeV **’Pu 3 76 and 77
(BA),PbBr, microcrystals Solution 427 7000 1.70 ns >N 24.29 79
Cs,PbBr, SC Solution 525 — 1.46 ns 5.5 MeV **'Am 58.7 72
Cs,Pbl, SC Solution 552 — 0.95 ns 4.78 MeV **’Np 35 80

5.15 MeV **’Pu 36

5.5 MeV **'Am 43

2.2 Scintillators for a particle

Scintillators for a particles were built with 2D and 0D perovs-
kites. The material properties and scintillator performance are
summarized in Table 2. Li et al. synthesized (BA),PbBr, micro-
crystals for o particle scintillation.”” The material emitted at
427 nm with a moderate light yield of 7000 ph MeV ™", compar-
able to that of a commercial plastic scintillator EJ228 (10200
ph MeV~") under the same conditions. The energy resolution
for a particles from a >*’Np source was about 24%. In the 0D
Cs,PbBrg structure, the lead halide octahedra are disconnected
and separated by Cs" cations (Fig. 2f). A green emission from
this material has been observed by many groups and attribu-
ted to a multitude of possible causes, including the likely pres-
ence of CsPbBr; impurities.®”° Li et al. demonstrated scintil-
lators using Cs,PbBrs single crystals with a high PLQY of
86.7% at 525 nm.”> However, the energy resolution for 5.5 MeV
o particles was only 58.7%, probably due to the poor photon
collection efficiency of the PMT coupled to the scintillator
(Fig. 2g and h). The same group further developed Cs,Pbl,
single crystal scintillators and achieved improved energy
resolution of 43% for 5.5 MeV « particles.®” The light yield of
the Cs,Pbl scintillator was about 50% of that from a commer-
cial BGO scintillator. Since its absolute light yield was not
reported, the improved energy resolution may originate from
the increased light yield or the improved photon collection
efficiency of the PMT.

These early demonstrations again emphasize the potential
of using halide perovskite scintillators for o particle detection.
However, their relative low light yield seriously limits the per-
formance of perovskite scintillators. Since only a few halide
perovskites have been tested for a particle scintillators,
much less than the case of X-ray scintillators,” more halide
perovskites can be tested to search for the best performing
scintillators, especially for perovskite nanocrystals which are
so far the most promising X-ray scintillators based on halide
perovskite.”*

3. Halide perovskites for § particle
detector

B particles are high energy electrons or positrons emitted by
certain nuclides. Detecting f particle is important for radio-
active contamination surveillance.”® They have moderate pene-
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tration ability, that is, higher than « particles but lower than
X-rays. p particles can undergo elastic or inelastic scattering
after entering the absorbing materials, and the inelastically
scattered electrons can further generate secondary emissions
(Auger electrons, secondary electrons, and X-rays). This sec-
ondary radiation is ultimately converted into electron-hole
pairs and contributes to the detector signal. The elastic scatter-
ing between the p particles and the nuclei may result in back-
scattering, where the fast electrons are deflected by a large-
angle and escape the detector, depositing little energy to the
detector. The probability of backscattering increases with Z
and is more prominent for low energy electrons, i.e., a thick
gold layer can reflect 50% of incoming 100 keV electrons while
carbon can only reflect 4%.°* Therefore, low-Z elements are
more favourable for p particle detectors. Using light elements
can also lower the detector sensitivity to X- and y-rays, result-
ing in higher discrimination of the p signal.

Halide perovskites have only been demonstrated as scintilla-
tors for p particle until now, summarized in Table 3. The first
halide perovskite p scintillator was reported by Yu et al.°® They
selected 2D perovskites for their lower average Z values com-
pared with 3D perovskites and higher irradiation hardness.” A
reference scintillator based on CsPbBr;/Cs,PbBrs perovskite
core/shell nanocrystals (NCs) was also tested. The difference of
electron backscattering can be seen from the SEM image of the
sample containing both 2D perovskite and high Z perovskite
NCs (Fig. 3a), where the 2D perovskite had lower electron back-
scattering (brightness). To improve the PLQY and reduce reab-
sorption, Mn dopants (~0.3%) were introduced to increase the
Stokes shift, and the PLQY was raised from less than 10% for
undoped perovskites to over 50% for Mn doped ones. The
highest f scintillation light yield (24000 ph MeV ') was
achieved from the long-chain STA,PbBr, (Fig. 3b-d). The 2D
perovskite scintillator also displayed good linearity as well as
high p irradiation hardness. (Fig. 3e and f).

