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Summary

Radioluminescent nuclear battery has been widely studied for its miniaturiza-
tion and long life. In this study, all-inorganic perovskite quantum dots (CsPbBr;
QDs) were selected as a novel wave-shifting agent combined with liquid scintil-
lator PPO (2,5-diphenyloxazole). The QDs were used to regulate the emission
spectrum to match different GaAs devices. The maximum output power of the
RL nuclear battery was greatly enhanced by 1.91 to 2.53 times. Perovskite QDs
with adjustable emission spectra were used as wave-shifting agents and exhib-
ited more excellent properties and application prospects than traditional
wave-shifting agents. The Monte Carlo method was used to simulate the energy
deposition of fluorescent materials under various radioactive source models.
Results verified the advantages of using liquid radioactive sources and liquid
fluorescent materials. The application and reference value of perovskite QDs
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1 | INTRODUCTION

For deep space exploration, nuclear batteries have
become the inevitable choice because of their long-term
stability of power supply,"* unaffected by the external
environment, long service life,>* safety, and reliability.‘c”6

Radioluminescent (RL) nuclear batteries can be
miniaturized”® and have been extensively studied.
Radioluminescent nuclear battery is a kind of indirect
energy-conversion nuclear battery; the RL nuclear battery
consists of radiation sources, fluorescent materials, and
photovoltaic cells. The indirect energy conversion mode
can effectively reduce the radiation damage effect of the
energy conversion unit in the device. This energy conver-
sion method is expected to be applied to radiation sources
with high activity and energy density.>*°

in nuclear detection and nuclear medical imaging were also discussed.

Monte Carlo simulation, perovskite quantum dots, RL nuclear battery, spectral regulation, wave-

Previous research works mainly focused on revealing
the influencing factors of RL nuclear battery and improv-
ing the property of electrical output.

The specific research work on RL nuclear battery
mainly includes selecting energy exchange materials,
adjusting physical parameters,'> optimizing structural
design,'*" and analyzing service environment.'®'” The
results show that the output performance of nuclear bat-
tery can be effectively improved by choosing excellent
fluorescent and semiconductor energy conversion mate-
rials, optimizing structural design, and improving the ser-
vice environment of nuclear battery. In the previous
research, we found that by selecting the fluorescent mate-
rials which can achieve spectral regulation to match pho-
tovoltaic semiconductor, we can obtain better electrical
performance.'®
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Fluorescent materials with adjustable emission spec-
trum have been explored to optimize their matching of
fluorescent materials and energy conversion devices, reg-
ulate the emission spectrum to match those of the
devices, and ultimately, improve the overall electrical
property of nuclear batteries."’

Perovskite quantum dots (QDs) and traditional QDs
have developed rapidly in the fields of LED, solar cells,
and sensors. Kovalenko et al'® reported that CsPbX;
(X = CI, Br, and I) QDs exhibit approximately 90%
photoluminescence (PL) efficiency, which is superior to
those of CdSe-based QDs even after surface modification.
Due to the unique and excellent optical properties of
quantum dots, the research on the radioluminescence of
quantum dots has been reported successively.’***

In this study, selective perovskite QDs with excellent
luminescence properties were used to control the emis-
sion spectra of conventional fluorescent materials. The
main research method included the characterization of
QD fluorescent materials, evaluation of the optical and
electrical properties of the RL nuclear battery after spec-
tral regulation and the gain of the electrical properties,
and calculation of the adaptation factors for different
devices after the spectrum regulation. Monte Carlo
method was used to simulate the absorption dose and
energy deposition of the fluorescent materials by using
various radiation source models. The variation in energy
deposition in the various radiation source models and
various physical parameters was studied. The applicabil-
ity and significance of the optimization of devices in
nuclear detection and nuclear medical imaging were also
discussed. Figure 1 presents the physical diagram of the
QD/PPO RL nuclear battery and the schematic diagram
of the QD spectral regulation process.

2 | MATERIALS AND METHODS

2.1 | Synthesis and characterization of
CsPbBr; QDs

CsPbBr; QDs were synthesized by hot injection with
oleylamine and oleic acid as surfactant. Surface alkyl pro-
moted the dispersion of CsPbBr; QDs in an organic sol-
vent. In brief, 20 mg of PPO powder was added into
10 mL of the QD solution and magnetically stirred until
fully dissolved to obtain CsPbBr; QD/PPO solution. The
mass concentrations of the QD/PPO and QD solutions
configured in this paper are 10 mg/mL POPOP/PPO solu-
tion. The solution was prepared by adding 0.2 mg of
POPOPO and 20 mg of PPO powder into 10 mL of tolu-
ene solution followed by magnetic stirring until fully
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Highlights

o The application of CsPbBr; quantum dots as
wave-shifting agents in RL nuclear batteries
and the performance comparison of POPOP
are first reported.

