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Two-Dimensional Halide Perovskites
for Radiation Detection

Bao Xiao and Yadong Xu

1 Introduction

The demand for large-volume radiation detectors based on scintillation and semi-
conductor materials has triggered tremendous opportunities in the field of astron-
omy, high energy physics, nuclear medicine, nondestructive inspection, national
security, etc. [1-3]. Depending on the detection modes, the radiation detectors can
be classified into direct detection by solid-state semiconductors and indirect detec-
tion by scintillators. The former detectors directly convert photons to electrons by
the semiconductor materials that are sensitive to high-energy radiation, while the
scintillation detectors firstly convert high-energy radiation to ultraviolet or visible
light, which can further be detected by the arrayed photodetectors.

Generally, radiation detector materials need to fulfill simultaneously several
desirable properties. The direct detection semiconductor materials should possess a
suitable bandgap (E,), high resistivity (p), high average atomic number (Z), high
mobility-lifetime product (u7), etc., whereas scintillation detectors should have the
traits of high light yield, long-term stability, and high energy resolution. On this
premise, current semiconductor detectors are mainly based on CdTe, TIBr, a-Hgl,,
and Cd,¢Zn,, Te (CZT) [4-8], and the most commercially used scintillators are bulk
crystals of Nal: Tl and CsI: Tl [9, 10]. However, each suffers from unsolved issues
associated with the crystal growth, device operation conditions, or the manufactur-
ing cost, which limits there widespread development [11]. Therefore, the quest for
new detection materials is required in the field of high-energy radiation detection.
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Recently, the rapidly expanding class of halide perovskites have emerged as
promising candidates for radiation detection materials, owing to their high attenua-
tion coefficient, long carrier diffusion length and lifetime, and large mobility-
lifetime product [12—14]. Compared to the degradation of the three-dimensional
(3D) halide perovskite devices for long-term operations resulting from the poor air
stability and ionic migration, two-dimensional (2D) halide perovskites present
remarkable environmental and device stability and large Stokes shifts coupled with
very broad emission, making it suitable as radiation detection materials [15, 16].
Therefore, this book chapter aims to summarize the recent research progress of 2D
halide perovskite single crystals as X-ray detectors and then briefly talk about 2D
halide perovskite scintillators applied in o-, B-particles, X-, and y-ray detection.

2 Crystal Structure of 2D Halide Perovskites

Halide perovskites with the empirical formula of ABX; (A = Cs*, MA*, FA™;
B = Sn*, Pb**, Ge?*; X = CI7, Br, I") are classified as 3D perovskite, in which BX,
octahedra are corner-shared along three octahedral axes. However, the perovskites
can be cut into slices from the 3D structure to a lower-dimensional layered configu-
ration, all the way down to eventually isolated, zero-dimensional (0D) BX; octahe-
dral clusters [17]. As the dimensional reduction of perovskites structure, the size
restrictions, as outlined by the tolerance factor for the 3D structures, are gradually
lifted. The layered 2D perovskites organized from BX, octahedra connected along
two octahedral axes can be derived by slicing the 3D perovskites along the <100>,
<110>, or <111> crystallographic planes and then inserting larger spacer cations to
produce <100>-oriented, <110>-oriented, and <111>-oriented 2D perovskites, as
shown in Fig. 1. The number of perovskite (inorganic) layers in 2D perovskites can
be controlled by adjusting the stoichiometric ratio between A-site cations and larger
spacer cations A”.

