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In this paper, a high-quality Cl-doped two-dimensional halide perovskite (PEA),Pb(BrgosCloos)s crystal was
prepared using a seed-induced volatile solvent method. On optimizing the Cl™ doping concentration, we
found that 5% Cl-doping results in (PEA),PbBr,; with the highest optical and photon yield. Based on the
Cl-doped (PEA),PbBr, single crystal, the response characterization of the (PEA),Pb(Brg95Clo os)4 crystal in the

mixed field of neutrons and gamma rays (n/y) has been verified. Using the time-of-flight method and the

linear relationship between integral charge and neutron yield, it was proved that (PEA),Pb(Brg ¢5Clg os)4 crystal
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can be used for n/y screening. The time difference between the fast neutron released by a single nuclear

reaction and the y photon arriving at the detector was 130 ns, and the arrival time of the y photon is earlier
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1. Introduction

Fast neutron detectors are not only widely used in military scien-
tific research fields such as nuclear explosion monitoring, cosmic
ray detection, reactor monitoring and particle physics research*
but also in production and life fields such as container security,”
large fossil specimen detection® and proton therapy.* It is a type of
detection approach that is widely used and important at present.

Currently, neutron detection is divided into injection
measurement and energy measurement; the former is used to
determine the number of passing neutrons per unit area,
whereas the latter is used to determine the incident neutron
energy. In principle, neutron detection can be divided into four
types: nuclear reaction, nuclear recoil, nuclear fission and
nuclear activation methods. The main objects of neutron
detection are slow neutrons and fast neutrons. The most suit-
able fast neutron detection method is the nuclear recoil
method, which not only retains the direction information of the
incident neutron but also determines the energy of the incident
neutron.” When fast neutrons collide with the target nucleus,
the smaller the mass number of the target nucleus, the higher
the energy deposited in a single collision, and the elements with
small mass number can easily form a high density material and
improve the cross section of fast neutrons; therefore, the
nuclear recoil method mostly uses materials rich in carbon,
hydrogen and other light elements.
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than that of the fast neutron. This work has a broad application prospect in the study of nuclear reaction
kinetics, the monitoring of the neutron yield of fusion devices and the total energy released by nuclear reactions.

In terms of detection technology, fast neutron detectors, such
as other types of ray detectors, can be divided into direct detec-
tion and indirect detection. In direct detection, semiconductor
materials ionize and excite a large number of electrons and holes
under the irradiation of high-energy rays. These carriers are
collected by an electric field, and then electrical signals are
generated to achieve direct detection of high-energy rays.® In
indirect detection, the scintillator material ionizes and excites
a large number of electrons and holes under the irradiation of
high-energy rays, and then emits visible or ultraviolet light after
recombination. Visible or ultraviolet light is detected by photo-
multiplier tube (PMT) or silicon photomultiplier tube (SiPM) to
generate amplified electrical signals and realize indirect detec-
tion of high-energy rays.” Compared with direct detection, indi-
rect detection has the advantages of fast response speed, mature
technology and strong environmental adaptability. Therefore, it
is the mainstream of current market applications. The scintil-
lator materials used in indirect detection can be divided into two
categories: inorganic and organic scintillators.

Owing to their excellent photoelectric properties, the emerging
perovskite materials are popular in solar cells,® light-emitting
diodes,’ visible light detection® and X/gamma-ray detection,.***
In recent years, perovskites have made remarkable achieve-
ments."*** However, there are few studies on the application of
perovskite materials for fast neutron detection, partly because the
main object of current research is three-dimensional perovskite
materials, which cannot accommodate large-sized organic groups
due to the limitation of tolerance factors and thus do not have
a large enough fast neutron cross-section.” In contrast, two-
dimensional perovskites not only have a considerable fast
neutron cross section due to the introduction of large organic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cations but also their natural multi-quantum well structure
provides strong quantum and dielectric limiting effects. Two-
dimensional perovskites can have high light yield and short
luminous lifetime,**” and these characteristics make two-
dimensional perovskites very suitable for fast neutron detection.
See ESI in Tables S1 and S27 that show the performance param-
eters of some hot inorganic semiconductor materials and organic
semiconductor materials in gamma-ray detection and fast neutron
detection. It can be seen that our two-dimensional material
(PEA),PbBr, has obvious advantages for fast neutron detection.

