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1 | INTRODUCTION
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Summary

This work investigated the preparation and optimization of phosphor layer for
radioluminescent nuclear battery, and analyzed the property change of the
phosphor after irradiation. ZnS:(Cu, Al) with grain size of 5 pm was selected as
the phosphor material, and AlGaInP semiconductor was used as the photovol-
taic unit. Monte Carlo modeling was used to simulate energy deposition,
absorbed dose, penetration of § particles in the phosphor. The optimized cou-
pling scheme of radioisotope sources and phosphor layer was obtained based
on comparison particle penetration depth and the output power of radio-
luminescent nuclear battery. The phosphor layer with ®°Co y-radiation
enhanced the luminescence property up to 50% at the radiation dose of
871 kGy, which is considered as an optimized method of phosphor layer prepa-
ration. The radiation of 10 MeV electron was conducted to study the degrada-
tion based on the microscopic lattice characteristics, morphological changes,
optical and electrical properties. Phosphors have excellent radiation resistance.
The output power of nuclear batteries has only declined by 43% even when
electron radiation dose reaches 8.56 MGy. The prospect for utilizing ZnS:(Cu,
Al) phosphor as radiant energy conversion materials in nuclear battery was
also discussed. Results provided an effective guideline for predict the service
conditions of radioluminescent nuclear battery.
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radiation resistance of fluorescent materials is better than
semiconductor materials.®'® Radioluminescent nuclear

The nuclear battery is widely used in severe environ-
ments such as outer space and deep sea, because of its
small size, light weight, long service life, and stable out-
put power."* At present, miniaturized nuclear batteries
mainly consist of decay particle conversion mechanism;
however, radiovoltaic nuclear battery with direct conver-
sion mode causes severe displacement damage of the
semiconductor unit and shortens its service life.”® The

battery is a device that converts the decay particles of
radioisotope sources into light and then forms an output
current, which has inherent advantages for indirect
energy conversion. Its structure is shown in Figure 1.
Fluorescent materials are widely used in the radio-
luminescence field because of high luminescence inten-
sity and good stability. The phosphor layer can effectively
prolong the service life of batteries, and even improve the
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FIGURE 1 The structure of the radioluminescent nuclear
battery [Colour figure can be viewed at wileyonlinelibrary.com]

output power."'** Research on radioluminescent nuclear
battery mainly focuses on the optimized design of phos-
phor and the structure of phosphor layers. The electrical
property of it can be enhanced by matching the quantum
efficiency of the photovoltaic unit and increasing the
emission photon of the phosphor layer.'>!” These find-
ings extend the potential application of nuclear battery.
ZnS-based fluorescent materials have excellent properties
for the radioluminescent nuclear battery, and extensive
research has been carried out based on this material.'®°
In addition, the coupling of radioisotope sources and
fluorescent materials is also the main way to improve the
property. There greatly enhance the utilization of radio-
isotopes and emission photons by using a liquid source
and fluorescent.”® Variety of the phosphor and the sub-
strate under the same radiation source will also impact
on the photon emission of phosphor layers.”' The phos-
phor layer is a planar structure sandwiched between the
radioisotope source and the photovoltaic unit. It is neces-
sary to ensure that the decay energy is completely depos-
ited and sufficient radioluminescence photons are
emitted. Therefore, the design and optimization of phos-
phor layer is a crucial item to study radioluminescent
nuclear battery. This paper is a present study on ZnS:(Cu,
Al) phosphor, which focuses on the coupling of radioiso-
tope sources and phosphor layers, and explores variation
tendency of properties after irradiation.

This work has explored the luminescence enhance-
ment of ZnS:(Cu, Al) phosphor layer at the microscale
in accordance with the y radiation optimization of the
nanoscale quantum dot fluorescent materials.?***
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ZnS-based phosphors are oxidized, discolored, and have
a larger grain size due to electron radiation.**” How-
ever, there was little work that investigated the micro-
morphology, optical, and electrical properties of ZnS:
(Cu, Al) phosphors after high-dose electron radiation.
The combination of simulation and experiment is a suit-
able method to analyze the effect of radioactive particles
on materials.?®? It is meaningful for exploring the per-
formance changes and micromechanism of energy con-
version section after radiation in batteries, providing
important guideline for predicting battery service
behavior. All of these studies play a certain role in the
optimization and preparation of phosphor layers and

property evaluation of radioluminescent nuclear
battery.
2 | MATERIALS AND METHODS