« CsPbBr; quantum dots successfully regulated
the RL spectrum of PPO and obtained 3.30
to 3.35 times optical property.

e CsPbBr; quantum dot eventually increased
the maximum output power of RL nuclear
batteries by 1.91 to 2.53 times, and the gain
effect was better than POPOP.

« Using the advantages of quantum dot
spectrum regulation and liquid fluorescent
materials, the design scheme of 1.15-uW RL
nuclear batteries was obtained by MCNP

simulation  calculation, which  greatly
improved the output power of RL nuclear
batteries.

dissolved. (synthesis details were represented in the
Supporting Information).

To characterize CsPbBr; QDs, we used high-resolution
transmission electron microscope (HRTEM). Figure 2A-C
shows that monodisperse CsPbBr; QDs have a particle
sizes of 7.38 nm and a cubic shape. The conventional
optical properties of the CsPbBr; QDs were characterized
by recording the PL and Abs spectra. Figure 1E shows the
typical ultraviolet-visible (UV-Vis) absorption and PL
spectra of the CsPbBr; QDs. The CsPbBr; QDs exhibited
strong PL with a central wavelength of 512.9 nm and a
narrow full width at half-maximum (FWHM) of
12.1 nm. The sharp absorption edge is located at 460 to
500 nm.

2.2 | Determination of the optimal
concentration of CsPbBr; QDs

Previous work proved the RL effect of CsPbBr; QDs.?’ We
selected traditional liquid scintillator PPO and CsPbBr;
QDs as the fluorescent materials for RL nuclear battery.
PPO was dissolved in toluene, to obtain different solution
concentrations (1-6 mg/mL) for measuring RL intensity
under a fixed tube voltage of a 60 kV and tube current
of 800 uA. The optimum concentration of the solute in
the PPO and POPOP/PPO solutions was finally deter-
mined (Figures S1 and S2). In brief, 20 mg of PPO powder
was added into 10 mL of the QD solution and magneti-
cally stirred until fully dissolved to obtain CsPbBr;
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FIGURE 1 A, Physical and B, schematic diagrams of the QD/PPO RL nuclear battery; and C, schematic diagram of POPOP and CsPbBr;
QDs spectral regulation processes [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 (A-C) High-resolution transmission electron microscope (HRTEM) images; (D) particle size distribution of CsPbBr; QDs and
(E) PL and Abs spectra for CsPbBr; QDs [Colour figure can be viewed at wileyonlinelibrary.com]

QD/PPO solution. The QD mass concentration of the

QD/PPO solutions are 0.625 to 10 mg/mL.

A total of two significant emission peaks existed in the
RL spectra of CsPbBr; QDs/PPO solutions with different
concentrations. A peak near 380 nm in the emission peak

was identified as the RL peak of PPO. The peak position

and values in the RL spectra of the C1 to C5 samples

are illustrated in Figure 3. The QDs in C1 to C5 samples
absorbed the fluorescence generated by PPO and con-
verted it into the characteristic emission of QDs, leading
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FIGURE 3 A, Different concentrations of CsPbBr; QDs/PPO
solution in visible light: C1, 0.625 mg/mL; C2, 1.25 mg/mL; C3,
2.5 mg/mL; C4, 5 mg/mL; and C5, 10 mg/mL; B, different
concentrations of CsPbBr; QDs/PPO solution under 365-nm UV
lamps. C, The RL spectra of an empty cuvette and CsPbBr; QDs of
different concentrations [Colour figure can be viewed at
wileyonlinelibrary.com]|

to the spectral regulation of the traditional liquid scintil-
lators. The peak value of the CsPbBr; QDs/PPO solution
increased first and then decreased with increasing QD
concentration. This finding could be explained by the fact
that the low QDs concentration cannot completely con-
vert the fluorescence of the PPO and excess QD material
could increase the absorbance of the CsPbBr; QDs/PPO
solution. Finally, we determined that the optimum QD
concentration in the QD/PPO solution is 2.5 mg/mL.