Herein, the (PEA),PbBr, perovskite single crystal was doped with
chlorine (Cl) ion (Cl7), and (PEA),Pb(Bry95Cly.0s)s With optimized
Cl™ doping concentration (5%) was used as the object; its fast
neutron detection capability was confirmed using a pulse ampli-
tude spectrum test. In a mixed field containing both fast neutrons
and gamma rays (n/y), (PEA),Pb(Bro.95Cly 5)s Crystals can be used
for n/y screening using the time-of-flight method and the linear
relationship between integral charge and neutron yield. They play
an important role in the study of nuclear reaction kinetics, neutron
yield and total energy released by a nuclear reaction.

2. Experimentation and
characterization

2.1 Preparation of (PEA),PbBr, two-dimensional perovskite
single-crystal

Based on the 2:1 molar ratio of PEABr: PbBr,, powders of
80.8 mg and 73.4 were weighed and dissolved in 1 ml of
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dimethylformamide (DMF), and the concentration of precursor
solution was 1.14 M. Then, the solution was heated and stirred
on a heating stirring table at 70 °C for more than 5 h to allow it
to fully dissolve. A two-dimensional perovskite precursor solu-
tion with a concentration of 1.14 M was prepared for standby
use, and a 0.22 um filter was used before use. A 5 ml quantity of
precursor liquid was added into a 25 ml small beaker using
a pipette gun. The beaker was sealed with tin foil and the foil
pieced with a needle to make 1 to 3 small holes. It was then
placed in a quiet and dust-free place to grow the crystal, and
millimeter-sized small crystals could be obtained after 1 week.
The discrete and regular small crystals were taken as seed
crystals, and the saturated solution obtained from the crystal-
lization solution was added to a 50 ml clean small beaker. The
foil was sealed and the beaker placed on a hot station at 50 °C.
After the heating and dissolution process was completed, the
beaker was transferred to a quiet and dust-free place, and
a small hole was made using the needle of a 1 ml syringe. After
volatilizing for a period of time, centimeter-level crystals were
obtained. The flow chart of the entire single crystal growth
process is shown in Fig. 1(a), and the actual image of a single
crystal is shown in Fig. 1(b)-(d).

Fig. 1(b)—(d) show a comparison of the crystal growth results
under different growth schemes. When seed induction is not
used, a large number of crystals are precipitated and serious
stacking occurs during subsequent growth (Fig. 1(b)). If the
seed-induced but non-heated dissolution step is used, addi-
tional crystals grow superimposed with the added seed crystals,

(PEA),PbBr,4 crystal growth process. (a) The flow chart of the entire single crystal growth process; (b) seedless induction growth; (c) seed

induced dissolution growth without heating; (d) seed induced and heated dissolution growth.
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although the number of crystals in the final solution is signifi-
cantly reduced (Fig. 1(c)). High-quality centimeter-sized
(PEA),PbBr, crystals can be obtained stably only by seed
induction and a heated dissolution step (Fig. 1(c)).

2.2 Preparation of Cl-doped (PEA),PbBr, two-dimensional
perovskite single crystal

PEABr, PbBr, and PbCl, of different quantities were placed into
a 50 ml small brown bottle with a molar ratio of 4:1:1, and
20 ml dimethyl sulfoxide (DMSO): N,N-dimethylformamide
(DMF) (1:1) was added. The solvent was mixed and the bottle
placed on a hot table with a temperature of 90 °C and a rotating
speed of 890 rpm to dissolve it. To fully dissolve the solution,
a fully agitated magneton was added to the configured solution.
A fully dissolved precursor solution was obtained after heating
and dissolving overnight. A 22 um nylon filter was used to
obtain the precursor liquid required for crystal growth. The
proportion of ClI™ is C17/(Cl™ + Br™). The liquid was then stored
in a 25 ml beaker sealed with tin foil, placed in a quiet and dust-
free place to grow the crystal, and millimeter-small seed crystals
were obtained after one week. The seed crystals and the satu-
rated solution obtained from the solution filtration was added
into a 50 ml clean small beaker. The foil was sealed and placed
on a hot station at 50 °C. After the dissolution process was over,
the beaker was transferred to a quiet and dust-free place, and
a small hole was pierced with the needle of a 1 ml syringe. After
volatilizing for a period of time, centimeter-level crystals were
obtained.