Besides pure perovskite crystals, halide perovskites
embedded in plastic scintillators were also found to be
effective B scintillators.”® Kang et al. synthesized an epoxy/
PPO/perovskite (PPO: 2,5-diphenyloxazole) composite by
simply mixing 0.5 wt% CsPbBr;_,Cl, with epoxy/PPO mixture.
After annealing the mixture at 250 °C, the perovskite formed
nanoparticles, and the scintillator remained highly transpar-
ent (Fig. 3g). Also, the epoxy-PPO/perovskite scintillator fea-
tured a large Stokes shift, significantly reducing reabsorption
(Fig. 3h). Under f irradiation from a °°Sr source, the perovskite

This journal is © The Royal Society of Chemistry 2022
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Table 3 Performance of p particle detectors
Wavelength  Light yield Decay time Energy
Material Growth method (nm) (phMev™)  (ns) f source resolution  Ref.
STA,PbBr:Mn Aqueous synthesis 610 24000 500 %Ni (up to 66.7 keV)  — 66
Epoxy/PPO/CsPbBr;_,Cl,  Thermal polymerization 430 — — 20Sr (up to 546 keV) — 9
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Fig. 3 (a) SEM image of the mixture of perovskite NCs (CsPbBr3;/Cs;PbBre) and 2D perovskites (STA,PbBr,) in backscattering electron mode indi-
cated the different electron reflectivity, the scale bar is 5 um. Note that the 0D HPs in the image represented perovskite NCs. (b) XRD of STA,PbBr,4
with the inset showing the sketch of the lattice structure. (c) Scintillation spectrum of STA,PbBr4. The 2D perovskite scintillator demonstrated | good
linearity down to the detection limit and (f) high p irradiation hardness. Panels (a—f) are reproduced with permission from ref. 66. Published 2020.
Licensed under CC BY 4.0. (g) A photograph of epoxy matrix with PPO and a perovskite-loaded plastic scintillator. (h) Absorption and emission
spectra of the perovskite-loaded scintillator. (i) Energy spectrum acquired from the perovskite-loaded plastic scintillator. Panels (g—i) are reproduced

with permission from ref. 96. Published 2021. Licensed under CC BY 4.0.

scintillator could generate an energy spectrum with higher
counts in the high energy range (channel number higher than
800) than the commercial scintillator BC-400 (Fig. 3i). It also
proved a neutron detection efficiency of 17.71%, close to that
of BC-400 (20.05%), demonstrating the potential applicability
of halide perovskites in plastic scintillators.

Although the reported P particle scintillators based on
halide perovskite have high light yield comparable to commer-

This journal is © The Royal Society of Chemistry 2022

cial plastic scintillators, they failed to resolve the energy of p
particles. Since the first report of § particle detectors based on
halide perovskites was only two years ago, many questions
remain open and need comprehensive studies. Noting the
similarities between X-/y-ray detectors and p particle detectors,
future studies may adopt similar selections of materials and
device structures of the former for the latter, for both solid-
state detectors and scintillators, which will also allow the
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direct comparison between these two types of detectors. To
address the issue of electron backscattering caused by heavy
atoms, perovskites consisting light elements instead of lead
may be considered, for example, Sn and Cu based perovskites.

4. Halide perovskites for neutron
detector

Neutron detectors are widely used for a variety of applications,
for example neutron crystallography,” nuclear reactor instru-
mentation,”® nuclear material detection,”® and nuclear
physics.'°”*°" Unlike y-rays or charged particles, neutrons
interact weakly with electrons. Therefore, the detection of neu-
trons relies on their interaction with nuclei, releasing charged
particles that can be converted into electrical signals. Neutrons
can be classified according to their energy range, from low to
high energy, cold neutrons (<25 meV), thermal neutrons
(~25 meV), epithermal neutrons (25 meV to 100 eV), slow neu-
trons (100 eV to 1 MeV), and fast neutrons (>1 MeV).'**> Only a
few nuclei can efficiently capture thermal neutrons, for
example, *He, '°B, °Li and "*’Gd."® Therefore, thermal neutron
detectors must use materials with a high density of these
nuclei. On the other hand, because fast neutrons interact
weakly with most nuclei, the most effective detection is
through elastic scattering with hydrogen nuclei (protons), and
the fast neutron detectors often contain hydrogen-rich plas-
tics."” In addition to high interaction probability, neutron
detectors also need to meet two requirements: low y-ray sensi-
tivity and high o particle detection efficiency.'® Since the
generation of neutrons is often accompanied by the emission
of y-rays, it is important not to count the false neutron events
from y-ray absorption. This can be done by either using a
material containing only light elements that have low y-ray
absorption coefficient or using pulse shape discrimination
(PSD) enabled by the different time scale between a neutron
pulse and a y pulse.'®