Among the three classifications, the <100>-oriented perovskites are the most
widely investigated 2D layered perovskites, which can be further divided into
Ruddlesden-Popper (RP) phase, Dion-Jacobson (DJ) phase, and alternating cations
in the interlayer (ACI) phase depending on the larger spacer cations, with the
general formulas of AA, B, Xz, .1, A”A,_ B, X;, . 1, and A’A,B, X5, , |, respec-
tively. The spacer layer in RP perovskites is composed of two layers of monoam-
monium cations, which are bound to the inorganic layers from one side by hydrogen
bonds (N—HeeeX) between the ammonium groups and halide anions [18]. The adja-
cent inorganic octahedral layer misaligned by half an octahedral unit, showing a
(1/2, 1/2) in-plane displacement [19]. However, for the DJ perovskites, the mono-
ammonium cations in the organic layer are replaced by the diammonium cations
that contain two amino groups at both ends connecting to the inorganic layers by
hydrogen bonds (N—HeeeX) [20], which leads to an eclipsed stacking of the adjacent
inorganic layers exactly on top of each other with non-displacement (0, 0) [19]. The
adjacent inorganic layers in ACI perovskites are eclipsed looking from a (or b)
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Fig. 1 Schematic representation of different families of layered perovskites: (a) <100>-oriented
2D perovskites with a general formula of A%,A, B, X, , 1, (b) <110>-oriented 2D perovskites
with a general formula of AA B, Xsm 42, (€) <111>-oriented 2D perovskites with a general for-
mula of A%A_ B X545 [24]. Reprinted with permission from Ref. [24]. Copyright 2016 American
Chemical Society

direction, but staggered from b (or @) direction, leading to a (0, 1/2) or (1/2, 0) dis-
placement [19]. Moreover, the A-site cation exists not only inside the octahedral
cage but also between the layers alternating with larger organic cation (A”). To date,
only the guanidinium cation can template this type of structure [21].

Compared to 3D halide perovskites, the interchangeability of the large organic
cations (A”) and the control of layer dimensionality (n) offer 2D layered perovskites
with greater structure tenability and further exhibit flexibility physical and optoelec-
tronic properties, enabling them applied in various optoelectronic devices such as
solar cells, light-emitting diodes (LED), radiation detectors, etc. [22, 23].

3 Advances in the Development of 2D Halide Perovskites
X-Ray Direct Detectors

As mentioned above, the flexibility physical and optoelectronic properties of 2D
halide perovskites enable them as promising candidates for radiation detectors,
especially as X-ray detectors. In this section, the key parameters for X-ray direct
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detection and the advances in the development of 2D halide perovskites X-ray direct
detectors are systematically summarized.

3.1 The Key Parameters for X-Ray Direct Detectors

The performance of X-ray detector is largely limited by the properties of the X-ray
absorber materials, which play vital roles in the processes of X-ray absorption,
electron-hole pair generation, and transport. This section is aimed to introduce some
key parameters for choosing X-ray detector materials and evaluating the X-ray
detection performance.

(1) The Selection of Perovskites for X-Ray Detectors.

Stopping Power The stopping power is defined as the capability of a given mate-
rial to completely absorb X-ray, which is usually quantified by the X-ray attenuation
ratio (&):

1(0) 0

where x is the material thickness and y is the attenuation coefficient of the material,
which is proportional to Z*/E? (where Z is the atomic number and E is the X-ray
photon energy). Thus, halide perovskite materials with high-Z elements enable
them as ideal X-ray detector materials.

Ionization Energy The ionization energy (W.) is defined as the energy required of
the given material absorbing the X-ray to produce one free electron-hole pair, which
is proportional to the energy bandgap (E,) of the given material, and can be written
as [25]:

W, =2E, +143 ?)
Obviously, the narrower bandgap would result in a lower ionization energy (W.),
which is beneficial for the production of electron-hole pair in a given halide
perovskite material. However, the perovskites with small bandgap also bring a large
dark current and high noise. Therefore, suitable bandgap is necessary for halide
perovskites operated as X-ray detectors [26].

Mobility-Lifetime Product The mobility-lifetime product (u7) is used to estimate
the ability of charge carriers to drift before recombination in a given material and
can be derived by the modified Hecht equation [27]:
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where [ and [, are the measured photocurrent and saturated photocurrent, respec-
tively. L is the material thickness, V is the applied bias, and s is the surface recom-
bination velocity. Thus, high uz product directly determines the charge collection
efficiency of given halide perovskites, which is essential to enhance the X-ray
sensitivity.

(2) The Key Performance Parameters for X-Ray Detectors.

Sensitivity Sensitivity (S) is a key parameter for X-ray detectors, which reflects the
ability of a detector to convert incident X-ray photons into current signals, and can
be estimated by [28]:

I -1

—__P 4

~ AxD 4)

where /, and I are the measured photocurrent and dark current, respectively. A is the
effective area of X-ray detector and D is the dose rate. Therefore, X-ray detectors
with high sensitivity can generate large current signals at a low dose rate, which is
beneficial for reducing the risk of ionizing radiation [29].