2.3 | Experimental methods

2.3.1 | PL and absorption spectra
measurement

PL spectra of the QDs were obtained by using a fluores-
cence spectrometer (Cary Eclipse Spectrometer, Agilent
Technologies Inc, Malaysia), and the UV/Vis absorption
spectra were recorded using a UV/Vis spectrophotometer
(Varian Cary 100, USA).

WILEY- S eaae

2.3.2 | HRTEM

A drop of CsPbX; QD solution was dispersed onto a Cu
grid. HRTEM images were obtained on a Tecnai
G2F30 S-TWIN instrument.

2.3.3 | Measurement of external quantum
efficiency for GaAs devices

The external quantum efficiency curves of single-junction
and triple-junction GaAs were obtained by solar cell
quantum efficiency meter in Shanghai Institute of Space
Power (Enlitech QE-R, Enli Technology Ltd, China).

2.3.4 | RL spectrum measurement

The X-ray source for RL spectrum measurement was an
X-ray tube with Mo target and operated at 10 to 60 kV
and 100 to 1000 pA. The RL spectrum was recorded at
200 to 1000 nm by using a fluorescence spectrophotome-
ter. The voltage of the photomultiplier was set to 800 V,
and the slit width of the monochromator was set to
20 nm.

2.3.5 | Measurement of the optical prop-
erty of RL nuclear battery

Radioluminescence was imaged using an EMCCD cam-
era (Andor iXon Ultra 888#BV, USA) equipped with a
Canon EF 24 to 70 mm f/2.8 L II USM zoom lenses.
The integration time for all images was set to 1 second.
The image resolution set as 1024 x 1024 active pixels.
The raw images were processed by subtracting the back-
ground image obtained under the same lighting condi-
tions with turned off X-ray tube. All instruments were
placed in the Faraday dark box during the experiments.

2.3.6 | Measurement of electrical property
of RL nuclear battery

Current-voltage curve was measured by a dual-channel
system source-meter instrument (Keithley 2636A, USA).

2.3.7 | X-ray tube energy spectrum
measurement

The X-ray energy spectra of the X-ray tube (Shanghai
KeyWay Electron Company Ltd. KYW900A, China) at
different tube power levels (10-60 kV) were recorded
using a hemispherical CdZnTe radiation probe (Shanxi
Imdetek Company Ltd DT-01C1, China) and ORTEC
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digital multichannel (ORTEC 572A/672, USA). X-ray
beam was collimated by leads and hardened by 2-mm
aluminum plates.

2.3.8 | In-situ polymerization of quantum
dot thin films

A certain amount of 12-mL toluene solution and polysty-
rene (PS) were stirred uniformly by magnetic force at
65°C to 95°C, so that PMMA or PS monomer was
completely dissolved and collocated into a stable sol.
Then, it was vacuumed for 1.5 to 2.5 hours at 0.6 to 0.8
Mpa pressure to remove dissolved air gases from the sol
and remained in dark environment for 1 day. The chem-
ical properties of the sol system are stable. AIBN and
perovskite quantum dots were added to the matrix mate-
rial. Magnetic stirring at room temperature for 1.5 to
3 hours in a glove box insulated from oxygen and water
makes the filler and matrix mix evenly. The stabilized
sol was poured into the customized steel die. The dimen-
sion of the customized circular steel die was 10 mm X 5 mm
in diameter. After vacuuming for 1 hour in a vacuum
oven, low-temperature prepolymerization was carried
out at 45°C for 42 hours, and then the temperature was
gradually increased to 80°C for 3 to 5 hours. CsPbBr;
quantum dot films with thickness of 24 to 342 um were

obtained after demolding. By adjusting the die size and
postprocessing, different types of radiation sources and
different sizes of radiation sources can be obtained.
Figure 15 shows CsPbBr; quantum dot films prepared
by in-situ polymerization.

3 | RESULT AND DISCUSSION

3.1 | Optical property of RL nuclear
batteries

The RL images of different types of fluorescent materials
(PPO, POPOP/PPO, CsPbBr; QDs, and CsPbBr; QD/PPO
each at 5 mL and CsPbBr; QD concentration of 2.5 mg/
mL) were obtained using an electron-multiplying
charge-coupled devices (EMCCD) camera under different
X-ray irradiation conditions (Figure 4).