Since o particle is the characteristic product after a neutron
being captured by a '°B or °Li nucleus, measuring o particle
with high efficiency and high energy solution is essential for
precise neutron count. *He gas has been the most widely
material used in gas proportional detectors by producing a "H
and a *H ions after absorbing a thermal neutron. However,
due to the very limited production of *He gas along with the
bulky volume, high operation voltage and high cost of gas pro-
portional detectors, these cannot meet the increasing demand
for more affordable and portable detectors.'®” Scintillators and
solid-state detectors are therefore highly sought for affordable,
compact and pixelated neutron detection.'®*'%%1%°

Neutron scintillators often use glass or semiconductors
containing °Li, for example, °Li-glass, °Lil and °LiF/ZnS."*® '°B
and °LiF filled Si microstructures have been the most success-
ful solid state neutron detectors with high detection efficien-
cies over 30%."""""" These detectors are considered as indir-
ect-conversion solid-state detectors because the neutron
absorption and charge collection are separated in different
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materials. The thermal neutrons are first captured by the '°B
and °LiF coatings, which release energetic charge particles (*H
and « from °Li, “Li and o from '°B). Only those charged par-
ticles reaching the Si diode can create electron-hole pairs that
are converted to electrical signals.'® Therefore, the detection
efficiencies of indirect-conversion detectors are lower than
those of direct-conversion detectors that use one material for
both neutron capture and charge collection. Popular materials
for direct-conversion neutron detectors are hexagonal boron
nitride (hBN),"** LiInSe,""® and LiInS,Se,."'* These materials
can potentially offer 100% detection efficiency as well as high
energy resolution. In spite of such recent progress on direct-
conversion neutron detectors, many issues remain unsolved,
for example, the growth of high-quality crystals and the detec-
tor optimization. Therefore, new materials for neutron detec-
tion, especially direct-conversion detectors are still under
active investigation. Several reports have demonstrated
neutron detectors based on halide perovskites, including both
scintillators and indirect-conversion solid-state
detectors.5”7%106:113:116 gince the detectors for thermal and
fast neutrons require different absorbing materials, they will
be discussed separately below.

4.1 Thermal neutron detectors

4.1.1 Solid-state detectors for thermal neutrons. Both 3D
inorganic and organic-inorganic halide perovskites have been
shown as thermal neutron detectors, summarized in Table 4.
An indirect-conversion solid-state thermal neutron detector
was reported by Fernandez-Izquierdo et al. using CsPbBr; thin
films combined with a '°B conversion film.*” The diode used a
structure of ITO/Ga,03;/CsPbBr;/Au where the Ga,0; was the
n-type contact. The diode exhibited reasonable o particle
response, which was 16% of that of a commercial Si diode.
The neutron detection was achieved by placing a commercial
9B conversion layer on top of the Au contact, and the neutron
detection was calculated as ~1% for the CsPbBr; diode. This
efficiency could be further improved by doping the surface of
CsPbBr; with Cl anion coming from the treatment with PbCl,
vapor. Compared with undoped CsPbBr; film, the mixed
halide film was characterized by larger grains and lower
leakage current, and consequently the neutron detection
efficiency increased to 2.5%, fairly close to that of a reference
Si diode. The indirect-conversion detectors based on CsPbBr;
were further improved by the same group recently.'’® The '°B
conversion layer was backfilled into the microstructures
etched on the CsPbBr; film, similar to the '°B filled Si micro-
structures."'® (Fig. 4a) The '°B filled CsPbBr; detectors had a
maximum neutron detection efficiency of 4.3%, much
improved than that of planar detectors.®” (Fig. 4b) In general,
thin film detectors are insensitive to y-rays owing to their
micrometer thickness (13 pm), thus a high neutron-y discrimi-
nation was achieved for precise neutron count.

Organic-inorganic halide perovskite were also demon-
strated as indirect-conversion thermal neutron detectors.
Bouanani et al. used polished MAPDbBr; single crystals (thick-
ness of 100 pm) in a diode structure of Ag/In/Ga,03;/MAPbBr;/

This journal is © The Royal Society of Chemistry 2022
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Detection mechanism  Neutron source  Detection efficiency  Ref.