A single crystal was prepared and the quality of the single
crystal was evaluated by transmittance, X-ray diffraction (XRD)
and swing curve test. For the assessed results of the single
crystal, please see Fig. S1-S3.7

2.3 Characterization of Cl-doped (PEA),PbBr, two-
dimensional perovskite single crystals

In this work, the absorption spectrum test instrument was
SolidSpec-3700 UV-visible spectrophotometer produced by Shi-
madzu in Japan, and the PL test instrument was FLS-920 fluo-
rescence  spectrometer from  Edinburgh, and the
photoluminescence quantum yield (PLQY) test instrument was
QuantaMaster 8000 from HORIBA, Canada.

In perovskite materials, C1I” doping is often used to regulate
the lattice structure of perovskite, reduce the density of defect
states and change the energy band position."®*® Therefore, this

Table 1
crystal

Ingredient proportion and actual doping ratio of Cl™ in the

Ingredient proportion Actual doping ratio

0% 0%

1% 1.82%
3% 3.21%
5% 4.50%
7% 4.71%
10% 4.32%
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work firstly characterized and compared (PEA),PbBr, crystals
with different contents of ClI~ doping (this paper refers to the
feed ratio) to examine the effect of CI~ doping on the scintilla-
tion properties of (PEA),PbBr, crystals and to identify the most
suitable CI™ doping concentration.

Table 1 shows the relationship between the ingredient
proportion of C1™ and the actual CI” doping proportion in the X-
ray photoelectron spectrometer. The actual doping ratio first
increased with the increase of the ingredient proportion and
was higher than the ingredient proportion when the ingredient
proportion was low, indicating that CI~ was able to easily enter
the lattice at this time. Subsequently, with the increase of the
ingredient proportion, the actual doping concentration began
to be lower than the ingredient proportion, indicating that the
difficulty level for CI™ to enter the lattice began to increase, and
the actual doping concentration at 10% feed ratio was lower
than that at 7% ingredient proportion owing to the presence of
(PEA),PbCl, phase separation in the precipitated crystal, which
was confirmed by subsequent XRD.

Fig. 2 show that the spectral and XRD results of different CI™
doping and doping concentrations were 0%, 3%, 5%, 10%,
17.5%, 100% respectively. Fig. 2(a) and (b) show the increase of
Cl™ doping concentration, the absorption edge and the fluo-
rescence emission peak gradually shifting to blue owing to the
increase of the band gap of (PEA),PbBr, by Cl~ doping. Double
peaks were observed in PL results, and with the reduction of CI™
content, the low-band broadband luminescence became more
and more obvious. When Cl™ is completely replaced by Br—, the
(PEA),PbBr, crystal shows a narrow-band emission at 415 nm
(A1) in the high energy band and wide-band gap emission at
436 nm (1,) in the low energy band, which is consistent with the
research results in the literature.? This is because with increase
in the ClI” doping, lattice distortion occurs, resulting in the
exciton-phonon coupling phenomenon. The interaction
between excitons and phonons leads to the increase of self-
trapped excitons, radiative recombination, and wide-band gap
luminescence.”* The structure-property relationship of
a series of two-dimensional hybrid perovskites containing
various large organic cations shows that self-trapping exciton
emission is closely related to the distortion of the inorganic
sublattice. Under environmental conditions, the wideband
emission of (PEA),PbCl, is observed from self-trapped excitons
in highly twisted structures.”® However, the less distorted
(PEA),PBr, only exhibits narrow free exciton emission.*

