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1 | INTRODUCTION

Nuclear batteries, also known as isotope batteries, use
energy-carrying particles (such as alpha particles, beta
particles, and gamma rays) that are emitted by radioactive
isotope decay and convert their energy into electrical
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Summary

A dual-effect nuclear battery based on the radio-voltaic and radioluminescence
effect was developed, which has the ability to convert nuclear energy into
electrical energy with two different modes. Performance-enhanced nuclear
batteries are mainly based on the addition of ZnS:Cu radio-luminescent layer
to Cd-109 X-ray radioactive source and GaAs radio-voltaic layer. In order to
explore the response relationship between the mode of energy conversion
and the electrical performance of nuclear battery, the physical model was
established to research the deposition energy distribution by using Monte Carlo
method. The addition of the radio-luminescent material increases the effective
energy deposition of the X-rays and the optimized thickness of ZnS:Cu in such
a dual-effect nuclear battery should be set to 560 um. The current-voltage char-
acteristic curves of the batteries before and after performance optimization
were utilized to investigate the electrical properties. Through a comprehensive
comparison of Cd-109 nuclear batteries with or without radio-luminescent
layer, the simulated results are consistent with experimental results. The results
indicate that the electrical performance of dual-effect nuclear battery is signifi-
cantly higher than that of single radio-voltaic nuclear battery. Moreover, the
energy conversion efficiency increases from 0.079% (single radio-voltaic
nuclear battery) to 0.119% (dual-effect nuclear battery). The improved perfor-
mance of the dual-effect nuclear battery provides potential applications for
space-based autonomous remote sensors and continuous low-power generation
technologies.

KEYWORDS
dual-effect nuclear battery, energy conversion, Monte Carlo simulation, radio-luminescent, radio-

voltaic

energy. The nuclear battery has the characteristics of light
weight, small volume, long life, high power density, and
no external replenishment energy.'®> With the develop-
ment of the human aerospace industry, such batteries
are urgently needed in deep space exploration, landing
aircraft, and scientific discovery experiments in the space
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field. Space nuclear battery technology has also been
listed by NASA as one of the top ten technological inno-
vations for future space development. At present, nuclear
batteries that have been applied in the field of aerospace
mainly adopt the way of static energy conversion, and
the radioisotope thermoelectric generator (RTG) is the
main representative.*” Pu-238 radioactive source is cur-
rently the most ideal isotope heat source for the RTG,
but its production and preparation process is extremely
difficult, the annual output is not high, and the price is
expensive. At present, only Russia has a complete produc-
tion line with a very limited production capacity. U.S. is
also rebuilding its Pu-238 production line because of a
shortage of existing Pu-238 stock.® Many researchers are
also actively looking for alternative methods and trying
other new energy conversion mechanisms.

In recent years, radio-voltaic nuclear battery and radio-
luminescent nuclear battery are mainly developed for
independent energy supply of space microelectronic com-
ponents.®'! Both types of batteries are based on the
kinetic energy of the radiation particles for energy conver-
sion, which are the typical representative of the current
research direction of micro-sized nuclear batteries. How-
ever, their electrical performance levels remain low and
the output power often at the order of nW-uW.'*'° The
fundamental reason lies in the selection of radioactive
sources and the way of energy conversion. In order to
reduce the radiation damage of semiconductor materials
and strive for a longer service life, these types of nuclear
batteries try not to use high energy a and {3 radioisotopes
as the excitation sources.®'’2! At the same time, for the
a source and low energy {3 source with strong self-
absorption effect of radiation particles, they severely limit
the final output power and energy conversion efficiency
of the nuclear battery to some extent.”*>* Compared with
a and (3 particle sources, the penetration power of X-ray
or y-ray is more stronger, and the corresponding self-
absorption effect is very weak.>>*® In the past, the
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infrequent use of X/y sources in battery preparation is
mainly due to radiation protection considerations.
However, when it is in an outer space environment, the
X/y radioactive sources can be effectively used as
energy sources for the nuclear batteries with suitable
structure.””*®