Detection Limit The detection limit is another critical parameter for X-ray detec-
tors, which determines the lowest detectable X-ray dose rate. The International
Union of Pure and Applied Chemistry (IU-PAC) defines the detection limit as the
equivalent dose rate to produce a signal greater than three times the noise level, so
the signal-to-noise ratio (SNR) of 3 is used to define the detection limit in X-ray
detectors [30]. Generally, the SNR can be calculated by:

SNRzlsignal — Ip_Id

Lise g
R

&)

where Ly, and I, are the signal current and noise current, whereas I, and I, are
the average photocurrent and dark current, respectively. A low detection limit not
only allows for a reduced dose rate for X-ray examination, which significantly sup-
presses the risk of cancer, but also favors of high-resolution images acquisition.

Response Speed Response speed is defined as the time taken for the detector to
respond to an external stimulus of detector, which is highly dependent on the carrier
transport and collection processes in the detector. Therefore, the rise time (z,, the
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time required for the current rising from 10% to 90% of the saturated photocurrent)
and fall time (7, the time required for the current falling from 90% to 10% of the
saturated photocurrent) are often adopted to estimate the response capability of the
detector. It is significant the X-ray detector should possess short response time,
which can shorten the X-ray exposure time and enable higher frame rate during
imaging [31].

3.2 2D Halide Perovskites X-Ray Direct Detectors

Currently, 3D halide perovskites, possessing high attenuation coefficient, long car-
rier diffusion length and lifetime, and large mobility-lifetime product, have shown
great potential for direct X-ray detectors. However, their inherent stability (mois-
ture, light, heat, etc.) and operational stability hinder the further applications of 3D
halide perovskites in X-ray detection. 2D halide perovskites generally possess sup-
pressed ion migration along with intrinsic chemical and moisture stability, showing
more promising X-ray detection performance.

In 2019, 2D layered (NH,);Bi,ly perovskite single crystal has been proposed as
X-ray direct detectors, which exhibits a unique anisotropic detection performance
mainly ascribed to its anisotropic structure. For example, the pz product for the
direction parallel to the cleavage (001) surface is 1.1 x 107> cm?V~!, which is
almost three times than that of the direction perpendicular to (001) plane of
4.0 x 1073 cm?V~!. Consequently, the resulting parallel direction (NH,);Bi,I, detec-
tor exhibits a much higher X-ray sensitivity of 8.2 x 10° pCeGy~!ecm= than the
perpendicular direction detector of 803 pCeGy~!ecm= due to charge transport and
collection anisotropy, as shown in Fig. 2a—c. However, the perpendicular direction
(NH,);Bi,l, detector exhibits a much lower X-ray detection limit of 55 nGyes~! than
the parallel direction detector of 210 nGyes™, ascribed to the suppressed ion migra-
tion. Moreover, both parallel and perpendicular (NH,);Bi,ly X-ray detectors show
an excellent operational stability under continuous working biases on a 10-h scale.
It is highlighted that the anisotropic X-ray detection property enables (NH,);Bi,ly
X-ray detector to be utilized in different practical conditions [32]. Then, centimeter-
size all-inorganic 2D perovskite Cs;Bi,IsBr; have been reported for X-ray detection,
which shows a high sensitivity of 3194.59 uCeGy~'ecm~2, much higher than its 0D
counterpart Cs;Bi,ly of 707.81 pCeGy~lecm™2, ascribed to the enhancement of car-
rier transport (Fig. 2d—e). Moreover, the fabricated Cs;Bi,I¢Br; detector exhibits an
outstanding operational stability under continuous working at a relatively high elec-
tric field [33]. By the way, both the perovskites (NH,);Bi,ly and Cs;Bi,I¢Br; can be
considered as the derivatives (A" = A and ¢ = 2, i.e., A;B,Xy) by slinging the 3D
perovskites along the <111> crystallographic planes, resulting in the <I11>-ori-
ented 2D perovskites.

