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1. Introduction

The universe exploration of humans has never stopped. The
future development of the aerospace field is breaking through
the solar system and entering a wider world.[1] Therefore, stricter
requirements on the energy supplements are put forward. In
addition to the power requirement for propulsion in space-
crafts,[2] small-volume batteries with sustainable power and sta-
ble output are needed to meet the various demand of electronic
devices.[3] At present, the main energy source of spacecrafts is

still solar energy.[4] However, the solar
radiation decreases dramatically as the
spacecraft moves away from the solar sys-
tem.[5,6] Nuclear battery, as a device for col-
lecting the decay energy of radioisotopes,
has strong environmental adaptability,
stable output power, and high energy den-
sity. Therefore, it has the advantages of
strong durability,[7] high reliability,[8] and
small size.[9] The use of nuclear battery
has become a good solution for the inter-
nal electricity supply of spacecrafts.[10,11]

The nuclear batteries currently used in
spacecrafts[12] and detectors[13] are mainly
based on the radioisotope thermoelectric
generator.[14,15] It loads 238Pu source[16]

and has a large volume generally,[17] and
thus does not satisfy the small size
demand. Radiovoltaic and radiolumines-
cent nuclear batteries are superior in size,
generally within 5 cm3,[18,19] The mecha-
nism of radiovoltaic nuclear battery is the
direct collection of decay particles with
semiconductor conversion units,[20,21] in

which energy conversion efficiency (η) is �4%.[22] However,
the direct contact of the semiconductor unit with the radioisotope
source will cause serious damage,[23,24] which is not beneficial to
achieve a stable output. Radioluminescent nuclear battery is
based on radiovoltaic nuclear battery loading with a phosphor
layer, as shown in Figure 1. The decay energy is first converted
into light energy by phosphorous materials, and then electrical
output is generated by photovoltaic units. This battery is expected
to be a future candidate as an energy support system for space
exploration and navigation missions.

At present, there are still several problems needed to be solved,
such as the overall conversion efficiency, the service performance
prediction, the damage of the phosphor layer, and the feasible
optimized project. Its electrical property has been enhanced
by matching the external quantum efficiency (EQE) with the
radioluminescence spectrum,[25] and the mixing of the liquid
radioisotope source and fluorescent materials is also a good
idea.[26] However, its experimental η remains far from the calcu-
lated theoretical value of 7%,[27] radiation energy to light energy is
about 20%,[28] light energy to electricity is about 35%.[29] Studies
have explored the performance of some photovoltaic units under
low light, such as silicon cells,[30] organic photovoltaics,[31] III–V
semiconductor photovoltaics,[32] and thin-film CdTe/CdS solar
cells.[33] All of them present an energy conversion difference
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Low conversion efficiency and energy output are the main factors hindering the
application of the radioluminescent nuclear battery in space. This study analyzes
the energy conversion process and proposes a solution of performance pro-
motion. It is found that the energy conversion efficiency of the photovoltaic units
is enhanced with increasing incident light intensity. The efficiency of the AlGaInP
unit is stable at 22% when the incident energy is at least 3 μW. As for the GaAs
unit, the incident threshold value of the photovoltaic response sensitivity is
greater than 120 μW. The overall efficiency of the radioluminescent nuclear
battery is only 0.37%, consisting of an AlGaInP unit loaded with a low activity
63Ni and the ZnS:Cu phosphor layer. The efficiency increases to 0.87% when an
electron radiation source with 270.27 mCi cm�2 is adopted. Moreover, the
intense intensity source constitutes an extremely electromagnetic pulse radiation
environment, which cause the batteries to fail. The radiation damage is intro-
duced to the phosphor layer by radiation sources, producing agglomerations and
cracks on the surface and resulting in the transmittance reduction. This study
provides guidance for improving the electrical property and optimization solu-
tions of radioluminescent nuclear battery.
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under the low intensity of incident light. However, the light
intensity of previous study is still too high to solve the problems
in radioluminescent nuclear battery.

This study analyzed and compared the rule of the electrical
properties of GaAs and AlGaInP photovoltaic units under differ-
ent intensity levels of light, and proposed the minimum energy
threshold of the radiation sources used in radioluminescent
nuclear battery. The phosphor selected in this study was ZnS:Cu,
which has good luminescence yield[34] and is radiation resis-
tant.[35] The in situ electrical output of the battery under a high-
intensity source was analyzed, which was excited by an electronic
linear accelerator. This work used an electronic linear accelerator
to replace the radiation sources by adjusting the beam energy
to be equal to the average energy of radioisotopes, and obtained
a high electron intensity by increasing the beam fluence.
Furthermore, the radiation resistance of the phosphor layer
was evaluated, providing important guidelines for improving
electrical performance and optimizing solutions.