In this study, a dual-effect nuclear battery based on
radio-voltaic and radio-luminescent energy conversion
mechanism was constructed and experimentally prepared
with Cd-109 radioactive source, and optimized GaAs
radio-voltaic layer and ZnS:Cu radio-luminescent layer.
The new dual-effect nuclear battery takes advantages of
radio-voltaic effect and radio-luminescent effect. The
new nuclear battery uses a combination of these two
effects, and its energy conversion efficiency is up to
50.63%, significantly higher than if it had just one. The
complementary nuclear batteries can also achieve better
performance by selecting X/y radioactive sources with
higher energy and setting up dual-effect mechanism with
multi-layer structure.

2 | APPROACH

The X-ray energy spectrum of the Cd-109 radioactive
source is depicted in Figure 1A, which was obtained by
the HPGe detector (ORTEC GL0O110P). The X-ray average
energy of Cd-109 source is 23.79 keV. The Monte Carlo
program MCNP5 was used to calculate the piercing power
of 23.79 keV X-rays in Pb, as shown in Figure 1B. When
the thickness of Pb reaches 50 um, the X-ray energy can
be shielded to a very low level. This also indicates that
even considering the problem of radiation shielding, the
dual-effect nuclear battery with Cd-109 source is condu-
cive to miniaturization design. The X-ray energy spec-
trum was tested using the radiation detector system
(CZT probe, Shanxi DETEK; Multichannel pulse ampli-
tude analyzer, ORTEC 946; Preamplifier, ORTEC 572A).
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FIGURE 1 A, X-ray energy spectrum of
Cd-109 radioactive source. B, the piercing
power of 23.79 keV X-ray in Pb. C, X-ray
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Figure 1C reflects that the peak energy from the X-ray
tube is 23.76 keV, which is approximate to the
particle average energy released by the Cd-109 source.
The corresponding tube voltage and tube current
were set to 30 kV and 900 pA, respectively. In order to
better explore the laws and facilitate experimental opera-
tions, the X-ray tube (Shanghai KeyWay Electron
Company Ltd. KYW900A) was used to instead of Cd-109
radioactive source to test the output performance of
nuclear batteries.
The intensity (Ix) of the X-ray tube consumption of
electric energy to generate X-rays can be expressed as:
Ix =K XV*xixZ (1)
where K; is a constant (1.1~1.3 x 107°), V is the X-ray
tube voltage (kV), i is the X-ray tube current (mA), and
Z is the atomic number of the X-ray tube target (tungsten,
Z = 74). The power of the emitted X-rays under the exper-
imental conditions can be calculated to be 0.054 W. If the
average energy of a single X-ray particle is assumed to be
23.76 keV, the number of X-ray particles generated per
second by the X-ray tube is approximately 1.42 x 10",
MCNPS5 was used to simulate and calculate the number
of the emitted X-ray particles, and the parameters set
by the model are consistent with the experiment. The dis-
tance between the beryllium window and the tungsten
target is set to 3.1 mm, the thickness of the window is
200 um, the diameter of the target is 1 mm, and the radi-
ation angle is 20°. The calculation result is 3.46 X 10,
which is approximately equivalent to 9.4 Ci Cd-109
source.
A size of 10 mm X 10 mm X 0.375 mm GaAs PN junc-
tion was designed as the radio-voltaic layer. The struc-
tural parameters, such as the window layer, the emitter
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FIGURE 2 A, Structure diagram of GaAs radio-voltaic layer. B, Attenuation behavior of Cd-109 X-ray in GaAs,

region, and the base region, are shown in Figure 2A.
The substrate occupies most of the thickness of the
radio-voltaic layer, about 360 um. MCNP5 was used to
simulate the X-ray particle deposition behavior in GaAs,
with each layer set to a thickness of 10 um. Figure 2B dis-
plays the attenuation curve of X-rays in GaAs, where
most of the X-ray energy of Cd-109 source can be depos-
ited in the radio-voltaic layer.