In addition, <100>-oriented 2D Ruddlesden-Popper (RP) and Dion-Jacobson
(DJ) perovskites have recently shown very promising performance in X-ray detec-
tion. For example, the insulating butylamine (BA) organic cation has been
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Fig. 2 (a) Illustration of parallel and perpendicular device structure of (NH,);Biyls. (b) X-ray
sensitivities of the (NH,);Bi,l, devices in direction parallel and perpendicular to the (001) surface.
(¢) Anisotropic X-ray photocurrent densities at different dose rates under pristine conditions (solid
lines) and after 60 days of ambient air aging (dotted lines) [32]. Reprinted with permission from
Ref. [32]. Copyright 2019 Springer Nature. (d) Schematic assumption of the carrier transport path
in Cs;Biyly and Cs;BiyI¢Br;. (e) Electric field-dependent extracted X-ray sensitivities of Cs;Bi,lg
and Cs;Bi,I¢Br; at 600 V [33]. Reprinted with permission from Ref. [33]. Copyright 2022 Elsevier

introduced into Cs,AgBiBrsto generate a 2D layered RP perovskite (BA),CsAgBiBr;,
which could serve as the potential X-ray direct detector. The 2D (BA),CsAgBiBr;
single crystal possesses a high resistivity of 1.5 x 10" Qecm and large 7 product up
to 1.21 x 1073 cm?V~!, which enables the fabricated detector to yield a superior
X-sensitivity of 4.2 pCeGy~lecm= [34] (Fig. 3a—c). Then, Wei et al. found that
introducing electron-deficient F atoms with neighbor benzene rings could enhance
the supramolecular electrostatic interaction as supramolecular anchor, leading to a
2D RP perovskite 4-fluorophenethylammonium lead iodide (F-PEA),Pbl,. The fab-
ricated (F-PEA),Pbl, single-crystal detector yields an X-ray sensitivity of 3402
pCeGy~lecm= to 120 keVp hard X-ray with lowest detectable X-ray dose rate of 23
nGyes~. Moreover, the detector also exhibits excellent operation stability under
ambient condition at 200 V high bias, showing stable response to hard X-ray pulses
with no signal-to-noise ratio loss after over 1-month storage [35] (Fig. 3d—e).

The natural multiple quantum well (MQW) structure enables 2D RP perovskites
with anisotropic X-ray detection performance. For example, the detector based on
2D (BA),CsPb,Br; single crystal along ab plane exhibited superior X-ray sensitivity
up to 13.26 mCeGy~lecm™2 at a relatively low electric field of 2.53 V. mm™!, while
lower than 20 pCeGy~lecm=2 along ¢ direction even at a pretty high electric field of
70 V. mm~! under the same irradiation of 40 kVp. However, the anisotropic detec-
tion performance could be adjusted by shortening the spacer cation from butyl-
amine (BA) to isobutylamine (i-BA) to reduce the interlayer distance and barrier
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Fig. 3 (a) Photograph and crystal structure of (BA),CsAgBiBr,. (b) Photoconductivity of single-
crystalline (BA),CsAgBiBr,. (¢) X-ray response of (BA),CsAgBiBr; detector with varied dose rate
[34]. Reprinted with permission from Ref. [34]. Copyright 2019 Wiley-VCH. (d) The crystal struc-
ture of (F-PEA),Pbl,, where electron-deficient F atoms form supramolecular electrostatic interac-
tion with neighbor benzene rings. (e) The current density of (F-PEA),Pbl, single-crystal device at
different X-ray dose rates [35]. Reprinted with permission from Ref. [35]. Copyright 2020 Wiley-
VCH. (f) Schematic diagram of charge transport restriction along the ¢ direction in 2D perovskites
(BA),CsPb,Br; and (i-BA),CsPb,Br;. (g) Electric field-dependent X-ray sensitivities of
(BA),CsPb,Br; and (i-BA),CsPb,Br; crystal detectors along the ab plane and ¢ direction, respec-
tively [36]. Reprinted with permission from Ref. [36]. Copyright 2021 Royal Society of Chemistry.
(h) The crystal structure of (BDA)CsPb,Br,. (i) Dose rate-dependent current densities of (BDA)
CsPb,Br; detector under various biases [38]. Reprinted with permission from Ref. [38]. Copyright
2022 American Chemical Society

height, which resulted in lower X-ray sensitivity along ab plane and higher c direc-
tion X-ray sensitivity in 2D RP perovskite (i-BA),CsPb,Br; [36] (Fig. 3f-g).