The image resolution was set to 1024 X 1024 active
pixels. The raw images were processed by subtracting a
background image obtained under the same lighting con-
ditions with the X-ray tube turned off. Andor Solis soft-
ware (Solis Acquisition and Analysis Software) was used
to obtain fluorescent photon counting and standard devi-
ation data, and the gain effect was quantitatively ana-
lyzed. Reproducibility was checked by recording three
consecutive images for each measurement, and the
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FIGURE 4 RL images of the samples A, PPO, (B) POPOP/PPO, C, CsPbBr; QDs, and D, CsPbBr; QDs/PPO) obtained by the EMCCD
under different X-ray irradiation conditions. The tube voltage and the tube current were set at 20 to 60 kV and 800 uA [Colour figure can

be viewed at wileyonlinelibrary.com]|


http://wileyonlinelibrary.com

CHEN ET AL.

standard deviations of each test result were calculated
(Table S1-S4). The QD/PPO system captured by EMCCD
produced significant higher counts than the PPO, QD,
and POPOP/PPO systems. Figure 5 shows the count sta-
tistics of different solutions RL images under different
radiation conditions.

Figure 5 shows that the counts of PPO RL images were
significantly improved after using CsPbBr; QDs and
POPOP as the wave-shifting agents. The fluorescence
counts of QD/PPO and POPOP/PPO systems are higher
than QD system or PPO system. The fluorescence count
of the QD/PPO system is approximately 3.16 to 3.26 times
higher than that of the PPO system. The count of the
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FIGURE 5 Count statistics of RL images of different solutions
obtained by EMCCD under different radiation conditions [Colour
figure can be viewed at wileyonlinelibrary.com]

P-Al sGaAs 0.03pm  2~5X10%cm*

(B) back electrode

Tunnel Diode

Tunnel Diode

(E) backelectn:)de?» o (F)

WILEY [NROIESING]

POPOP/PPO system is slightly higher than that of the
QD/PPO system. The combination of POPOP and QDs as
the wave-shifting agents combined with PPO effectively
enhanced the counts of RL photons compared with the
PPO systems. This enhancement consequently improved
the output performance of the RL nuclear battery.

3.2 | Selection of energy conversion
devices

As a second-generation semiconductor, GaAs exhibits
excellent characteristics such as wide band gap, high elec-
tron saturation drift velocity, direct-band-gap structures,
a wide band and a small leakage current. Thus, GaAs is
suitable for fabricating high-power, antiradiation, high-
integrated electronic devices and circuits. To obtain
improved electrical properties, we selected single and
triple-junction GaAs as energy conversion devices of the
RL nuclear battery.

These materials are widely used in solar cells, micro-
electro-mechanical system (MEMS), and other devices
and in various studies on nuclear batteries. Figure 6A,B,
D,E shows the physical and structural diagrams of
single and triple-junction GaAs. The efficient energy con-
version area of the device used in this work was
10.1 mm X 11.1 mm. Figure 6C,F shows the external quan-
tum efficiency of the different devices. Single-junction
GaAs effectively converted the visible photons of 300 to
900 nm into electrical energy. The spectral range of
triple-junction GaAs (200 to 2000 nm) is wider than that
of single-junction GaAs, which is about 200 to 900 nm.
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FIGURE 6 Two different energy conversion devices used in the experiment: A, single-junction GaAs; D, triple-junction GaAs; the
structural representation of B, single-junction GaAs and E, triple-junction GaAs; the external quantum efficiency of C, single-junction
GaAs and F, triple-junction GaAs [Colour figure can be viewed at wileyonlinelibrary.com]
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3.3 | Electrical property of RL nuclear
batteries

Single and triple-junction GaAs were used as energy con-
version units to absorb the radioluminescence and pro-
duce an electrical output. The detailed structure of
GaAs devices is shown in Figure 3. RL nuclear batteries
are typically characterized through their electronic per-
formance parameters such as short-circuit current (I.),
open-circuit voltage (V,.), maximum output power
(Pnay), and fill factor (FF). The physical and I-V curves
are shown in Figure 7. The voltage and current at the
maximum power point were denoted as I,, and V),
respectively. P,,,, was calculated as follows:

The electrical properties of the QD/PPO and
POPOP/PPO systems obtained from the I-V curves are
significantly better than those of the PPO system. The
dark current of the different devices was measured in a
Faraday dark box with the X-ray tube turned off. The
electrical properties of the QD/PPO system are superior
to those of the POPOP/PPO system, in contrast to the
characterization of previous optical properties. The rea-
son for this conclusion is that the fluorescence photons
of the QD/PPO system are more effectively absorbed
and converted into electrical energy by GaAs devices
compared with the fluorescent photons of the
POPOP/PPO system. The values of Iy, V,., Py and FF
of the QD/PPO and PPO RL nuclear batteries were calcu-
lated based on the data in the I-V curves by using Equa-

Prmax = Vi Ip M tions 1 and 2.
Electrical property measurements are shown in
FF — Prax @) Figure 8. The electrical properties of single and triple-
Voelse junction GaAs changed in the same trend, that is

At the I, and V. points, the power is zero, and P,
occurs between the two terms. FF is the ratio of P,,, to
the product of I, and V.