3 | RESULTS AND DISCUSSION
3.1 | Single radio-voltaic nuclear battery
performance analysis

A single radio-voltaic nuclear battery with three GaAs
radio-voltaic layers was modelled. The actual power is
generated from the window layer, the emitter, and the
base regions of the radio-voltaic layer. Set the radio-
voltaic layer closest to the excitation source to the first
layer, and so on. According to the MCNP5 calculation
results given in Figure 3A, the radiant energy deposition
of the first layer is 2.03 x 10 times that of the second
layer and 5.73 x 10° times that of the third layer.

Assuming that the X-ray energy deposition in the win-
dow layer, the emitter region, and the base region of the
radio-voltaic layer are completely used to generate
electron-hole pairs, the short-circuit current generated
by the radio-voltaic effect (I,..g) can be expressed as:

qXxEy, qXE,

=3 ()
ehp 28X Eg +0.5

Iyer =

where q is the elementary charge, E, is the effective
energy deposited in the radio-voltaic layer, Eepp, is the
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FIGURE 3 A, Effective deposition energy in each radio-voltaic layer.
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electron-hole pair ionization energy, E, is the band-gap
of semiconductor material, which is 1.42 eV for GaAs.
Figure 3B shows the calculation results of the I, g for
each radio-voltaic layer. The value of I,y of the first
radio-voltaic layer is 2026 times than that of the second
layer, which is 572594 times than that of the third layer.
For such a single radio-voltaic nuclear battery, the first
layer is a major contributor to overall performance out-
put. Therefore, minimizing the substrate thickness and
increasing the utilization of X-ray energy can improve
the electrical performance of the battery.

The thinnest radio-voltaic layer used in nuclear
batteries is diamond, which is prepared by ion-
implantation assisted lift-off method and has a thickness
of 17.5 um.* The GaAs radio-voltaic layer structure
remains unchanged, and the overall thickness can be
controlled to 20 um by thinning the thickness of the
substrate. The previous three-layer radio-voltaic layer
continued to be extended to ten layers, and Figure 4A
shows the energy deposition of each layer. Furthermore,
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the open-circuit voltage (V) of the battery can be calcu-
lated by Equation 3,

T, I
Vo :kBLxln<ﬁ+1> (3)
q Iy

where kg is the Boltzmann constant, T, is the room tem-
perature (300 K), I, is the short-circuit current, and I, is
the saturation current. I, can be calculated by Equa-
tion (2). For GaAs radio-voltaic layer, I, has been mea-
sured by a dual-channel system source-meter instrument
(Keithley, Model 2636A) and the value is 1.34 nA.
Figure 4B shows the current and voltage for each of the
ten GaAs radio-voltaic layers. The electrical performance
parameters of each layer are different but they are all of
the same magnitude. Therefore, each layer can be reason-
ably connected in series or in parallel to achieve greater
output performance and meet the actual demand of the
power-consuming devices.
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3.2 | Proposed dual-effect nuclear battery
design

The nuclear battery performance is highly influenced by
the excitation source and energy conversion efficiency.
Increasing the number of the radio-voltaic layer in a unit
size can increase the utilization of radiant energy, thereby
increasing the efficiency of the battery. In view of the
operational difficulties of the substrate thinning technol-
ogy, this work proposes a new plan. A dual-effect nuclear
battery is prepared by combining two different energy
conversion mechanisms. The configuration and working
principle of the dual-effect nuclear battery is depicted in
Figure 5. X-rays released from the decay of Cd-109 source
directly on the GaAs radio-voltaic layer. A large number
of electron-hole pairs by ionization and excitation in the
semiconductor material, which are separated by the
action of a built-in electric field and form the radio-voltaic
current. On the other hand, X-rays excite ZnS:Cu radio-
luminescent layer to produce fluorescent photons, which
are then absorbed by GaAs layer to produce electron-hole
pairs through the photovoltaic effect. These electron-hole
pairs are also collected to form the radio-photovoltaic
current. These two currents constitute the final output
current of the dual-effect nuclear battery. To increase
the conversion efficiency and output power, a 30 um
aluminum film was used as a luminescent reflective layer,
which was coated on the irradiated surface of the ZnS:Cu
layer.***?