Fig. 2(c) shows the XRD test results. First, it shows the 2D
characteristics of (PEA),PbBr, perovskite because the corre-
sponding X-ray diffraction angles are 10.6905°, 16.0477°,
21.4048° and 26.7882°.%* The corresponding crystal face indices
are (002), (003), (004), and (005). XRD patterns of single crystal
samples grown with different Cl content show that the crystal
has a series of strong diffraction peaks with equal spacing
perpendicular to the C-axis. Owing to the (PEA),Pb(Br; ,Cl,),
layered structure (00 = 1, 2, 3...), the lattice surface indicates
that the crystal has better crystallinity and higher preferred
orientation. The crystal face corresponding to the XRD charac-
teristic peak of the perovskite single crystal with each Cl
component content has been indicated in Fig. 2(c). By analyzing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Cl™ doped (PEA),PbBr4. (a) Absorption spectrum, (b) photoemission spectrum, and (c) powder XRD of (PEA),PbBry, (0, 3%, 5%, 10%, 17.5%,

100% doping concentration).

a series of XRD patterns, it is found that the diffraction peak on
the (002) crystal plane (corresponding to the c lattice parameter)
gradually moves to a lower diffraction angle with the increase of
Cl component content, indicating that the method has
successfully prepared double halide perovskite single crystals
with different Cl components. As shown in Fig. 2(c), the
diffraction peak on the (002) crystal plane gradually decreases
with the increase of the x value of Br component content, which
is caused by the change of ¢ lattice constant in the crystal
structure of (PEA),Pb(Br;_,Cl,),. This result conforms to the
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Bragg equation. Second, since the size of Cl™ is smaller than
that of Br™, the incorporation of ClI™ reduces the crystal plane
spacing; therefore, the diffraction peak shifts to a large angle.*
The analysis shows that in the single crystal structure of
(PEA),Pb(Br; _,Cl,)s, @ # b # ¢, « # 8 # v, both belong to
a triclinic crystal system with space group P1, which is consis-
tent with reported results.>*?® The basic structural unit of the
(PEA),PbBr, two-dimensional perovskite inorganic layer
comprises a layer of PbBrs octahedra with shared angles. With
the doping of Cl™, part of Br™ is substituted and part of PbClg

(b)
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(@) PLQY test results of 5% doping concentration crystal, (b) pulse amplitude spectra of (PEA),PbBr4 crystals with different Cl™ doping
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octahedron is produced. As the Cl™ radius is smaller than the
Br~ radius, lattice shrinkage occurs throughout the crystal
structure. When complete substitution of CI™ happens, i.e., the
(PEA),PbCl, single crystal structure, the lattice constant is
minimum. The analytical analysis of the crystallographic data
of (PEA),Pb(Br; ,Cl,), single crystal shows that the doping of
Cl™ distorts the crystal structure and changes the crystal
structure. However, for the 17.5% doped sample, there are
(PEA),PbCl, hybrid peaks, marked with * in Fig. 2(c), where 15°
and 20° are the peaks of unreacted PbBr, and PbCl,, and the
other two are hybrid peaks of PEA,Pb(Bry g,5Cly.175)a-
Furthermore, the absorption spectrum and the photoemis-
sion spectrum of (PEA),PbBr, crystals were measured with
different C1I~ doping content. We found that the PLQY test

Table 2 PLQY test results of (PEA),PbBr,4 crystals with different Cl™
doping concentrations

Chemical formula PLQY (%)
(PEA),PbBr, 21.2
(PEA),Pb(Bro.97Clo.03)4 23.4
(PEA),Pb(Bro.05Clo.05)4 28.5
(PEA),Pb(Bro.6Clo.1)4 24.3
(a) 1.0 = -
Wide swee 5 >
idesweep 5| Pb4f
|
G Br 3d
o 0.5 ‘
R7 v
=
2
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results of 5% doping concentration crystals was the maximum
value of each doping concentration crystal (Fig. 3(a)), and its
PLQY value was 28.5%. The PLQY values of samples with
different doping concentrations were calculated in Table 2. C1~
doping increased the optical yield of (PEA),PbBr, crystal and
PLQY. The reason for this is the incorporation of Cl~ regulates
the lattice of (PEA),PbBr, crystals, reducing the electron-
phonon coupling and thus the non-radiative recombination. As
shown in Fig. 3(b), taking **’Cs as a gamma-ray source of 662
keV, under the same test conditions, the photoelectric peak
address of single crystals with different doping concentrations
was different, although the photoelectric peak address of the
crystal with 5% doping concentration was the 620 position.
Note that the photoelectric peak address number of other single
crystals with doping concentration was less than the 400 posi-
tion. Because the fluorescence emission peaks of different
doped single crystals were not different, the light yield of 5%
doped single crystals was considerably higher than that of other
doped concentrations. The 5% Cl-doped (PEA),PbBr, has the
highest light yield and PLQY; in this work, we took 5% Cl™ do-
ped (PEA),PbBr, as the main test object.