Material Growth method Detector structure
CsPbBr; film  Close space sublimation ~ ITO/Ga,03/CsPbBr;/Au
CsPbBr; film  Close space sublimation ~ ITO/Ga,03/CsPbBr;/Au

MAPbBr; SC

Solution

Ag/In/Ga,03/MAPDbBr;/Au

Indirect 220f 2.5% 67
Indirect 22¢f 4.3% 106
Indirect 252¢f 3.92% 116

—&— Theoretical
84 —o— Experimental

Planar Detectors

64 i
b Theoretical
v Silicon Detectors

» Experimental
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Neutron Detection Efficiency (%)
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Fig. 4 (a) Sketch of a planar CsPbBrs neutron detector (top) and a microstructured CsPbBrs detector back-filled with °B. (b) Comparison of
neutron detection efficiencies between theoretical simulations and experimental results from planar and microstructured CsPbBrs detectors. The
10B filled detectors showed much improved detection efficiencies. Reproduced with permission from ref. 106. Copyright 2022 Wiley. (c) Sketch of
the crystal structure of (PEA),PbBr,. (d) Photographs showing UV and X-ray luminescence of a Li—(PEA),PbBr, single crystal. Scale bars are 1 cm. (e)
Pulse height spectra from a Li—(PEA),PbBr, scintillator under an Am—Be neutron source after PSD. The neutron and y-ray (**’Cs) spectra are in red
and blue dots, respectively. Reproduced with permission from ref. 68. Published 2020. Licensed under CC BY 4.0.

Au for thermal neutron detection.'*® The diodes exhibited low
leakage current and high o particle detection efficiency of
59.3%. The neutron detection was achieved by placing a '°B
converter on top of the Ag contact, and the neutron detection
efficiency reached 3.92%, higher than the planer detector and
very closed to the micro-structured CsPbBr; detectors.®”'%°
This improved detection efficiency can be attributed to the
thicker film used in this study (100 pm vs. 13 um). However,
thick halide perovskite film also increased y-ray sensitivity and
decreased neutron-y discrimination. Therefore, it is important
to find the optimized device thickness for balanced neutron
detection efficiency and y-ray sensitivity. Indirect-conversion

This journal is © The Royal Society of Chemistry 2022

detectors based on MAPbBr; were also reported by Andricevi¢
et al."*®> The detectors employed a simple device structure of
MAPDBr; single crystals with graphite spray electrodes. A Gd
foil or a Gd,O; pellet was used for neutron conversion. Unlike
°Li or "B, which releases mainly a particles, Gd converts
thermal neutrons main into y-rays.''” Hence, the MAPbBTr;
detectors were actually for y-ray detection. Although they
showed photocurrent response to the y-rays emitted by the Gd
converter, the discrimination between neutron and y-ray needs
to be further evaluated.

Although these indirect-conversion solid-state detectors can
detect thermal neutrons, they are not much different from the
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Table 5 Performance of neutron scintillators
Relative light yield Spatial
Growth Wavelength ~ compared with Decay time resolution,

Material method  (nm) reference (ns) Neutron source Ip mm™ Ref.
Li-(PEA),PbBr, SC Solution 436 — 11 ns Am-Be thermal neutron = — 68
FAPbBr; NC Solution 523 19.3% of ZnS:Cu(PP) Seconds 1.8 MeV average 0.2 118
CsPbBrCl,:Mn NC Solution 606 11.24% of ZnS:Cu(PP)  Seconds >1 MeV 0.37 69
Mn-STA,PbBr, microplates ~ Solution 620 79% of ZnS:Ag(PP) 812 ps 2 MeV, 14 MeV 0.5 70

o particle detectors introduced in Section 2. Therefore, similar
strategies also apply to the further development of indirect-
conversion neutron detectors. More importantly, direct-conver-
sion solid detectors that use halide perovskites incorporating
neutron-capturing nuclei can offer much higher detection
efficiency, and thus the successful synthesis of halide perovs-
kite with high concentration of '°B or °Li may open new routes
for solid-state thermal neutron detector. Since efficient capture
of thermal neutrons only requires sub-millimetre thick absorb-
ing material, solid-state detectors can achieve more compact
design compared with scintillators, and therefore more favour-
able for thermal neutron detection.