The X-ray radio-luminescent spectrum of the ZnS:Cu
was measured with a Cary Eclipse fluorescence spectro-
photometer (Agilent Technologies G9800a, Malaysia).
The quantum efficiency curve of the GaAs was performed
by quantum efficiency test system (Bentham, PVE300).
During the test at normal temperature and pressure, these
samples were optically and magnetically shielded to pre-
vent interference. The coupling matching effect between
ZnS:Cu radio-luminescent layer and GaAs radio-voltaic
layer is excellent, and the radio-luminescent spectrum is

Cd-109 Radioactive source

?1 Radio-photovoltaic current

almost in the photovoltaic response range, as shown in
Figure 6. The spectrum curve shows a Gaussian distribu-
tion with a peak wavelength of about 528 nm, and the
corresponding quantum efficiency is quite high.

The X-rays bombard the radio-luminescent material to
cause it to excite, and then the radiation deposition
energy is converted into luminescence of a specific wave-
length. The corresponding radio-luminescence intensity
(I)) can be expressed as:

hv

[=EXe—e——
LT T 267E, + 0.87

4)

where E; is the energy deposition of the radio-
luminescent material, hv is the energy of radio-
luminescent photons at the peak wavelength, and E; is
the band-gap of the radio-luminescent material.**>> For
ZnS:Cu used in this work, hv is equal to 2.3 eV and E,
is equal to 3.8 eV. This also implies that the more effective
radiation energy is deposited in the radio-luminescent
material, the more fluorescent photons are generated.

There is also a self-absorption effect in the transport
process of fluorescent photons from the place where they
are generated to the emitting surface. Fluorescent pho-
tons undergo loss behaviors such as absorption and scat-
tering during transport before reaching the surface of
the radio-voltaic layer. Therefore, the effective radio-
luminescence intensity (I.ef) actually reaching the sur-
face of the radio-voltaic layer can be calculated using
the following equations:

Iier = I x e K5 (5)

In" In!
K+ S — {Il—eff — l/T (6)
where K is the absorption coefficient, S is the scattering

coefficient, [ is the thickness of the radio-luminescent

‘ ‘ Radiation X-ray
Metallic reflecting layer
Radio-luminescent layer
‘ ‘ Fluorescent photons

. Radio-voltaic layer

—l—— Radio-voltaic current

FIGURE 5 The schematic of Cd-109
dual-effect nuclear battery [Colour figure
can be viewed at wileyonlinelibrary.com|
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layer, T is the transmittance.>® Two ideal conditions are
set here: 1) the radio-luminescent photons generated in
the ZnS:Cu layer are uniform and isotropic, and 2) the
reflectivity of the aluminum film to luminescen photons
is 100%. The optical transmittance of different thickness
ZnS:Cu layers was measured with a Shimadzu 3600
UV-VIS-NIR spectrophotometer (Figure 7A). The thin-
ner the thickness, the higher the transmittance, which is
more conducive to the transmission of fluorescent pho-
tons. Conversely, the thicker the radio-luminescent layer,
the more radiation energy that can be deposited and the
ability to produce more photons. Figure 7B illustrates
the linear fitting of transmittance with the thickness of
ZnS:Cu layer. According to Equation (6), the sum of the
absorption coefficient and the scattering coefficient is
0.01088 um~'. So based on the competitive relationship,
there is a trade-off between the various effects. The thick-
ness of the ZnS:Cu layer needs to be designed to a suitable
value to optimize battery performance.
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3.3 | Theoretical analysis of dual-effect
nuclear battery