2.1 | Monte Carlo simulation

The energy deposition of ZnS:(Cu, Al) was simulated by
MCNP5 and counted by *F8 card. Absorbed dose (D) is
the quotient of de by dm, where de is the mean deposited
energy imparted by ionizing radiation to matter of incre-
mental mass dm. The absorbed dose can be obtained by:

D=de/dm. 1)

In Monte Carlo simulation, the material was layered
to obtain absorbed dose at different depths. The dose rate
of the electron accelerator was the surface layer of ZnS:
(Cu, Al), and it would change as the increasing thickness.
Therefore, the thickness of phosphor for the radiation
experiment should be simulated to accurately calculate
the absorbed dose. The simulation model was an electron
source with 10 MeV, and the irradiated material was
divided into 30 mm X 30 mm X 0.1 mm per layer. The
number of simulated electrons was 109; the relative error
was less than 0.15%. The structure and the result are
shown in Figure 2.

Figure 2B is the trend of energy deposition and
absorbed dose with increasing thickness. The yellow
line represents the absorbed dose and the gray column
is the energy deposition. The energy deposition gradu-
ally increased with the thickness of the phosphor, and
the rate of increase rose and then decreased. It is
because high-energy electrons generate bremsstrahlung
and secondary electrons in phosphor. The absorbed
dose of ZnS:(Cu, Al) at the thickness of 11.9 mm is
equal to the surface layer. Therefore, the thickness of
11.9 mm was used for sample positioning in irradiation
experiments.
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FIGURE 2 A, Structural design in MCNP5 simulation; B, Simulation result of energy deposition and absorbed dose in phosphor

[Colour figure can be viewed at wileyonlinelibrary.com|

2.2 | Experimental procedure

2.21 | Radiation condition
The y radiation experiment of the phosphor layer was
conducted with a high activity ®°Co radioisotope source
whose dose rate is 12.4 kGy/h (®°Co Radiation Center of
Nanjing University of Aeronautics and Astronautics).
High-dose p radiation experiments of ZnS:(Cu, Al)
phosphors were carried out with an electron accelerator,
whose energy is 10 MeV and surface absorbed dose rate
is 19 kGy/s (Dasheng Electron Accelerator). The dose
rate of the P particles emitted by electron accelerator is
the value on surface layer, so the dose rate in-depth needs
to be simulated by Monte Carlo.

222 |
testing

Characterization and property

The property variation of the phosphor was analyzed after
irradiation. The optical property and radioluminescence
spectra were obtained using Agilent Technologies Cary
Eclipse fluorescence spectrophotometer. The electrical prop-
erty of the radioluminescent nuclear batteries was evaluated
by a source meter (Keithley 2636A). The photoelectric con-
version device of the radioluminescence is AlGalnP semi-
conductor photovoltaic units, whose quantum efficiency
has a good matching with the emission spectrum of ZnS:
(Cu, Al). X-ray diffraction (XRD) was used to analyze the
crystal structure of the phosphor. Surface morphology was
studied using a scanning electron microscope (SEM).

2.2.3 | Phosphor layer preparation

There are two methods of preparation of phosphor layer:
“adhesion” method and “blending” method. The “adhe-
sion” phosphor layer consists of two parts: fluorescent
material layer and substrate layer. The fluorescent mate-
rial layer is the single-grain phosphor with the size of
5 pm. The substrate layer is the biaxially oriented polypro-
pylene (BOPP) with the thickness of 50 pm. The ZnS:(Cu,
Al) phosphor grains were directly adhered on the BOPP
substrate, and thinned to single-grain phosphor adhesion.
The “blending method” phosphor layer blended the fluo-
rescent material with silicone. Glue and hardener (high
transparent silica gel) were weighed into a Teflon beaker
at a ratio of 1:1, stirred for 0.5 hour, mixed well, added
with a certain amount of fluorescent material, and then
placed into a vacuum defoamer. The silicone and fluores-
cent material were mixed into the casting machine tank,
the thickness was controlled at 150 pm, and the substrate
was coated. The plated film substrate was placed in the
oven, which was maintained at 60°C for 1 hour and at
150°C for 3 hours. The film was peeled off from the sub-
strate to obtain the “blending” phosphor layer.