4.1.2 Scintillators for thermal neutrons. Thermal neutron
scintillators were reported by Xie et al. using 2D halide perovs-
kite crystals.”® The material properties and scintillator per-
formances for both thermal and fast neutrons are summarized
in Table 5. Li doped layered perovskite (PEA),PbBr, (Li-
(PEA),PbBr,) single crystals were synthesized by adding LiBr to
the PbBr, precursor, and the highest Li:Pb ratio was 1:20.
The Li-(PEA),PbBr, single crystal was found to be a good scin-
tillator for X-ray, y-ray and a particles. (Fig. 4c and d)
Additionally, the incorporation of Li enabled thermal neutron
capture, although the detection efficiency was low due to the
low °Li concentration in natural Li (7.59%). A clear bump
caused by neutron interaction can be discriminated from that
caused by y-rays in the pulse height histograms. (Fig. 4e)
These results emphasize the possibility of high-performance
thermal-neutron scintillators based on halide perovskite, pro-
viding that high concentration °Li can be applied to the syn-
thesis. Similar to solid-state detectors, halide perovskite con-
sisting high densities of '°B or °Li that are directly incorpor-
ated into the perovskite lattice instead of doping may offer
higher scintillation efficiency.

4.2 Fast neutron detectors

Fast neutron scintillators have been demonstrated using per-
ovskite NCs and 2D halide perovskites, which contain high
densities of hydrogen atoms, summarized in Table 5.5%7%!!8
To maximize the light output, the scintillators need to contain
high density perovskite NCs while keeping reabsorption low.
Moreover, since the fast neutron scintillators are often used
for radiography imaging, high spatial resolution is also an
important parameter for evaluating their performance. The
first fast neutron scintillator based on perovskite NCs was
reported by McCall et al. using FAPbBr; and CsPbBrCl,:Mn
NCs."'® The FAPbBr; NCs exhibited the highest light yield

6752 | Nanoscale, 2022, 14, 6743-6760

(19% of the reference ZnS:Cu scintillator) owning to their near
unity PLQY (96%) (Fig. 5a and b). Higher concentrations of NCs
can increase the charge collection efficiency, however, the light
yield did not increase linearly with the concentration, primarily
due to the strong reabsorption (Fig. 5¢) of FAPbBr; NCs. The
strong reabsorption also increased light scattering, resulting in
low spatial resolution. In contrast, the CsPbBrCl,:Mn NCs
exhibited almost twice as much spatial resolution as that of
FAPbBr; NCs (27 pixels vs. 52 pixels) because of the large Stokes
shift, though the PQLY was low due to the low concentration. To
further increase the concentration of CsPbBrCl,:Mn NCs and
fully utilize their Stokes shift, Montanarella et al. improved the
synthesis of NCs using a long-chain zwitterionic ligand to attain
very high concentrations (over 100 mg ml™).*® As a result, the
concentrated CsPbBrCl,:Mn NCs maintained both high PLQY
(53%) and dominant Mn”>* emission (97% of total emission)
with 1 eV Stokes shift (Fig. 5d). The light yield of fast neutron
scintillation scaled almost linearly with concentration, close to
that of FAPbBr; NCs whose PLQY was almost twice (96% vs.
53%). (Fig. 5e) Overall, NCs hold great promise for fast neutron
scintillation, and the ideal material needs to simultaneously
satisfy high PLQY, large Stokes shift and high concentration.”*°*

Beside perovskite NCs, 2D halide perovskite Mn-
(C18H3,NH;3),PbBr, (Mn-STA,PbBr,) microplates were also
tested as fast neutron scintillator by Zheng et al.”® The hydro-
gen density was enriched by the long chain stearylamine (STA)
cation. (Fig. 5f) Therefore, both neutron scattering and
luminescence generation were integrated into a single perovs-
kite compound. Since the undoped STA,PbBr, perovskite only
had a low PLQY of 2.79%, Mn doping was introduced to
increase the Stokes shift and reduce the reabsorption, and the
PLQY was boosted to 58.58% for Mn-STA,PbBr,. Fast neutron
radioluminescence tests revealed the highest light yield (79%
of that of a commercial reference ZnS(Ag):PP scintillator) for a
Mn-STA,PbBr, film with a thickness of 1135 pm. The spatial
resolution was determined as 0.5 Ip mm™", much higher than
the previous reported value from perovskite NC solution,"®
but still lower than that of the industrial standard ZnS(Ag):PP
(2 Ip mm™). (Fig. 5¢ and h) This work opened new routes for
fast neutron scintillators based on solid form perovskites.
Further improvements need to focus on increasing the
neutron scattering cross section to reduce the film thickness,
improving the crystal quality to reduce light scattering and
enhancing the light yield.