The I-V curves of the RL nuclear battery with different
fluorescence materials (PPO, POPOP/PPO, and CsPbBr;
QD/PPO) and energy conversion devices (single and
triple-junction GaAs) were measured by the experimental
method presented in the subsequent section. The electri-
cal properties of the RL nuclear batteries were compared.

QD/PPO system > POPOP/PPO system > PPO system.
The electrical properties of QD/PPO and POPOP/PPO
systems are superior to those of the PPO system, and
the gain of the electrical properties of the RL batteries is
remarkable with the addition of the two wave-shifting
agents. This finding conforms to the test results of the
optical properties and I-V curves.

QDs and POPOP can be used as wave-shifting agents
to regulate the emission spectrum of PPO and gain the
electrical properties of nuclear batteries. The scheme
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FIGURE 7 I-V characteristic curves of A, PPO, B, POPOP/PPO, and C, CsPbBr; QD/PPO RL nuclear batteries (single-junction GaAs as an
energy conversion device); I-V characteristic curves of the D, PPO, E, POPOP/PPO, and F, CsPbBr; QD/PPO RL nuclear batteries (triple-
junction GaAs as energy conversion device) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 A, Short-circuit current (I,.); B, open-circuit voltage (V,.); and C, maximum output power (P,,,) of the RL nuclear batteries

[Colour figure can be viewed at wileyonlinelibrary.com]

has the same effect on single and triple-junction GaAs.
The short-circuit current of single-junction GaAs is
slightly higher than that of triple-junction GaAs; mean-
while, the open circuit voltage of triple-junction GaAs is
much higher than that of single-junction GaAs. Thus,
triple-junction GaAs exhibited better electrical perfor-
mance than single-junction GaAs.

Ly, Vo, Prax, and FF are four core parameters for eval-
uating the electrical performance of batteries. The V., I,
P,.ux and FF of the PPO RL nuclear battery were all set at
1 for reference. Figure 9 shows the corresponding coeffi-
cients of the electrical parameters of the QD/PPO and
POPOP/PPO nuclear RL batteries with respect to the
PPO nuclear RL batteries.

Studies on nuclear batteries have mainly focused on
improving electrical performance, and the maximum out-
put power is the most concerned electrical parameter.
The result of parameter calculation shows that the P,
gain of POPOP/PPO system is 1.42 to 1.80 times and
1.20 to 1.81 times compared with that of PPO system with
single and triple-junction GaAs as energy conversion
devices, respectively. The P, gain of the QD/PPO sys-
tem is 1.91 to 2.53 times and 2.03 to 2.51 times that of
the PPO system with single and triple-junction GaAs as
energy conversion devices, respectively. For the RL
nuclear battery, the addition of QDs led to the excellent
optical and electrical properties, and the gain of electrical
properties is also better than that of the traditional wave-
shifting agent POPOP.

3.4 | Calculation of spectral matching
factor (SMF)

The normalized RL spectra of PPO, POPOP/PPO, and
QD/PPO systems were recorded under different X-ray
irradiation conditions (Figure 10). The spectral compati-
bility of the QD/PPO, POPOP/PPO, and PPO
radioluminescence with the spectral sensitivity of various
optical photon detectors (single and triple-junction GaAs)
was estimated using SMF**:

35 B 1: Pmax

SJ_GaAs PV
I 2: Pmax

1: CsPbBr, 2: POPOP

1: lIsc
3.0 2: lIsc
1: Voc
I 2: Voc
1 FF
B 2: FF -

Gain coefficient (a.u)

0
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35| 1: Pmax TJ_GaAs PV
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c = fi
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FIGURE 9 Gain coefficients of V., I, P,q. and FF of the QD/
PPO and POPOP/PPO RL nuclear batteries A, single-junction
GaAs and B, triple-junction GaAs as energy conversion devices
(PPO RL nuclear battery as reference) [Colour figure can be viewed
at wileyonlinelibrary.com|
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where Sp is the RL spectra of QD/PPO, POPOP/PPO, and
PPO, Sp is the spectral sensitivity of the GaAs devices,
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FIGURE 10 A, Normalized RL spectra of PPO, POPOP/PPO, and CsPbBr; QD/PPO and the external quantum efficiency curve of single-
junction GaAs and B, normalized RL spectra of PPO, POPOP/PPO, and CsPbBr; QD/PPO and the external quantum efficiency of triple-

junction GaAs [Colour figure can be viewed at wileyonlinelibrary.com]

and A denotes the wavelength of the radioluminescence.
The above experimental method was used to characterize
the RL spectra of different fluorescent materials to obtain
normalized RL spectra. The external quantum efficiency
curve of the GaAs devices was obtained from the test.