ZnS:Cu radio-luminescent layers with various thickness
were prepared and analyzed taking into account the dual
energy conversion mechanism and the characteristics of
the selected materials. The thickness of the GaAs radio-
voltaic layer and the aluminum reflector were maintained
at 375 um and 30 pm, respectively. The single layer thick-
ness of the ZnS:Cu layer is 70 wm, and the number of
layers can be added according to the actual test needs.
The nuclear battery without ZnS:Cu layer is defined as
S0, with single-layer ZnS:Cu layer defined as S1, and with
double-layer defined as S2, and similarly, with nine layers
defined as S9.

MCNP5 was performed to simulate the X-rays deposi-
tion on the different thickness ZnS:Cu layers. The area
of the ZnS:Cu layer is 10 mm X 10 mm, and the thickness
thereof is divided into a plurality of layers, and each layer
is set to 5 pm. According to Equations (4) and (5), the
total radio-luminescence intensity (I..) can be deter-
mined by the following formulas:

T = 0_5221:1 I, (e—S(K+S)n + e—S(K+S)(2N—n)) 7)

hy

In=Ex X
b TN 2.67E, + 0.87

(®)

where n is the count number of the ZnS:Cu layer, N is
the total number of the ZnS:Cu layers divided, and E, is
the radiation deposition energy of the nth layer.
Figure 8A and B show the deposition energy and the total
radio-luminescence intensity of the ZnS:Cu layer. As the
number of the ZnS:Cu layer increases, the fraction of
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FIGURE 7 A, Transmission spectra of ZnS:Cu radio-luminescent layer with different thicknesses. B, A linear fit between transmittance
and radio-luminescent layer thickness [Colour figure can be viewed at wileyonlinelibrary.com]
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radiant energy deposited gradually increases until it
becomes saturated, as well as the total radio-
luminescence intensity. In such a structure, when the
thickness of the ZnS:Cu layer is increased to about
560 um, the intensity starts to reach a saturation value.

Assuming the fluorescent photons are completely
captured by the radio-voltaic layer, and the photocurrent
(Isc.p) generated based on the photovoltaic effect can be
expressed as,

Ler = qf ;. QE(E) X by(E, Ta)dE ©)
where QE(E) is the quantum response efficiency of the
radio-voltaic layer, by(E, T,) is the photon flux density
and can be obtained from the radio-luminescence spec-
trum. The radio-voltaic current I,z in Equation (2) and
the radio-photovoltaic current Iy, p in Equation (9) consti-
tute the final output total current of the dual-effect
nuclear battery. Figure 8C indicates the response relation-
ship between the output current of the battery and the
number of the radio-luminescent layers. The trend of cur-
rent variation with the thickness of the ZnS:Cu layer is
similar to that of energy deposition. The increase in the
ZnS:Cu layer significantly increases the output current
of the nuclear battery compared to the GaAs radio-voltaic

layer alone. For the single radio-voltaic nuclear battery
(SO scheme), the short-circuit current is 6.14 wA. When
the thickness of the ZnS:Cu layer is 560 yum (S8 scheme),
the current can reach about 12.76 HA, a relative increase
of 2.08 times. Adding the ZnS:Cu layer as an energy con-
version medium can increase the output open-circuit volt-
age of the nuclear battery (Figure 8D).