Furthermore, compared with the 2D RP perovskites, 2D Dion-Jacobson (DJ)
perovskites have exhibited improved stability and electrical properties. The diam-
monium cations (NH;C,HgNH;?*, BDA?") have been employed to form a 2D DJ
perovskite BDAPbI,, which also exhibits an excellent sensitivity of 242
pCeGy~lecm=2 under the 10 V bias with a detection limit as low as 430 nGyes~! [37].
Moreover, the diammonium cations (BDA?*) have also been introduced to CsPbBr;
to obtain a novel 2D DJ perovskite (BDA)CsPb,Br;, which enables the resulting
detector along the out-of-plane direction to achieve a high X-ray sensitivity of 725.5
pCeGy~lecm=2 with excellent working stability [38] (Fig. 3h—i).
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4 2D Halide Perovskite Semiconductor for Alpha
Particle Detection

For the high-energy alpha particles (~3—7 MeV), the direct radiation detectors usu-
ally work in voltage mode, since the particle flux is relatively weak and alpha parti-
cles will come into the detector one by one with a shallow penetration depth.
However, alpha particle is still destructive ionizing radiation, and it is very important
for developing high-performance detectors for alpha particle detection. Recently, Xu
et al. have developed a novel alpha detector based on a 2D DIJ perovskite (BDA)
CsPb,Br; single crystal (inset in Fig. 4b). Then, a 5.48 MeV 2! Am a-particle source
was adopted to analyze the radiation detection performance of resulting Au/(BDA)
CsPb,Br,/Au device, as shown in Fig. 4a. A voltage-dependent energy spectra of
(BDA)CsPb,Br; detector with the bias changing from —100 V to —300 V can be seen
in Fig. 4c. Specially, a superior energy resolution of 37% (FWHM) was achieved at
—260 V bias (inset in Fig. 4c). The hole mobility-lifetime product (uz), could be
evaluated using the single charge carrier approximation Hecht equation [39]:

cce =+ [1 ep[ d D
d’ utv ©)

Therefore, the hole mobility-lifetime product (u7), of (BDA)CsPb,Br; crystal was
calculated to be (2.33 + 0.08) x 10~° cm?eV~! by fitting the peak centroid channel
vs. the bias voltage using Eq. (3), as shown in Fig. 4d [38]. The results suggest that
the 2D DJ perovskite (BDA)CsPb,Br; could serve as the potential alpha particle-
detecting material.
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Fig. 4 (a) Hole transport process in Au/(BDA)CsPb,Br;/Au device illuminated by ?*'Am
a-particles. (b) The typical I-V curve of (BDA)CsPb,Br;; the inset is the fabricated Au/(BDA)
CsPb,Br;/Au detector. (¢) The energy spectra of (BDA)CsPb,Br; detector under various voltages,
respectively. The inset is the typical energy spectra under —260 V with a resolution of 37%. (d)
The hole mobility-lifetime product evaluation of (BDA)CsPb,Br; according to the Hecht equation
[38]. Reprinted with permission from Ref. [38]. Copyright 2022 American Chemical Society
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S Advances in the Development of 2D Halide Perovskite
Scintillators for Radiation Detection

The scintillation detectors are also capable of detecting high-energy particles or
photons by indirect detection mode. Generally, the scintillation detectors firstly con-
vert high-energy radiation to ultraviolet or visible light, which can further be
detected by the arrayed photodetectors. Light yield (LY) and decay time are the
most important figures of merit for scintillation detectors. LY indicates the number
of photons that can be converted by the scintillator per photon or particle energy (in
unit) and can be calculated by:

0° S0
PE, ™

where S is the efficiency of the transport of electron-hole pairs to the emission cen-
ter, Q is the luminescence efficiency, and £ is usually a constant with a value of 2.5.
A high LY value indicates the high number of photons emitted from the scintillator
which leads to a high signal output. It is generally believed that 2D perovskites are
able to show high scintillation light yield and faster decay due to their higher exci-
ton binding energy (hundreds of meV) [40]. In this section, the advances in the
development of 2D halide perovskite scintillators are systematically summarized.