2. Experimental Section

The structure material of the radioluminescent nuclear battery in
this research consists of three parts: 1) radioisotope sources,
2) the phosphor layer, and 3) semiconductor photovoltaic units.

2.1. Experimental Material

The radiation sources comprised eight 63Ni radioisotopes with
different activities and an electronic linear accelerator. The activ-
ities of the eight 63Ni radioisotope sources were 2.29� 107,
4.06� 107, 7.02� 107, 8.73� 107, 9.49� 107, 1.48� 108,
1.78� 108, and 2.40� 108 Bq. All of them were round single-
sided with a diameter of 15mm. The 63Ni is often used as
the source of nuclear battery.[36] Other radioisotope sources
were limited in use due to difficulties in preparation process.[37]

The beam energy range of the electronic linear accelerator was
50–200 keV, which can replace the radioisotope sources with the
same average energy.[22,38] The emission energy of 62 keV was
used to replace the average energy of the 147Pm.[39] The beam
fluence intensity range was 5� 108–2� 1012 e cm�2 s�1. The
relationship between the activity of radioisotopes and the beam

fluence intensity of the electron linear accelerator is shown in
Table 1.

To deposit all the energy, the phosphor layer was prepared
with ZnS phosphor powder. The phosphor layers were
30� 30mm square film, and the layer thickness changed with
the different radiation sources used.[35] In addition, substrate
layers without phosphors were made with the same thickness
as of the phosphor layer to analyze the effect of the substrate
material on the emission of luminescence after irradiation.
A 100 keV electron was used to irradiate the substrate and
phosphor layers, and the total beam fluence values reached
2.16� 1016 and 4.32� 1016 e cm�2, respectively.

There were two semiconductor photovoltaic conversion units
of GaAs and AlGaInP. Both of them had antireflection coatings
to reduce the light energy loss, and the size was 11� 11mm2,
thickness was about 1mm. Both of them were produced in
Shanghai Space Power Research Institute.

2.2. Experimental Methods

An adjustable monochromatic light source system, which the
full width at half maximum (FWHM) of emission light was less
than 10 nm was adopted for the performance testing of the pho-
tovoltaic units under various wavelengths. In addition, the diam-
eter of the light spot emitted was about 1mm, and would change
slightly with the increasing of light energy intensity, which value
was difficult to accurately measure. During the experiment, it
was found that as long as the light spot can fall on the surface
of the photovoltaic unit, the slight change of the light spot area

Figure 1. a) Diagram of the radioluminescent nuclear battery structure. b) Schematic of the radioluminescent nuclear battery.

Table 1. Conversion relationship between the beam fluence of electron
linear accelerator and the activity of radioisotope sources.

Beam fluence intensity [e cm�2 s�1] Activity [mCi cm�2]

3.7� 107 1

5� 108 13.51

1.5� 109 40.54

1� 1010 270.27

1� 1011 2702.70

1� 1012 27 027.03
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almost had no effect on its electrical output. Therefore, there
were only light energy intensity without per unit area in the sub-
sequent conclusions. The wavelength of monochromatic light
was mainly 520 nm, which was the peak radioluminescence of
ZnS:Cu. In addition, the performance changes of the three dif-
ferent wavelengths 393, 495, and 600 nm were also tested to
study the relationship between the incident wavelength and
the performance change.

The electrical properties of photovoltaic units and radiolumi-
nescent nuclear batteries were evaluated by a source meter
(Keithley 2636A). The EQE of semiconductor photovoltaic units
was analyzed by a spectral response/quantum efficiency measur-
ing instrument. The electronic linear accelerator was used as a
radiation source to obtain the high fluence intensity of the elec-
tron beam.

The phosphor and substrate layers were placed in the accelera-
tor vacuum chamber for electron irradiation to explore the perfor-
mance change after high influence electron radiation. In order to
avoid extra radiation damage, an X-ray generator was used as the
excitation source in the ex situ test. Radioluminescence spectra
were obtained using an Agilent Technologies Cary Eclipse fluores-
cence spectrophotometer. The transmittance of the substrate
layers was evaluated using an UV–visible spectrophotometer,
which could analyze the attenuation caused by the nonphosphor
powder, and put forward appropriate improvement solution.