The SMFs of the PPO, POPOP/PPO, and CsPbBr;
QD/PPO materials were calculated using the data in
Figure 10 and Equation (3). The FWHM and peak RL
spectra of different fluorescent materials and the SMF
for GaAs are shown in Table 1.

Based on the normalized RL spectra, both types of
wave-shifting agents (CsPbBr; QD and POPOP) effec-
tively absorbed the radioluminescence generated by PPO
under different X-ray irradiation conditions. The emis-
sion wavelengths of the QD/PPO and POPOP/PPO sys-
tems were determined by the characteristic emission
wavelengths of QDs and POPOP.

The selected CsPbBr; QD can be used as a wave-
shifting agent to obtain a more suitable emission spec-
trum and a narrower FHWM. The RL emission spectra
of QD/PPO systems are determined by the type of QDs.
For GaAs devices, the SMF of the QD/PPO system is
almost two times the SMF of the PPO system and is supe-
rior to the POPOP/PPO system, which is considered to be
the main reason for the significant improvement in opti-
cal and electrical properties.

TABLE 1 The QD/PPO and PPO SMF of GaAs devices

Single- Triple-

Junction Junction Peak, FHWM,
SMF GaAs, % GaAs, % nm nm
PPO 42.48 36.76 378.5 54.2
POPOP/PPO 91.74 88.34 421.9 52.2
CsPbBr; QD/PPO  95.44 92.38 512.8 10.1

3.5 | RL nuclear battery based on QD/PPO
and liquid radioactive source by MCNP
simulation

3.5.1 | Radioactive source selection of
radioluminescenct nuclear battery

The specific parameters of the X-ray tube are shown in
Table 2. The obtained X-ray spectrum information and
the test system are shown in Figure 11.

The X-ray spectra of the X-ray tube at different tube
powers (10-60 kV) were recorded using a CdZnTe radia-
tion probe and ORTEC digital multichannel.

The X-ray spectra show that adjusting the X-ray tube
voltage can regulate the emitted X-ray energy and can
be used for equivalent different low-energy X-ray sources.
In recent years, an increasing number of GaAs >°Fe
nuclear batteries have been developed using low-energy
>>Fe radioisotope X-ray sources and GaAs devices.'®*!
The average energy of the X-ray tube is close to that of
natural radionuclide >°Fe with the voltage of 10 kV. The
activity of the X-ray tube was converted into
3.0755 x 10™ Bq for the tube current of 800 wA which
is equivalent to the natural radionuclide **Fe of 8.3123 Ci.

3.5.2 | Monte Carlo simulation of RL
nuclear battery

The computational software used in theoretical research
is Monte Carlo N particle general code 6 (MCNP 6.1).
The physical model of MCNP can be divided into three
types: solid cylinder radiation source, liquid radiation
source, and X-ray external radiation source (Figure 12).
The size of the three models was set as 3 cm X 3 cm X 6 cm
cuvette with a wall thickness of 2 mm, which is consis-
tent with the experiments. After optimizing the
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TABLE 2 Specific parameters of the X-ray tube

Anode Voltage

60 kV

Thickness of beryllium window

200 um

Anode Current

0-1 mA

10°

Target angle

65 W

0.1 mm X 0.1 mm

1.0
'ss';e
0.8 (5.9ke'

N

0.6

04

02

10kV 20ka 30kV

—10kV
—— 20kV
— 30kV
—— 40kV
—— 50kV
—— 60kV

12Am
59keV|

60kV

Normalization X-ray photon Counts (a.u)

0 5 10

FIGURE 11 Energy spectrum of X-ray tube obtained by CdZnTe

15 20 25 30 35 40 45 50 55 60 65
X-ray energy (keV)

detector [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 12

Height 6 cm
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concentration of QDs, the fluorescence material selected
in the three models was QD/PPO.