LY =1

5.1 Alpha Particle Detectors

Developing high-performance detectors for alpha particle is important for environ-
mental safety. Recently, lithium-doped 2D RP perovskite (PEA),PbBr, has been
synthesized for multiple radiation detectors and scintillators for the first time
(Fig. 5a). With a lithium dopant, the 1:1 Li-doped (PEA),PbBr, scintillator demon-
strated a fast decay time of 11 ns and a high scintillation yield light of 11,000 pho-
tons per MeV (Fig. 5b). Figure 5c shows the pulse-height spectra results of the
Li-doped (PEA),PbBr, scintillator using **!Am and ?**Cm as the alpha particle
sources [41].

5.2 Beta Particle Detectors

Beta particle with a moderate penetrating power is an important signal for surface
radiative contamination surveillance. In general, the incident p-particles go through
elastic scattering with nuclei and inelastic scattering with electrons in solids.
Currently p-particle detectors are mainly based on the organic scintillators, includ-
ing single crystal, liquid, and plastic types, which was limited by the issues of high
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Fig. 5 (a) Crystal structure of (PEA),PbBr,. (b) Pulse-height spectra of Li-doped (PEA),PbBr,
with Gaussian fitting to extract light yield. (¢) Alpha particle pulse-height spectra of Li-doped
(PEA),PbBry scintillator [41]. Reprinted with permission from Ref. [41]. Copyright 2020 Spring
Nature. (d) Illustration of the setup of the system for p-particle detection by the 2D perovskite
scintillator. (e) The scintillation spectra of the 2D perovskite scintillator under different -particle
irradiation intensity. (f) The scintillation spectrum under the irradiation activity of 0.1 mCi [42].
Reprinted with permission from Ref. [42]. Copyright 2020 Spring Nature

cost, poor irradiation hardness, carcinogenicity, complex fabrication, or thermal
deterioration.

Recently, a type of p-particle scintillator with good thermotolerance and irradia-
tion hardness based on 2D RP perovskites has been proposed by Zeng et al. A series
of bulky organic cations in 2D RP perovskite (A),PbBr, (A = butylamine, BA; octy-
lamine, OA; stearamine, STA; and dodecylamine, DA) have been explored to
enhance the capturing of B-particle. Additionally, extrinsic manganese (Mn) dop-
ants were adopted to improve the scintillation performance via serving as emitting
centers with no self-absorption. Figure 5d shows the setup of the system for the
B-particle detection by the 2D perovskite scintillator. The resultant 2D perovskite
scintillator exhibited an effective p-particle detection performance with no function-
ality decay or hysteresis under an accumulated radiation dose of 10 kGy (dose rate
0.67 kGyeh~!) and exhibited a low detection limit of 0.1 mCi (Fig. 5e—f) [42].

5.3 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. 2D perovskite scin-
tillator also exhibits good potential as y-ray detection material. For example, Dang
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et al. have investigated the scintillation properties from 11 different 2D organic-
inorganic hybrid perovskites and found that the 3 2D perovskite (PEA),PbBry,,
(EDBE),PbBr,, and (BA),PbBr, crystals have the higher light yield. Specially,
(BA),PbBr, scintillator exhibits the highest light yield and 3.7 times greater than
that of (PEA),PbBr, (~40,000 photons per MeV at RT), as well as being more stable
from 10 K to 350 K compared to other 2D scintillators. In conjunction with the
5.3 ns fast decay time, (BA),PbBr, scintillator shows the energy resolution as low as
13% to resolve the 662 keV "*’Cs y-ray, suggesting it can be a potential superior
scintillator detector. Furthermore, Li-doped (PEA),PbBr, scintillator exhibits the
light yield 2.009 times higher than that of undoped (PEA),PbBr, scintillator and
achieves the best energy resolution of 7.7% at 662 keV from the *’Cs y-ray source
for Li-doped (PEA),PbBr, scintillator [43, 44].