3 | RESULTS AND DISCUSSION

3.1 | Coupling and optimized
preparation of phosphor layer

“Adhesion” phosphor layer is usually used for p-radio-
luminescent nuclear battery. p sources deposit energy
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completely in a shallow layer, so the close contact
between radioisotope sources and phosphor is an efficient
energy conversion method. Meanwhile, a thicker phos-
phor layer will cause more self-absorption of radio-
luminescence photons, and a thinner phosphor layer will
cause a loss of radiation source energy. It is believed that
the thickness of the phosphor is equal to the energy depo-
sition depth of the radioactive particles is the best cou-
pling solution.

3.1.1 | Coupling of radiation source and
phosphor layer

The simulation result of the energy deposition of **Ni
and "*’Pm radioisotope source in the ZnS:(Cu, Al) phos-
phor is shown in Figure 3.

It is shown that the thickness of the single-grain
phosphor is sufficient to deposit most energy of °*Ni
radioisotope. Because of the higher emission energy of
147Pm, its penetration depth is deeper than ®Ni. Single-
grain phosphor cannot completely absorb the electron
energy, causing not only energy loss but also unnecessary
damages on the substrate layer. ®*Ni radioisotope source
is an excellent combination scheme of the “adhesion”
phosphor layer in this work. And *’Pm radioisotope
source is fit for a phosphor with grain size of 50 pm.

3.1.2 | Electrical property of the
batteries with different phosphor layers

An X-ray generator was used for equivalent y radioiso-
tope sources. The analysis of the maximum power (Ppay)

Energy deposition (eV)
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of two phosphor layer batteries under shifty voltages is
shown in Figure 4, which the current was fixed
at 400 pA.

The output power has an obvious enhancement
trend with increasing voltage. The output power of two
phosphor layer batteries was almost the same when the
X-ray generator voltage was 10 kV. As the voltage rose,
the enhancement trend of output power of “blending”
phosphor layer batteries was significantly higher than
that of the “adhesion” phosphor layer batteries. Besides,
the increasing rate of the P,y of “adhesion” phosphor
layer batteries gradually slows down with the enhance-
ment voltage. The result indicates that “blending” phos-
phor layer battery will have a better electrical property
under low liner energy transfer radioisotope sources
such as ®°Co, '*’Cs, or other y-radioisotope sources. The
higher the energy of the y particles the greater advan-
tage of the “blending” phosphor layer because it con-
tains more phosphor grains and a mass of
radioluminescence photons can be excited by the y ray.
Therefore, y-radioluminescent nuclear batteries use
“blending” phosphor layers to perform better energy
conversion and obtain higher power output.

3.1.3 | y-radiation enhanced
luminescence of the phosphor layer

The two kinds of phosphor layers irradiated by ®*°Co were
loaded into the radioluminescent nuclear battery with
different particle sources. The trend of electrical proper-
ties with increasing radiation dose is shown in Figure 5.
The red and black data points in Figure 5 reflect the
results of multiple measurements; the blue and yellow
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2000 H
1000 H
0 D -
0 10 20 3 40 50 60

Depth (um)

FIGURE 3 A, Energy deposition of ®*Ni radioisotope; B, Energy deposition of *’Pm radioisotope [Colour figure can be viewed at

wileyonlinelibrary.com]
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shadow represents the average value of the results. The
Ppax and short-circuit current () were increasing after
the ®°Co vy radiation. The same change trend of Py, and
I indicated that the open-circuit voltage (V,.) and fill
factor (FF) were stable, so the electrical property of bat-
tery was only related to the number of emission photons
from the phosphor layer. The photon yield of phosphor
layers was enhanced under y radiation. The radiation
enhancement effect of the “blending” phosphor layer
reached a peak increasing by 46% when the radiation
dose was 348.4 kGy, and then radioluminescence photon
yield decreased slightly with the increasing radiation
dose. This is a result of the competitive relationship
between the radiation damage effect and the radiation
enhancement effect. The “adhesion” phosphor layer
increased continually, and had a 50% increase at the dose

Source: X-ray generator. Current: 400 pA.
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FIGURE 4 Maximum power of radioluminescent nuclear
batteries with increasing voltage of X-ray generator [Colour figure
can be viewed at wileyonlinelibrary.com]|
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of 871 kGy. Hence, y radiation processing is an effective
way to enhance radioluminescence intensity of the phos-
phor layer.

3.2 | Electron irradiation stability of
phosphor

The phosphor with the thickness of 11.9 mm was placed
in aluminum boxes in the electron radiation experiment.
The phosphor with electron radiation was prepared into
phosphor layers by “adhesion” method for optical and
electrical property testing.