The solid source model can be described as a cylindri-
cal radiation source with various physical parameters
placed in the center of a cube. The height of the radiation
source is set to 6 cm, and the radius of the cylindrical
radiation source are set as 0.1, 0.2, 0.3, 0.4, or 0.5 cm,
respectively. A model of a liquid source can be described
as a liquid source of the same mass with a solid source
diffusing in a cube of the same size. *>Fe was used as
the excitation source in the solid and liquid source
models, and the X-ray tube energy spectrum detected by
CdZnTe was used as the excitation source in the X-ray
external radiation source model.

Figure 12A shows a physical model of X ray external
irradiation, consisting of a colorimetric dish and a liquid
fluorescent material. Figure 12B presents a physical

Radius 0.2 cm

Radius 0.1 cm

A 7

D)

(C) Solid

Radius 0.5 cm

Radioactive Source

Fluorescent materials

(G) Solid

The physical model for the MCNP simulation [Colour figure can be viewed at wileyonlinelibrary.com]
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model of a liquid radioactive source consisting of a color-
imetric dish and a mixed liquid (liquid radioactive source
>>Fe and liquid fluorescent material). Figure 12C-G dem-
onstrates a physical model of solid radioactive sources
consisting of a colorimetric dish and a cylinder radioac-
tive source >°Fe. In diverse physical models, the absorbed
dose and energy deposition in fluorescent materials are
provided in Table 3. The specific values of the absorbed
dose of a cylindrical source and the fluorescent material
in the solid source model are shown in Table S5. The
number of simulated particles was 1 X 107, and the errors
were all less than 0.03%.

In the solid source model, the absorbed dose and
energy deposition of fluorescent materials only accounted
for 0.02% to 2.65% of the total absorbed dose and energy
deposition, because the cylindrical source itself has a sig-
nificant shielding effect on the low-energy X-ray produced
by >°Fe. The results of MCNP simulation show that the
liquid radiation source combined with liquid fluorescent
material exhibits advantages over the traditional solid
radiation source for low-energy X-ray source >°Fe. The
absorbed dose and energy deposition calculated by the
X-ray external radiation model are 2.8994 x 107*" Gy
and 1.5103 x 107% J, respectively. In previous studies,
on RL nuclear battery, the energy deposition in fluores-
cent materials is proportional to the P,,,, and shows a lin-
ear relationship within a certain range.'>'® Therefore, we
can estimate the electrical output performance of various
physical models through the energy deposition calculated
by various physical models.

Figure 13A,B shows the P, of different physical
models with single-junction GaAs and three-junction
GaAs as devices, respectively. Sequence 1 in Figure 13 is
the electrical output of the X-ray external source model
obtained by previous electrical experiments. Sequences 2
to 5 and Sequences 6 to 11 are the solid and liquid source
models, respectively. The results show that the energy
deposition of both solid and liquid radiation source
models is significantly better than that of X-ray radiation
source models. Furthermore, the energy deposition in the
liquid source model is significantly better than that in the
solid source model because the liquid source *°Fe and
the liquid fluorescent material can be fully contacted
and the radiation source self-absorption is significantly
less than that in the solid column model. The P,,,, values
of liquid radiation source model with single and three-
junction GaAs as devices are 62.68 nW and 1.15 puW,
respectively.

3.5.3 | %Ni/CsPbBr; QDs/PPO/GaAs RL
nuclear battery

CsPbBr; QDs with green emission are selected for perov-
skite quantum dots. The reason is that CsPbBr; QDs have
the highest fluorescence quantum efficiency and the
emission spectrum of CsPbBr; QDs is located near the
peak wavelength of the external quantum efficiency
curve of GaAs photovoltaic semiconductor. Selecting
CsPbBr; QDs is conducive to obtaining better electrical

TABLE 3 Radiation absorbed dose and energy deposition of different source

Solid Source Absorbed Dose, Gy Energy Deposition, J

1 1.82E — 29 9.81E — 28
2 2.72E — 29 1.45E — 27
3 3.87E — 29 2.02E — 27
4 6.11E — 29 3.11E — 27
5 1.18E — 28 5.83E — 27
70
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FIGURE 13 P, of the three type models [Colour figure can be viewed at wileyonlinelibrary.com]
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properties. CsPbBr; QDs/PPO films with thickness rang-
ing from 24 to 342 um were prepared by in situ polymer-
ization. The I-V curves of PPO and CsPbBr; QD/PPO
radioluminescence nuclear battery were recorded with
an electrical performance test system at ®*Ni radiation
source, as shown in Figure 14.