5.4 Neutron Detectors

A fast neutron has strong penetration ability through dense and bulky objects, which
makes it an ideal nondestructive technology for detecting voids, cracks, or other
defects inside large equipment. Recently, a hydrogen-rich 2D perovskite
Mn-(C,3H3;NH;),PbBr, (Mn-STA,PbBr,) has been demonstrated as fast neutron
scintillator detector, where the hydrogen-rich long-chain organic amine ions lead to
a high capturing efficiency of fast neutrons, and the Mn** dopants as the emitting
centers improve the optical performance with no self-absorption (Fig. 6d). The fab-
ricated large-area self-standing fast neutron scintillator plates based on 2D perovskite
Mn-STA,PbBr, deliver high light yields and good spatial resolution (0.5 Ip/mm (Ip,
line pairs)), as shown in Fig. 6e—i [45]. The results open up a new route for the
design of fast neutron scintillator materials and promote the development of fast
neutron radiography-based nondestructive testing technologies.

6 Conclusion

In summary, the rise of halide perovskites as promising candidates for radiation
detection materials has been witnessed from recent reports. Compared to the well-
studied three-dimensional (3D) halide perovskite, two-dimensional (2D) halide
perovskites could be obtained by slicing the 3D perovskites along different crystal-
lographic planes with larger insulating organic cations to generate <100>-oriented,
<110>-oriented, and <111>-oriented 2D perovskites, respectively. 2D layered
perovskites with remarkable environmental and device stability have been reported
to exhibit good potential in high-energy radiation detection in two types, namely,
direct semiconductor detector and indirect scintillator detector.

The 2D perovskites have recently shown very promising performance in X-ray
detection as a direct semiconductor detector. For example, the detector based on
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Fig. 6 (a) Temperature-dependent light yield of 2D perovskite for temperature between 250 and
350 K. (b) Pulse-height spectra of Li-doped (PEA),PbBr, under 662 keV gamma-ray from the
137Cs source. (¢) Light yield and energy resolution as a function of photopeak energies for different
gamma-ray sources of **'Am, *Na, and "*’Cs. The y-axis is normalized with the light yields of
undoped (PEA),PbBr, under 662 keV gamma-ray at RT [43]. Reprinted with permission from ref.
43. Copyright 2020 American Chemical Society. (d) Synthesis scheme of Mn-STA,PbBr,. (e)
Schematic of the experimental setup used for fast neutron radiography of a resolution test standard
sample. The sample is placed between the fast neutron source and the Mn-STA,PbBr, screen. (f)
Fast neutron radiograph is generated by a 1 mm thick Mn-STA,PbBr, plate. (g) Resolution test
standard sample (steel plate with slits, holes of different depths). (h) Fast neutron imaging of reso-
lution test standard sample. Each frame of the image is exposed for 100 s under a 14 MeV fast
neutron accelerator for a total of 20 times. (i) Curve of the relative gray value distribution of (h),
which can distinguish the fissure evidently [45]. Reprinted with permission from Ref. [45].
Copyright 2021 American Chemical Society

(BA),CsPb,Br; single crystal along ab plane exhibited superior X-ray sensitivity up
to 13.26 mCeGy~'ecm2 at a relatively low electric field of 2.53 V. mm~!. The natural
multiple quantum well structure enables 2D perovskite detectors with anisotropic
detection performance, which can be adjusted by shortening the spacer cation to
reduce the interlayer distance and barrier height. The anisotropic X-ray detection
property enables 2D perovskite to be utilized in different practical conditions.
Except for the semiconductor detector, 2D perovskite scintillator detectors have
also exhibited excellent performance in «-, f-particles, neutron, and y-ray detection.
For example, a type of 2D perovskite scintillator was developed to detect f-ray with
good thermotolerance and irradiation hardness. Li-doped (PEA),PbBr, scintillator
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was demonstrated to resolve 662 keV y-rays with an energy resolution of 7.7% and
has been proven to be useful in neutron detection through °Li enrichment. Although
2D perovskites have been proven to have good potential applied in high-energy
radiation detection, the properties are still to be improved for producing better 2D
perovskite semiconductor detector or scintillator detector.
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