3.21 | Optical property

®3Ni was loaded as the radioisotope source to excite phos-
phor layer. The radioluminescence spectrum is shown in
Figure 6A. The luminescence integral intensity of the
phosphors irradiated is shown in Figure 6B.

The peak of the emission wavelength of different
radiation doses of phosphors shows no significant
shift. The wavelength range of the radioluminescence
is still between 450 and 650 nm. There is no spectral
excursion in the phosphor, but the number of emis-
sion photon is reduced due to radiation defects. The
luminescence intensity of the phosphor decreases
gradually with increasing radiation dose. The decay
rate is initially fast and then slows down. The attenu-
ation tends to be stable between 5.14 and 6.85 MGy.
Another significant attenuation occurs at the dose of
8.56 MGy, and the fluorescence intensity is decreased
by 49.5%. The specific attenuation mechanism needs

further analysis through microscopic charact-
erization.
(B) 24} source: Ni. Activity: 10 mCi/em?. . N
-
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FIGURE 5 The electrical properties with increasing y radiation dose A, “blending” phosphor layer; B, “adhesion” phosphor layer

[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 A, Radioluminescence spectra of phosphors after electron radiation; B, Optical properties trend of phosphors after electron

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

TABLE 1  Electrical parameters after irradiation at different
doses
Dose (MGy) I, (nA) Voc (V) Pax (W) FF
0 3.88 0.61 1.29 0.534
1.71 3.47 0.59 1.14 0.557
3.42 3.30 0.59 1.08 0.552
5.14 3.15 0.63 0.96 0.480
6.85 2.96 0.63 0.94 0.501
8.56 2.41 0.59 0.73 0.515
3.2.2 | Electrical property

The ®Ni was loaded on the upper part of the
30 mm X 30 mm “adhesion” phosphor layer, and an
11 mm X 11 mm AlGaInP semiconductor photovoltaic
unit was used for photoelectric conversion. The electrical
output parameters are shown in Table 1. The attenuation
trend of Py, is shown in Figure 7.

The FF and V,. are only slightly fluctuated without
obvious variation tendency, and the attenuation trend of
I and P,y is similar to that of the optical properties of
phosphor. The result indicates that the property of the
radioluminescent nuclear battery is mainly depending on
emission radioluminescence of the phosphor layer. When
the absorbed dose reached 8.56 MGy, the output power
of the battery dropped by 43.4%. Electron radiation on
the phosphor caused radiation damage that decreased the
photon yield of it. The incident photons of the semicon-
ductor photovoltaic unit reduced; the current decreased,
resulting in a decreasing output power of the battery.
Specific electron radiation damage and accompanying
changes at the microscopic level require further micro-
scopic characterization.

3.2.3 | Crystal structure

Figure 8 shows the XRD patterns of the phosphor.
Figure 8A compares the initial phosphor with the stan-
dard PDF card of ZnS, and Figure 8B compares the
phosphor with different radiation dose.

According to the comparison with the standard PDF
card of ZnS, the diffraction peaks of the two are consis-
tent, indicating that the main component of this phos-
phor is ZnS. The elemental composition, crystal plane
orientation, and grain structure of the phosphor did not
change after electron radiation. In addition, the full-
width half maximum (FWHM) is very narrow, indicating
that the irradiated phosphor still had good crystallinity.
The grain size changed continuously, and no phase tran-
sition or interplanar spacing change occurred. The anti-
radiation performance of ZnS:(Cu, Al) is excellent, but
some regular heterogeneous phases appeared near the
(111) crystal plane, electron radiation caused some
defects in its crystal structure. No other components were
introduced here; it was still the ZnS:(Cu, Al) phosphor
that played the role of absorbing electrons to emit lumi-
nescence. The emission decay is caused by the crystal
grain defects of the phosphor itself.

3.2.4 | Surface morphology
The defect effect and surface morphology of phosphor
after radiation was analyzed. Figure 9 shows the SEM
images of the morphological characteristics of the micro-
scopic surface of irradiated phosphors.