3. Results and Discussion

3.1. Analysis of the Rule of Photovoltaic Conversion

Photoelectric conversion is a key link to radioluminescent
nuclear batteries. The performance output rule of photovoltaic
units under different light intensities and wavelengths must
be analyzed.

3.1.1. Influence of Incident Light Intensity

The electrical performance tendency of the GaAs and AlGaInP
photovoltaic units was analyzed under the changing intensities of
incident light from dim to intense. The incident wavelength was
520 nm, and the electrical parameters are shown in Figure 2.

Figure 2a shows the photoelectric efficiency trend of AlGaInP
and GaAs with the increasing light energy. The η of both
photovoltaic units exhibits a sharp increasing tendency at the
low incident intensity section. The incident light power of radio-
luminescent nuclear batteries was generally at the nW level,[34]

explaining its low η. The η of the AlGaInP photovoltaic unit
was �19.5% when the light power intensity was 1 μW. The
enhancement of the overall efficiency tended to be slower, about
22% until the incident light was higher than 3 μW. The initial
η value of the GaAs conversion unit was very low, nearly 0%,

Figure 2. The electrical performance changing trend of GaAs and AlGaInP photovoltaic units under the light wavelength of 520 nm, as the intensity of
incident light increases. a) Photoelectric conversion efficiency, b) spectral response (SR), c) open-circuit voltage (Voc) and fill factor (FF).
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but exhibited continuous growth with the increase in the light
intensity. The efficiency reached 14.9% when the incident light
intensity was 120 μW, and there was still an increasing tendency.
It was considered that AlGaInP unit studied had a better electri-
cal performance under dim light, and was more suitable as pho-
toelectric conversion structure for radioluminescence compared
with the GaAs unit. Therefore, the AlGaInP unit was adopted in
subsequent studies on radioluminescent nuclear batteries.
Figure 2b shows that the GaAs unit had a better SR than the
AlGaInP unit, reaching an upper limit of about 1 μW and then
maintaining stability at 0.339 AW�1. However, the maximum
SR value of AlGaInP unit could only reach 0.287 AW�1 under
520 nm monochromatic light. The initial Voc of GaAs unit
was only 0.03 V, and the FF was 0.267 when the incident light
power was 17.7 nW. Furthermore, the band gap of GaAs is lower
than that of AlGaInP semiconductor, and its voltage increase was
slower. Under a stable SR, the increasing FF would cause every
incident light energy to be converted into more electrical output,
resulting in enhanced efficiency. Meanwhile, the AlGaInP unit
exhibited constant FF and SR. The Voc increased slightly, and the
maximum value was limited by the bandgap of the semiconduc-
tor material,[27] which had little impact on the overall photoelec-
tric conversion efficiency. Therefore, its η remained constant
under high incident light energy.

The η improvement of the radioluminescent nuclear battery
is inseparable from the energy intensity of the radioisotope
sources. According to Figure 2, the incident light energy is at

least 3 μW, which can ensure a high η of the AlGaInP units.
If the radioluminescence conversion efficiency of the phosphor
layer is 23%,[27] then the output power of the radioisotope sour-
ces needs to exceed 13 μW.

3.1.2. Influence of Incident Light Wavelength

The electrical property rule of AlGaInP unit at 520 nm
wavelength light has been discussed. The other wavelengths with
specific meanings are worth analyzing further. According to
the EQE curve of AlGaInP unit, three wavelengths were selected
as the research objective. The EQE value was the highest at
495 nm, reaching 70%, and the value was 50% at 393 and
600 nm, as shown in Figure 3. The electrical performance rule
under different intensities was discussed at these three
wavelengths.

The GaAs unit has a wider quantum response wavelength
range and a higher EQE value than the AlGaInP unit, which
are more suitable for absorbing the solar energy conversion of
sunlight.[5,40] Although the EQE curve shows that the GaAs unit
has a good performance parameter, the η will not be high enough
because of its narrow bandgap and low Voc. Figure 3b,c show the
trends of η and SR at different wavelengths with increasing inci-
dent power. All of them show a unified variation tendency and
the same rise curve under 393 and 600 nm incident lights. It can
be considered that one photovoltaic unit will show the same

Figure 3. a) EQE curves of GaAs and AlGaInP photovoltaic units. Under three wavelengths of monochromatic light, b) the η changes rule of AlGaInP
photovoltaic unit, c) the spectral response changes rule of AlGaInP photovoltaic unit with the increasing light intensity.
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sensitivity variation trend of photovoltaic response at different
wavelengths. The EQE will only affect the maximum value of
η. There was a 28% drop in EQE value at different wavelengths.
But the drop increased to about 50% when the difference was
reflected on η and SR. It indicates that the η is highest only at
the peak wavelength of EQE curve, and the performance degra-
dation at other wavelength positions are more severe than the
decrease in the quantum response sensitivity.