3.4 | Dual-effect nuclear battery
performance test

Based on the above theoretical design and simulation
analysis results, single radio-voltaic nuclear battery and
dual-effect nuclear battery were prepared. The material
type and parameters used in the battery are consistent
with the simulation. The dual-effect nuclear battery uses
a design of a 560 pm ZnS:Cu layer and a 30 um aluminum
reflective film, as shown in Figure 9A. The electrical
properties of these two types of nuclear batteries were
tested under the excitation of X-ray radiation. Figure 9B
illustrates the corresponding current-voltage (I — V) and
power-voltage (P — V) characteristic curves of different
combinatorial nuclear batteries.
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FIGURE 9 A, Nuclear battery samples and structure schematic. B, I — V and P — V characteristic curves of nuclear battery before and after

performance enhancement [Colour figure can be viewed at wileyonlinelibrary.com]

The values of I, and V. extracted from these curves
are compared with the theoretical simulation calculations
as shown in Table 1. The total energy conversion effi-
ciency (9orar) Of the nuclear battery can be expressed as:

o Prax o Vmp ><Imp
Ntotal = E

X B A ><EX—av

(10)

where P,y is the maximum value of the product of the
current and voltage in the I — V characteristic curves,
Vmp and I,, are the corresponding current and voltage
at the maximum power value, A is the number of X-rays
emitted per second, and Ex.,, is the average energy of
X-rays. The current and power of the dual-effect nuclear
battery are significantly improved compared with the sin-
gle radio-voltaic nuclear battery. Py,,, and % increased
by 52.88% and 50.63%, respectively. The improvement in
battery performance verifies that the radio-luminescent
layer and the reflective layer help to enhance the absorp-
tion of radiant energy and the collection of luminescent
photons. The change trend of theoretical values also coin-
cided with experimental values. This means that Monte

TABLE 1 Electrical performance parameters of nuclear batteries.

Single radio- Dual-effect

Electrical voltaic nuclear nuclear
properties battery battery
L (WA) Theoretical value 6.14 12.76
Ve (V) Theoretical value 0.51 0.54

L (MA) Experimental value 4.25 6.26
Ve (V) Experimental value 0.42 0.43
Pax (W)  Experimental value 1.04 1.59
Nwotal (%)  Experimental value 0.079 0.119

Carlo simulation analysis can predict battery output per-
formance to some extent. Some electrical performance
parameters have certain differences, especially the cur-
rent, which is mainly due to the following reasons: 1)
the energy deposited in the GaAs layer cannot be
completely used to generate electron-hole pairs, and
some are also lost in the form of heat; 2) the electron-hole
pairs cannot be fully collected and will also be captured
and recombined; 3) the reflection effect of the aluminum
film is not 100%, and the photons are also absorbed.
These aspects are the cause of energy loss and the direc-
tion of efforts to improve battery performance.

4 | CONCLUSIONS
In summary, a small nuclear power source based on Cd-
109 X-ray source is developed using Monte Carlo simula-
tion optimization and experimental test verification.
Energy optimal consumption and efficient luminescence
transport is considered by improving the overall output
performance of the nuclear power source. The dual-effect
nuclear battery based on the radio-voltaic and
radioluminescence effects was introduced and success-
fully implemented. A variety of different strategies are
employed to optimize energy utilization and improve bat-
tery conversion efficiency, such as spectral response
matching, radio-luminescent layer thickness optimiza-
tion, and reflective layer design. Under the premise that
the excitation source remains unchanged, the use of the
ZnS:Cu radio-luminescent layer and the aluminum reflec-
tive film increases the maximum output power of the
nuclear battery from 1.04 uW to 1.59 uW.

In this work, X-ray source is effectively used in nuclear
battery preparation, breaking the inherent thinking limit
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of using pure beta source. Meanwhile, the radio-
luminescent materials can be used to cut down the sensi-
tivity of the semiconductor components to radiation. The
proposed approach based on the carrier transport process
is constructed working at nuclear power source optimiza-
tion by balancing the energy conversion methods and reg-
ulating the output performance. Overall, the newly
proposed dual-effect nuclear battery can be more condu-
cive to energy management strategies than single radio-
voltaic nuclear battery, which can increase output power
and prolong the service life.
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