Fig. 4(a) shows the XPS wide-spectrum scanning results of
the 5% Cl~ doping sample, in which the peaks of C 1s, N 1s, Pb

Fig. 4 XPS test results. (a) Wide spectrum scanning; (b) Cl 2p narrow scanning.
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Fig. 5 (a) The light yield test using the gamma rays of *’Cs as the ray source, (b) RL spectra of (PEA),Pb(Brg o5Clg 05)4 and EJ228 and external
quantum efficiency curves of Hamamatsu CR173-Q1 photomultiplier tubes used.
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4f and Br 3d are labeled. Owing to the low concentration of Cl™
in the sample, Cl 2p peaks cannot be clearly identified in a wide
spectrum scan. Fig. 4(b) shows the narrow sweep results of Cl 2p
peaks, and sub-peak fitting was performed as per the 2p;/, and
2p1» peak positions and the ratio column of peak areas. The
fitting results agreed with the original data, proving that the test
sample contains Cl elements.

Light yield and luminous lifetime are the two core indexes of
a scintillator. The pulse amplitude spectra of (PEA),Pb(Br,.os-
Cly05)4 and plastic scintillator were tested with gamma rays of
137Cs (662 keV) as the ray source. The **’Cs source used has an
activity of 1 x 10 Bq (i.e. decays 10 times per second), and the
plastic scintillator selected is a commercial EJ228 plastic scintil-
lator from Eljen Technology with a PVT matrix and a light yield of
10200 photons MeV . The test results are shown in Fig. 5(a), the
corresponding number of photoelectric peaks of the two were 620
and 200, respectively. Considering that the photomultiplier tube
(PMT) has different external quantum efficiencies for the two (the
matching coefficients calculated are 21.05 and 28.15, respec-
tively, in Fig. 5 (b)), the yield of (PEA),Pb(Br, 95Cly ¢5)4 crystals was
32000 photons MeV *, which was three times that of the EJ228
plastic scintillator, after optimization.

3. Results and discussion
3.1 Principle of (PEA),PbBr, for fast neutron detection

Fig. 6 is a schematic of fast neutron detection for (PEA),PbBr,.””
As shown in Fig. 6(a), step (1) is fast neutrons first engaging in
elastic collision with hydrogen atoms in PEA'. In step (2),

(1) Elastic scattering
(2) lonization or excitation
(3) Electron ejection

View Article Online
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generated recoiled protons excite or ionize the material, and in
step (3), excited state enters the inorganic luminescent layer to
deexcite light. Fig. 6(b) shows the step (3) process from the
perspective of the energy band. Secondary electrons or hot
electrons produced by (PEA),PbBr, ionized or excited by
recoiling protons consume energy reach the bottom of the
conduction band via a thermal relaxation process and finally
emit light via band edge recombination.

To test the performance of two-dimensional halide perov-
skite in a mixed field containing fast neutrons and gamma rays,

(a
0.0 W
-0.2 \ "
neutron
EJ200
—_ -0.4 L L L ! L
Z/ 800 900 1000 1100 1200
& Time (ns)
'z ()
g gamma neutron
E o
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Fig.7 Comparison of TOF test results of (PEA),Pb(Brg 95Clg 05)4 Crystal
and plastic scintillator EJ228 in mixed field provided by DPF device.
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Fig. 6 Schematic diagram of the fast neutron detection principle of (PEA),PbBry, (a) and (b) were described from the perspective of space and

energy band respectively.
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Fig. 8 Response test of (PEA),Pb(Brg9sClg.os)4 crystal and plastic scintillator EJ228 in a DPF mixed field. (a) The response of plastic scintillator
EJ228 from 0 to 2000 seconds, (b) the response of plastic scintillator EJ228 from 800 to 1600 seconds, (c) the response of (PEA),Pb(Brg 95Clg o5)4
crystal from 0 to 2000 seconds, (d) the response of (PEA),Pb(Brg 95Clg.0s)4 crystal from 800 to 1600 seconds.