The performance rules of photovoltaic units provide guidance
for the phosphor layer and radioisotope source used in radiolu-
minescent nuclear battery. The radioluminescence spectrum of
the phosphor layer should be located at the peak of the EQE curve
to maximize the use of energy. There are incident light intensity
threshold values of semiconductor photovoltaic units. Only when
the incident light energy is above the threshold, it will present a
good and stable η. In addition, the threshold value of incident
light energy is only related to the semiconductor material of
photovoltaic unit, and will not be affected by the wavelength
of incident light. The incident energy threshold of GaAs unit
studied is so high that greater than 120 μW; that of AlGaInP unit
is only 3 μW, which is considered more suitable for radiolumi-
nescent nuclear battery to obtain the high efficiency under dim
light intensity.

3.2. Analysis of Radioluminescent Nuclear Battery Performance

The aforementioned studies have explored the output rule of
AlGaInP unit under dim and intense lights, and the conclusions
obtained could be introduced into radioluminescent nuclear
battery. Then, the electrical output performance under different
activities of 63Ni dim radiation sources and electronic linear
accelerator intense sources were explored.

3.2.1. Electrical Properties under Dim Radiation Sources

The relationship between the 63Ni radioisotope sources of differ-
ent activities and the electrical output was studied. The thickness
of the phosphor layer was about 55 μm. The maximum power
(Pmax) and η parameters are shown in Figure 4.

The green point in Figure 4 represents the electrical output
at a certain activity of 63Ni. The Pmax of the battery shows a
steadily increasing trend with the increasing activity. The slope
of the connection line between each green point and the original
point is the conversion efficiency at this activity. The blue dotted
line represents the η of the battery, which is 0.6%. The points
above the line indicate that the η is greater than 0.6%, and
vice versa. The tendency corresponds with the photovoltaic unit
tested under dim and intense lights, indicating that the photoelec-
tric conversion rule obtained is also applicable in radiolumines-
cent nuclear battery. By combining the parameter information
in Figure 4 and the conclusion obtained in Figure 2a, the efficiency
of converting radiation energy to luminescence energy was calcu-
lated to be �10%. Only when the activity of the 63Ni radioisotope
sources was greater than 250.8mCi cm�2, it is time that the
energy of the incident light reaches the threshold of AlGaInP unit
calculated earlier. It is a very high value, and difficult to prepare
based on the current manufacturing process.[41] In summary, high
radiation intensity is a prerequisite for high-performance battery

output. According to the advantages of adjustable beam energy
and beam fluence intensity, an electronic linear accelerator was
used as a high-activity radiation source.

3.2.2. Electrical Properties under Intense Radiation Sources

The average energy of the 147Pm radioisotope source is 62 keV,
and the emission beam energy of the electronic linear accelerator
was adjusted to this value to replace the high-activity 147Pm sour-
ces. To deposit all the energy of the electrons in the phosphor
layer, the thickness of phosphor layer was about 150 μm. The out-
put electrical parameters under different beam intensities are
shown in Table 2.

Three beam intensities were adopted, and each point had
series and parallel connections. The results satisfy the Ohm’s
law. The overall output power and the conversion efficiency of
the series connections are slightly higher than those of the
parallel connections. It is because the internal differences of
photovoltaic units cause more energy loss under parallel connec-
tion than under the series connection. According to several
sets of output parameters, the Voc and FF are enhanced with
increasing beam fluence intensity, which is consistent with
the conclusion obtained in Figure 2. By combining the Pmax

Figure 4. The Pmax tendency and η of radioluminescent nuclear battery
with eight different radioisotopes.

Table 2. Electrical output parameters with the electron energy of 62 keV
under different beam fluence intensities.