For fast neutron detection, scintillators have received much
more attention than solid-state detectors owning to the easier

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Sketch illustrating the principles of fast neutron detection: (1) elastic scattering of the fast neutron off an H nucleus; (2) the generation of
a charge carrier cloud by the proton; (3) the excitation and emission of the NC. (b) Comparison of light yields obtained for different NCs under a 300
s fast neutron beam exposure, expressed as a percentage of the light yield obtained under identical conditions for the reference ZnS:Cu(PP) scintilla-
tor screen. (c) Normalized light yield vs. scintillator thickness for FAPbBrz and CdSe/CdS NCs at full concentration. The reduction of light yield com-
pared with expected values was due to self-absorption. Reproduced with permission from ref. 118. Published 2020. Licenced under CC-BY-NC-ND
4.0. (d) Absorption and PL spectra of Mn doped CsPbBrCl, NCs. (e) Normalized light yield vs. scintillator thickness for 66% Mn?*:CsPbBrCl, NCs
(orange square) indicating a nearly linear response because of reduced reabsorption, in sharp contrast to the FAPbBr; NCs (green diamond).
Reproduced with permission from ref. 69. Published 2021. Licenced under CC-BY-NC-ND 4.0. (f) Comparison of hydrogen density of a 2D perovs-
kite and commercial fast neutron scintillators (ZnS(Ag):PP and anthracene). (g) Standard sample (steel plate with slits, holes of different sizes) for
resolution test. (h) Fast neutron imaging proving good spatial resolution of the NC scintillator. The image was exposed for 100 s under a 14 MeV fast
neutron accelerator for a total of 20 times. Reproduced with permission from ref. 70. Copyright 2021 American Chemical Society.

incorporation of hydrogen into the absorbing material, and
perovskite scintillators have seen significant progress during
the past few years. But the reported perovskite scintillators still
have lower light yield and spatial resolution compared with
commercial scintillators. Since the fundamental working prin-
ciples of thermal and fast neutron scintillators are the same,
that is perovskite single crystals or nanocrystals with high
neutron capture cross section and high luminescence yield,
future research needs to address these issues through the
rational design of material composition, for example, explor-

This journal is © The Royal Society of Chemistry 2022

ing new halide perovskites with high density of H, '°B or °Li
and developing luminescence doping (Eu or Tl) in perovskites
to improve light yield and reduce reabsorption.

5. Halide perovskites for
photocathodes

Photocathodes are essential components in electron accelera-
tors, for example, synchrotron light sources and free-electron
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lasers. Photocathodes are also important parts in
sensitive photodetectors, for example, PMTs and image
intensifiers."*"** All of these applications rely on converting
photons into photoelectrons by the photocathodes using
photoelectric effect. The photoelectric effect, originally discov-
ered more than 130 years ago, is the absorption of a photon
with energy larger than a threshold value and emission of a
photoelectron from the cathode. The threshold photon energy
is defined as the work function of the cathode material, which
equals to the energy difference between the Fermi level of the
cathode and the vacuum level. Commonly used photocathode
materials can be grouped into three categories: metals, posi-
tive electron affinity (PEA) semiconductors and negative elec-
tron affinity (NEA) semiconductors. Metals (Cu, Nb, Pb, Mg,
etc.), benefiting from their low thermal emittance, high robust-
ness, and long lifetime, are predominantly used in photoinjec-
tors for accelerators."®*"'2® However, their high work function
and low photoemission quantum efficiency (QE) limit their
further applications. Positive electron affinity semiconductors
are mostly alkali compounds (Cs;Sb, Na,KSb, K,CsSb, Cs,Te,
etc.). They have much lower work functions than metals.
Therefore, they are widely used in photoinjectors requiring
high current density and sensitive photodetectors for visible
wavelength."?"'*” NEA semiconductors are typically I[I-V semi-
conductors (GaAs, GaN, tertiary alloys of III-V materials) with
surface activated to NEA condition by a thin Cs (Cs-O or Cs-F)
layer. The NEA surface greatly increases the electron
escape probability, improves QE, and decreases thermal
emittance.'*®'?° They are also sensitive to visible or near infra-
red (NIR) wavelength, leading to the development of third-
generation image intensifier."**'*!