There were more defects generated on the grain sur-
face as the increasing absorbed dose. The defects on the
surface of phosphor acted as a light trap to self-absorb


http://wileyonlinelibrary.com

11718 INTERNATIONAL JOURNAL OF JIANG ET AL.
CEAMVV TV -\ -y RESEARC
(A) 0.0 0.1 0.2 0.3 0.4 0.5 0.6 (B)
Voltage (V)
1.2F 7
-1.0
- _09F .
g z
- 2.0 ‘:é
=
% Q.‘E 0.6F T
&) —— 0 MGy
S.op 1.71 MGy 03F e
3.42 MGy
——5.14 MGy
'40 B 6.85 MGy 0.0 L 1 1 1 L 1
——8.56 MGy ’ 0 1.71 342 5.14 6.85 8.56

Radiation dose (MGy)

FIGURE 7 A, IV curve of electrical properties after electron radiation; B, Trend of Py, after electron radiation [Colour figure can be

viewed at wileyonlinelibrary.com]|

A B
( ) (111) ZnS:(Cu,Al) ( )
—— PDF #05-0566 (ZnS) 8.56 MGy ... “ A *
685 MGy | . L
~ (220) : T
3 S |5.14 M6
3 o s Y o, | : N
B
Q .g 3.42 MG
g (200) o) B0 el FPEET b L A ]
= -l o Je» Ty jeo B
= 171 MGy | | \
0 MGy
| . . I —
20 40 60 80 20 “ * N
20 (degree) 26 (degree)

FIGURE 8 A, Comparison of phosphor with standard PDF cards; B, XRD patterns of phosphors after electron radiation [Colour figure

can be viewed at wileyonlinelibrary.com]

the radioluminescence photons, causing ZnS:(Cu, Al)
phosphor to lose its energy level transition. One hundred
grains were randomly selected from the SEM image for
grain size statistics, shown in Figure 10.

The initial phosphor grain size is 5.14 pm. At electron
radiation dose of 8.56 MGy, the ZnS:(Cu, Al) grain size
increased to 8.59 pm, which increased by 67.1%. The size
of the crystal grains meets the Gaussian distribution. As
the electron radiation dose increases, the broadening
becomes larger and the grain size distribution becomes
dispersed. According to previous research, it can be
known that a bigger size of phosphors will lead to a
higher luminous intensity.'*** However, it occurs a sig-
nificant decrease in luminous intensity at large sizes. It is
inferred that the decrease in performance is due to the
swelling of the grains and the generation of defect voids,
combined with surface hole defects observed in SEM
images.>?® The growth grain size of the phosphor is due

to the thermal effect produced by high-energy electron
radiation, which causes the crystal of the phosphor to
recrystallize and accumulate the point defects on the
crystal plane. The kinetic energy obtained by the effect of
external electrons on the atom and the proper lattice
position is occupied, thereby transforming the crystal.
The rearrangement changes the grain size. The increased
number of interacting electrons transfers energy to the
dislocated atoms, which shifts and reorganizes the lattice.
Many atoms even attach to the ZnS, increasing the aver-
age size of the crystal.

4 | CONCLUSIONS

The study explored the coupling of the phosphor layer
with the radioisotope source, and analyzed the radiation
damage of the phosphor. The y-radioluminescent
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FIGURE 10 Grain size growth of phosphors after electron
radiation [Colour figure can be viewed at wileyonlinelibrary.com]

nuclear battery and the “blending” phosphor layer are
a combination of higher output power. And the p-radio-
luminescent nuclear battery matching “adhesion” phos-
phor layer has better service stability. Moreover, both of

SEM of phosphors after electron radiation [Colour figure can be viewed at wileyonlinelibrary.com]

the phosphor layers irradiated by ®°Co y-radiation
occurs a radioluminescence enhancement. The
increased electrical property of “blending” phosphor
layer will meet a peak by about 146% when the radia-
tion dose reaches 348.4 kGy, and then decreased
slightly with increasing radiation dose. The property of
“adhesion” phosphor layer continues to increase even if
the radiation dose reaches 871 kGy; it has risen by 50%.
Evaluation for the stability of phosphor layer service
property shows that the point defects caused by elec-
tron radiation lead to a larger grain size and a lower
emission photon. The radioluminescence intensity of it
decreased by 50%, and the P, of p nuclear battery
decreased by 43% when the absorbed dose reached 8.56
MGy. The ZnS:(Cu, Al) phosphor layer structure of two
kinds of ray-type nuclear battery have great radiation
resistance, which predicts the battery have stable output
power over a long time, and the application field can
be extended in harsh radiation environments. The lumi-
nescence enhancement of phosphor layers by v irradia-
tion is of great significance for increasing the output
power of radioluminescent nuclear battery. It is neces-
sary to analyze the inherent optimization mechanism in
the further study.
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