Beam fluence
intensity [e cm�2 s�1]

Connection
mode

Pmax [nW] Isc [nA] Voc [V] FF η [%]

5� 108 Series 88.39 78.6 1.63 0.69 0.73

Parallel 83.45 145.6 0.88 0.65 0.69

1.5� 109 Series 283.10 216.6 1.85 0.71 0.78

Parallel 272.89 395.4 0.94 0.73 0.76

1� 1010 Series 2075.19 1192.1 2.34 0.74 0.87

Parallel 1991.04 2097.8 1.24 0.77 0.83
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of the series connection of AlGaInP photovoltaic units at
the 5� 108 e cm�2 s�1 in Table 2 and the parameter data in
Figure 2, the incident radioluminescence intensity was calcu-
lated to be 252.5 nW cm�2. The photoelectric η was 14.4%,
and the power of radiation source was about 4.96 μWcm�2,
so the efficiency of converting the radiation energy to light
energy was only 5%. It was considered that the thickening of
the phosphor layer would hinder photon emission and introduced
more self-absorption, reducing the η of radiation energy to light
energy. When the beam fluence intensity was 1.5� 109 e cm�2 s�1,
the incident optical power was estimated at 640.2 nW cm�2,
and photoelectric η was 18.2%. The radioluminescence effi-
ciency was about 4.3%. When the beam fluence intensity was
1� 1010 e cm�2 s�1, the photoelectric efficiency stabilized at
22%, and the incident optical power exceeded 3 μW. The η of
the radioluminescence was 3.9% at this time. Although the over-
all efficiency of the radioluminescent nuclear battery continued
to increase, the radioluminescence degradation had occurred.

As the enhancement of the electron beam fluence intensity, the
electrical output of the radioluminescent nuclear battery exhibited a
more significant decline, as shown in Figure 5. The beam fluence
intensity of the radiation source had reached 1� 1011 e cm�2 s�1,
indicating that the emission energy of electrons was 992 μWcm�2.
It could be seen from the I–V curve and the electrical performance
parameters in Figure 5, shows that the severe decrease was not
only caused by the radiation damage to phosphor layer but also
by the performance failure of the photovoltaic units under such
a strong electromagnetic pulse radiation field. The Voc of AlGaInP
unit no longer increased regularly with the increasing beam flu-
ence intensity. It was considered that the electrons were enriched
on the surface of the printed circuit board (PCB) behind the pho-
tovoltaic unit, interfering with the conductive property of the gold
wire and the solder joints, causing Ohmic contact degradation,
and leading to battery degradation.[42] Therefore, it was believed
that extremely intense radiation sources would cause the failure
of the radioluminescent nuclear battery. In this experiment, the
1� 1010 e cm�2 s�1 fluence was the best intensity, allowing the
battery to obtain good performance parameters.

3.3. Performance Attenuation Caused by Radiation Sources

The performance attenuation rule and mechanism of the phos-
phor layer which directly exposed to the electron radiation must

be studied further. The excitation source used for experimental
testing was an X-ray generator with a low linear energy transfer
(LET),[23] to avoid introducing additional radiation damage to the
phosphor layer during the ex situ performance test.

3.3.1. Performance Attenuation of the Phosphor Layer

The luminescence emission of the phosphor layer is the key to
the output stability of radioluminescent nuclear battery. The opti-
cal and electrical performance are shown in Figure 6.

The emission spectrum of the ZnS:Cu phosphor was just suit-
able for the quantum response curve of AlGaInP unit shown in
Figure 3a. The three radioluminescence spectra maintained the
same shape in Figure 6a, and only the peak intensity decreased.
The peak wavelength of the radioluminescence spectrum did not
shift, indicating that the electron irradiation did not introduce
other energy levels that could produce luminescence photons.
The FWHM of the spectra did not change significantly; it was
considered that the phosphor grains in the phosphor layer did
not swell after electron irradiation.[35] The optical property
dropped by 6.6% and 14.2% at the two radiation fluence intensi-
ties, respectively. The electrical performance is shown in
Figure 6b, which attenuation trend was similar to the optical
property. The Pmax had decreased by 8.5% and 15.2%, respec-
tively. The decrease in electrical intensity was higher than that
in optical intensity; it was because the incident energy of the
luminescence was less than the threshold value of 3 μW, and
the photoelectric efficiency decreased with the drop of incident
light energy in this energy range.

3.3.2. Factors of Performance Attenuation

There are some previous researches find that the phosphor
has an excellent radiation resistance, and exhibits minimal prop-
erty degradation under high-energy electron irradiation.[43,44]

Therefore, investigating the performance of the substrate mate-
rial after irradiation is also important. The appearance of the
phosphor layers and the transmittance of the substrate layer after
irradiation are shown in Figure 7.

It could be seen intuitively that the irradiated phosphor
layers showed a clear yellowing tendency; it was believed that
the color center effect caused by the substrate material after
radiation, generating light traps, and reducing the light output.