The semiconductors for NEA photocathodes need to meet a
few requirements: high crystal quality for long carrier
diffusion length, high optical absorption coefficient for
efficient photoelectron generation, suitable optical bandgaps
for high power lasers, and low surface defects for high electron
emission probability. III-V semiconductors (GaAs, GaN) are
the most widely used materials for NEA photocathode.
However, high quality single crystals and rigorous surface
preparations are required for the NEA activation,"**"** and the
lifetime of these NEA photocathodes is very limited due to the
reactive surface Cs coating layer."*

Recently, Liu et al. demonstrated that inorganic perovskite
(CsPbBr; and CsPbls) thin films can be used as efficient NEA
photocathodes by deposition of a monolayer of Cs on their sur-
faces, summarized in Table 6."*° The perovskite films were pre-
pared by a simple spin-casting method, which can be applied
for large scale production. Cs was thermally evaporated to acti-
vate the NEA surface state of perovskite films in ultra-high

Table 6 Performance of perovskite photocathodes
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Fig. 6 (a) Sketch of the photoelectric effect measurement setup. The
perovskite films were mounted inside an ultrahigh vacuum chamber.
The bias voltage was applied between the perovskite cathode and a
metal ring anode. (b) Quantum efficiency spectra of the photoelectric
effect in the CsPbls and CsPbBrs thin films before (dashed lines) and
after (solid lines) Cs activation. Dashed grey horizontal lines indicate the
emission threshold. (c) Quantum efficiency spectra of the photoelectric
effect for the organic—inorganic perovskite films: FAg7MAg 25Csg.05Pbls,
BA,MAPD;l;, and BA;MA4Pbslig. (d) Quantum efficiency spectra of an
originally activated CsPbBrs photocathode (L), degraded photocathode
(M), and reactivated photocathode (N). Reproduced with permission
from ref. 136. Published 2021. Licensed under CC BY 4.0.

vacuum while simultaneously monitoring the photoemission
QE until it reached the maximum value. Compared with the
work function of pristine CsPbBr; and CsPbl; films measured
by photoemission yield spectroscopy (4.0 eV), the work func-
tion of Cs-coated films was lowered to close to their optical
band gaps of 2.1 eV and 1.8 eV, respectively. The maximum QE
(2.2%) was achieved from CsPbBr; at an incident photon
energy of 5 eV. (Fig. 6a and b) The lower QE from CsPbl; was
attributed to the lower crystal quality due to the existence of
non-perovskite yellow phase. Using Auger electron spec-
troscopy, the Cs coverage was quantitatively measured to be
2.5 atoms per unit cell of CsPbBr;. The reproducibility of NEA
perovskite photocathodes was further examined by testing
seventeen CsPbBr; films, which gave an averaged QE of 1.5%.
The perovskite photocathode also had improved stability com-
pared to GaAs photocathodes as they underwent a slower
degradation in similar vacuum conditions. In addition,

Work function

Quantum efficiency (%)  Vacuum and lifetime  Ref.

Material Growth method  Photoluminescence (nm)
Cs:CsPbBr; film  Spin coating 525 2.1
Cs:CsPbl; film Spin coating 690 1.8
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work function values of CsPbls (top) and CsPbBrs; (bottom) compared with experimental values. (c) Density of states (DOS) of CsPblz for the [001]
surface without Cs (top), with a single layer of Cs (middle), and with a double layer of Cs (bottom). Reproduced with permission from ref. 137.
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degraded perovskite photocathodes can be regenerated by
in situ Cs deposition (Fig. 6d).

A theoretical study of the origin of the reduced work function
of Cs-coated halide perovskites was carried out by Lewis et al. ">’
They used density functional theory (DFT) to investigate Cs-
coated halide perovskites. A single-layer Cs coating can reduce
the work function of CsPbBr; and CsPbl; [001] surfaces from
~4 eV to ~2.1 eV, and a double-layer Cs coating further lowered
the work function to 2.0 eV and 1.8 eV, respectively. (Fig. 7a—c)
These work functions and Cs coverage values matched the
experimental results very well."*® Traoré et al. studied the effects
of surface dipoles on the work function of halide perovskites by
combining classical electromagnetism and first-principle calcu-
lations and applied this theoretical methodology to various
systems."*® They found that a monolayer Cs coverage on CsPbl;
can reduce the valence band energy level by 2.63 to 2.88 eV for
different surface terminations (Pbl, or CsI). These values were
also consistent with previous reports.'****”