Radioluminescence emission spectra of CsPbBr;
QDs/PPO films with one to four thickness of 24.5, 44.8,
62.1, and 85.1 um, respectively, are shown in Figure 14.
CsPbBr; QDs regulate the irradiation fluorescence of
PPO to a certain extent. Because the energy of °*Ni radi-
ation source is low, the depth of radiation particles pene-
trating the material is shallow. The I-V curves of ®*Ni/
QD/PPO radioluminescenct nuclear battery show that
the electrical performance of the cell prepared by CsPbBr;
QDs/PPO film with thickness of 24.5 um is better than
that of the PPO radioluminescenct nuclear battery, and
the maximum output power is 1.38 pW.
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3.5.4 | Application prospect

In this paper, tunable properties of CsPbBr; QDs mate-
rials are used to improve the adaptability of traditional
fluorescent materials with different device. All-inorganic
perovskite quantum dots enable full-spectrum regulation
of the visible light band by changing the composition
and particle size of the quantum dots. Physical diagrams
and normalized radiation emission spectrum of all-
inorganic perovskite quantum dots of different composi-
tions are shown in Figure 15.

All-inorganic perovskite quantum dots enable spectral
control in the visible range to adapt to devices (PMT
photomultipliers, Si-PD silicon photodiodes, CCD
charge-coupled devices, etc.) that respond to different
spectral ranges. The research ideas of using quantum
dot fluorescent materials to improve the adaptability of
optoelectronic devices and emission spectra have certain

——1*0.245 mm
F——2*0.448 mm
——3*0.621 mm
| ——4*0.851 mm
—— 5* Ni-Source

®
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FIGURE 14 A, Emission spectra of QD/PPO films under 53Ni radiation source, B, I-V curves of *Ni/QD/PPO RL nuclear battery, and
(C-)F ®*Ni/QD/PPO RL nuclear battery [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 15 A, Physical diagram of all-inorganic perovskite CsPbX; (Cl, Br, I) QDs. B, Physical diagram of CsPbX; QDs films. C, RL
spectra of all-inorganic perovskite CsPbX; (Cl, Br, I) QDs [Colour figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

CHEN ET AL.

VI @ -\ FRCY RESEARCH

reference significance and application value in radiation
sensors, nuclear batteries, radiation detectors, and
nuclear medicine imaging.

4 | CONCLUSIONS

The size and emission wavelengths of CsPbBr; QDs syn-
thesized by hot-injection method are 7.38 and 512.9 nm,
respectively. The fluorescence emission spectra of
QD/PPO were characterized. The optimum concentra-
tions of PPO, POPOP/PPO, and QD/PPO systems was 2,
0.2, and 2.5 mg/mL, respectively, according to RL
intensity.

The fluorescence counts significantly increased in the
PPO system after using the wave-shifting agents. The
EMCCD count in the QD/PPO and POPOPO/PPO sys-
tems increased by approximately 3.30 to 3.35 times over
the PPO systems. Moreover, the POPOP/PPO systems
have excellent optical properties.

The electrical properties of the QD/PPO and
POPOP/PPO RL nuclear batteries significantly improved.
The P,,,, values of the POPOP/PPO system are 1.42 to
1.80 and 1.20 to 1.81 times that of the PPO system, respec-
tively, with single and triple-junction GaAs as the energy
conversion devices. The P,,,, values of the QD/PPO sys-
tem are 1.91 to 2.53 times and 2.03 to 2.51 times of the
PPO system, respectively, with GaAs devices. Hence, the
electrical property of the QD/PPO system is better than
that of POPOP/PPO system.

Three radiation source models were simulated by the
Monte Carlo method. Based on the simulation and exper-
imental results, liquid fluorescent materials combined
with liquid radiation source are an effective scheme to
significantly enhance the energy deposition in fluorescent
materials. This work provides a theoretical basis for the
development of RL nuclear cells based on liquid fluores-
cent materials and liquid radioactive sources. The results
also verify that the application of liquid fluorescent mate-
rials in nuclear battery.

CsPbBr; QDs can be used as a wave-shifting agent to
control the emission spectrum of PPO and significantly
improve the overall output performance of the RL nuclear
battery. The strategy of using all-inorganic perovskite QDs
as wave-shifting agents to regulate the emission spectrum
of traditional fluorescent materials has potential applica-
tions in the fields of RL nuclear battery, nuclear detection,
and nuclear medicine imaging technology.
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