Figure 5. I–V curves of the two AlGaInP units above covered phosphor layer under the beam fluence intensity of 1� 1011 and 1� 1012 e cm�2 s�1.
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The transmittance continued to drop with the increasing beam
fluence intensity. The substrate layer transmittance was near
90% between 300 and 900 nm without radiation. After being irra-
diated with electrons, the transmittance of the photons in the

ultraviolet wavelength was very low, which was close to 0% at
the wavelength of 300 nm. For the radioluminescent nuclear
battery in this study, the green light near 520 nm is the main area
of interest. The transmittance of substrate layer at 520 nm
dropped by 22.3% when the beam fluence intensity reached
4.32� 1016 e cm�2. This decrease was greater than the attenua-
tion of the optical property of the phosphor layer at the same
dose. It is because the radioluminescence photons is generated
inside the phosphor layer; the transmittance value only reflects a
trend of the photon transmission of the phosphor layer but can-
not accurately obtain the photon emission.

The microscopic morphology changes of the phosphor layers
after radiation are worth exploring with SEM, as shown in
Figure 8. It could be seen that the surface of the phosphor layer
without radiation was very smooth, and the small raised particles
were the blended ZnS:Cu grains. Figure 8b shows that the phos-
phor layer agglomerated slightly on the surface when the beam
fluence intensity reached 2.16� 1016 e cm�2. The agglomeration
enhanced the self-absorption of phosphor and hindered the
emission of luminescence photons. Figure 8c shows that the sur-
face of phosphor layer was damaged severely, forming a larger
size and a greater number of agglomerations, when the radiation
beam fluence intensity was 4.32� 1016 e cm�2. Furthermore,
some cracks appeared on the surface, and agglomerations tended
to gather near the cracks. It was considered that electron radia-
tion simultaneously produced the thermal effect, which caused

Figure 6. a) Radioluminescence spectrum of the phosphor layer and the decrease in the luminescence integral intensity after electron irradiation.
b) P–V curves and Pmax trend of the phosphor layer loaded on the AlGaInP photovoltaic unit.

Figure 7. The appearance of phosphor layers and the transmittance of the
substrate layer after electron radiation.

Figure 8. SEM images of the phosphor layer a) without radiation. The cumulative radiation beam fluence intensity b) 2.16� 1016 e cm�2,
c) 4.32� 1016 e cm�2.
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molecules of the substrate layer to expand under radiation and
heat. The crack was formed to release the stress between mole-
cules, so cracks are prone to occur at the areas where the agglom-
eration is dense, or crack directly at the agglomeration. The main
reason for the attenuation of the phosphor layer after irradiation
is that the emission of radioluminescence is blocked by the sub-
strate layer damage.

4. Conclusion

The study explored the radioluminescence and photoelectric
energy conversion mechanism of radioluminescent nuclear bat-
tery, to balance and improve its output power and energy conver-
sion efficiency. When the incident photon energy was �100 nW,
the η of the AlGaInP and GaAs units were 9.35% and 1.31%,
respectively. Only when the incident light energy reached a certain
threshold value, did the photovoltaic units maintained the maxi-
mum sensitivity of quantum response. Results show that the inci-
dent energy threshold was mainly related to the material of the
semiconductor photovoltaic unit, and not affected by wavelength
change. The threshold of AlGaInP photovoltaic unit is 3 μW, with
a maximum efficiency of 22%. The threshold of GaAs photovoltaic
unit is higher than 120 μW,where the η is about 14.9%. Therefore,
the AlGaInP unit is more suitable for radioluminescent nuclear
battery, because of its high efficiency in dim light. The ZnS:Cu
phosphor layer and AlGaInP photovoltaic unit load with 63Ni sour-
ces with the activity of 4.81mCi cm�2 to form radioluminescent
nuclear batteries, which can achieve a maximum efficiency of
0.64%. When the electronic linear accelerator was used to replace
the 147Pm with an activity of 270.27mCi cm�2, the overall η of the
battery reached 0.87%. This activity value is very high, indicating
advanced requirements for the preparation of radioisotope sour-
ces. However, if the intensity of the radiation source is extremely
high, it will lead to a failure of the battery. Moreover, a high inten-
sity can introduce the color center effect and agglomeration cracks
on the surface of the phosphor layers, which will result in the
transmittance reduction of the substrate layer at the radiolumines-
cence wavelengths. This phenomenon eventually leads to a drop in
the output electric power of radioluminescent nuclear battery. The
radioluminescence emission and performance optimization of the
phosphor layer is worth to exploring deeply in future.
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