the dense plasma focus (DPF) device was used in this experi-
ment as a ray source for relevant tests.” The working principle
of the device is shown in Fig. S4(a).T In this experiment, we used
the time of flight (TOF) method to identify neutrons and gamma
particles; its working principle is as shown in Fig. S4(b).T

3.2 Time response of (PEA),Pb(Br, ¢5Cl, ¢5)4 single crystal for
fast neutrons and vy rays

The TOF of (PEA),Pb(Bry.95Clo.05)4 crystal and plastic scintillator
EJ228 were tested in a mixing field provided by a DPF device.
Typical test results are shown in Fig. 7. For the plastic scintil-
lator EJ228, only an isolated response peak was observed, which
came from fast neutrons. Because the plastic scintillator cannot
effectively absorb gamma rays, it does not contain heavy
elements. Moreover, due to the low light yield of EJ228, the
amplitude of the response peak was also very small, at 0.1 V. In
contrast, when the test object was a (PEA),Pb(Bry.95Cly¢5)4
single crystal, multiple response peaks could be observed, the
first two of which were from gamma rays and the last two from
fast neutrons. In theory, for fast neutrons with energy of 2.45
MeV and gamma rays with energy of 67 keV, the conversion
parameter between the TOF time difference and the flight
distance is 42.9 ns m %, that is, the arrival time difference
between the two increases by 42.9 ns for every 1 m increase in
the flight distance. The distance from the fusion reaction point
to the detector is now known to be 3.1 m, and the TOF time
difference At is 137 ns. The actual conversion parameter can be
calculated to be 44.2 ns m™ ', which is only 2.9% different from
the theoretical value. Furthermore, another flight time differ-
ence is At, = 47.2 ns, reflecting the time interval between two
fusion reactions, which is important in the analysis of fusion
reaction dynamics.

3.3 Sensitivity response of (PEA),Pb(Br, 95Cly ¢5)4 single
crystal for the fast neutrons and vy rays

Fig. 8 shows the response test results of (PEA),Pb(Br.95Cly ¢5)4
crystal and plastic scintillator EJ228 in a DPF mixed field. In
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Fig. 8(a) and (b), for a plastic scintillator EJ228, only a single fast
neutron peak can be observed. Owing to the low light yield,
while using the nuclear reaction method for fast neutron
detection, fast neutrons cannot deposit all energy in EJ228
under a single collision; therefore, the response peak amplitude
generally does not exceed 1 V. For (PEA),Pb(Br 95Cly.05)4 sSingle
crystal, considering the distance from the detector to the DPF
device and energy of the fast neutron and y-ray energy released
by the DPF (and thus the speed of both), the time difference
between the fast neutron and y-photon released by a single
nuclear reaction to the detector is 133 ns, and the arrival time of
the y-photon is earlier than the fast neutron (Fig. 8(c) and (d)).
According to this, certain response peaks of (PEA),Pb(Br os-
Clo.os)s crystal were identified, y-photon can deposit most
energy in (PEA),Pb(Bry 95Cly o5)4 crystal under a single collision,
and therefore the response peak amplitude is generally rela-
tively high.

4. Conclusion

In this paper, two dimensional halide perovskite (PEA),-
Pb(Brg.05Clo.05)2 doped with Cl was prepared using a seed-
induced volatile solvent method. Based on the optimization of
Cl” doping concentration, the light yield and luminescence
lifetime of the crystal were tested. The best effect was obtained
when the C1™ doping concentration was 5%. Then, a mixed field
composed of fast neutrons and vy rays was provided by a DPF
device, and the performance of (PEA),Pb(Bry.95Cly 05)4 crystal in
the mixed field was verified. Using the time-of-flight method
and the linear relationship between integrated charge and
neutron yield, (PEA),Pb(Br,.95Cly o5)4 crystals can be used for n/
v screening. The time difference between the fast neutron
released by a single nuclear reaction and y photon arriving at
the detector is 130 ns, and the arrival time of the y photon is
earlier than that of the fast neutron. The results of this study
have a broad application prospect in the study of nuclear
reaction dynamics, the monitoring of the neutron yield of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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