Beside inorganic perovskites, Liu et al. also tested organic-
inorganic halide perovskites, including triple cation
FA,7;MA »5CS¢.05PbI; and Ruddlesden-Popper layered perovs-
kites (BA;MA,;Pb,I; and BA,MA,Pb;l;6)."%° (Fig. 6¢) After Cs
activation, all three perovskites exhibited lowered photo-

This journal is © The Royal Society of Chemistry 2022

emission onsets, but these values were still higher than their
optical band gaps. Thus, the NEA status was not established
on the organic-inorganic perovskites. These observations
along with the relatively low QE from NEA CsPbBr; photo-
cathode indicated the importance of reducing surface defects
in order to fabricate high QE perovskite photocathodes.
Further developments of NEA perovskite photocathodes need
to focus on improving the crystal quality, controlling the Cs acti-
vation process, and investigating the degradation mechanism.
Although the inorganic perovskite photocathodes have much
higher stability than III-V semiconductors, the QEs of the
former are significantly lower than the latter. Therefore, high-
quality perovskite crystals, especially single crystal thin films are
the ideal materials for achieving high QE. The recent progress
on the growth of high-quality single crystal perovskites through
both Bridgman and solution methods provides new opportu-
nities to improve the performance of perovskite photocathode.

6. Conclusions and outlooks

Halide perovskite detectors for particle radiation and photo-
cathodes have seen a rapid development during the past five

Nanoscale, 2022, 14, 6743-6760 | 6755


https://doi.org/10.1039/d2nr01292h

Published on 25 April 2022. Downloaded by Y unnan University on 8/15/2025 7:02:10 AM.

Minireview

years, especially for the detection of f particles and neutrons
over the last two years. Compared with traditional detectors
and photocathodes, the advantages of halide perovskites are
the widely tunable compositions for meeting the various
requirements of different types of radiation, versatile and low-
cost synthesis for large-scale production, and superior elec-
tronic and optical properties for fast and efficient detection.
Perovskite photocathodes and detectors for particle radiation,
being still at the very early stage of developing, lag significantly
behind traditional materials, i.e., the energy resolutions of a,
and neutron detectors are far below those of state-of-the art
technologies and the detection efficiencies are also much
lower than those of established materials. Therefore, more
efforts are needed to develop practical particle radiation detec-
tors and photocathodes using halide perovskites.

Solid state perovskite detectors for o particles have been
demonstrated for energy-resolved spectra, although their
energy resolution still much lower than the best diamond-
based detectors. In order to improve the detection efficiency
and energy resolution, both material synthesis and device
design need further development. Since the penetration depth
of o particles is short, thin perovskite crystals with coplanar
contacts may offer better detection performance. In case of the
scintillators, perovskite nanocrystals are promising candidates
since they may have better scintillation efficiency.

Halide perovskite detectors for p particles have only been
shown as scintillators with two perovskites. Since the detection
of P particles is very similar to that of X-/y-ray which relies on
the creation of secondary electrons, the perovskites that have
been proved as efficient X-/y-ray detectors may also be good
detectors for p particles, providing the effect of electron back-
scattering can be addressed.

Thermal neutron detectors based on halide perovskites are
currently focused on indirect-conversion solid-state detectors,
although they have realized reasonable detection efficiency,
future research should focus on the direct-conversion detec-
tors which have higher detection efficiency. On the other
hand, perovskite detectors for fast neutrons are primarily scin-
tillators for their high hydrogen concentration, especially in
the form of colloidal nanocrystals. Both solid scintillators and
solid-state detectors based on halide perovskites are under-
developed and need more attention.

Photocathodes based on halide perovskite, being at early
stage of development, have shown much improved stability
than conventional semiconductors. The primary issue is their
low QE. Therefore, future studies need to accomplish the
growth of high-quality perovskite crystals with low surface
defect density as well as discovering new perovskites that can
work with infrared wavelength.

A comparable scenario is the evolution of perovskite y-ray
detectors, which were first reported in 2016 with an energy
resolution of 35%.°° After continuous development over the
past few years, the best perovskite y-ray detectors using
CsPbBr; single crystals have been able to outperform the com-
mercial CZT detectors with an energy resolution of 1.4%.°”
Hence, we are confident that advances in perovskite radiation

6756 | Nanoscale, 2022,14, 6743-6760
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detectors and photocathodes will create new opportunities
also in the fields of particle radiation detection and
photocathodes.
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