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ABSTRACT

For the 63NiO-Si heterojunction betavoltaic nuclear battery, the energy deposition of the energy conversion material itself was simulated by
Monte Carlo simulation, and the structure of the 63NiO-Si heterojunction was optimized based on the theoretical calculation results. When
the thickness of 63NiO is 4 lm and the doping concentration of Si is 1 � 1015 cm�3, the short-circuit current density, open-circuit voltage,
fill factor, and maximum output power density of the nuclear battery are 1.22 lA � cm�2, 3.17 V, 0.95, 3.67 lW � cm�2. In addition, the out-
put performance of 63Ni/NiO-Si heterojunction betavoltaic nuclear cell was calculated in this study. Under the condition that the activity of
the radioactive source and the thickness of NiO(63NiO) are the same in the two structures, the proposed structure (63NiO-Si) has greatly
improved the output performance of the nuclear battery by reducing the energy lost from radioactive source self-absorption.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100186

Betavoltaic nuclear battery is a kind of device that convert decay
energy into electric energy. It is mainly composed of a radioactive
source and an energy converter. The cell has the advantages of long
service life, strong anti-interference ability, small size, and so on.
However, due to the self-absorption effect of radioactive sources in
nuclear batteries, the decay energy of radioactive sources cannot be
fully utilized in the energy converter. This has become a bottleneck in
nuclear battery research. Many research groups have carried out
discussions in an attempt to reduce the negative impact of the self-
absorption of radioactive sources. In 2018, Alam et al. proposed a lay-
ered structure to optimize the thickness of a radioactive source by
analyzing the self-absorption effect.1 In 2020, Rahastama et al. believed
that self-absorption and self-scattering were the main problems of
energy loss of radioactive sources and investigated the influence of
self-absorption of radioactive sources on each layer of semiconductor
materials by changing the size of the radioactive source.2 In 2019, Wu
et al. found that the self-absorption of the silicon-based radioactive
source was serious with the increase in the thickness of the radioactive
source and selected the optimal thickness of the radioactive source by

simulating the emission energy spectrum of the radioactive source.3

Subsequently, in 2020, this team proposed the use of layered structures
to mitigate the effect of self-absorption of radioactive source on the
output performance of nuclear battery.4 In 2021, Yakimov et al. used
63Ni and n-type b-Ga2O3 to compose a Schottky nuclear cell to reduce
the energy of the radioactive source deposited in the Schottky metal.5

It is clear that these research groups have achieved some positive
results in reducing the self-absorption of radioactive sources but have
not been applied to the energy deposited inside the radioactive sources
themselves. However, the energy deposited inside the radioactive
source is the main part of the energy loss.

In this research, we propose to make the radioactive source into a
metal oxide to form a heterojunction with silicon. The metal oxide
will be both a radioactive source and a role as an energy conversion
material. The energy deposited in the metal oxide will also be used to
generate electron–hole pairs. At the same time, we studied the rela-
tionship between the doping concentration and the thickness of the
radioactive metal oxide and the output performance of the nuclear
battery. The parameters in the theoretical calculations are mostly
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derived from experimental studies to optimize the proposed structure.
Furthermore, we compared the output performance of the proposed
nuclear battery with the conventional nuclear battery. (The radioactive
source is separated from the energy converter.) The results show that
the output performance of the proposed nuclear battery is much
higher than that of conventional nuclear battery.

As a first-generation semiconductor, silicon has been widely used
in devices due to its mature manufacturing technology.6–8 In order to
form high-quality heterojunction, the metal oxide NiO is selected to
form a heterojunction with silicon after considering the conductivity
of the material and the lattice mismatch rate. NiO-Si heterojunction
has been used in solar cells.9–12 As the wideband gap semiconductor,
nickel oxide (NiO), with a rock salt crystalline structure and a lattice
constant of 4.17 A

^

, exhibits excellent chemical stability and interesting
optical, electrical, and magnetic properties.13 Moreover, NiO is one of
few metal-oxide semiconductors showing a p-type conductivity and
can be combined with an n-type semiconductor to fabricate a pn
diode.14,15 In this study, the nickel atom in NiO is replaced with radio-
active 63Ni, that is, a radioactive metal oxide is formed. The output
performance of the 63NiO-Si heterojunction nuclear battery is calcu-
lated, and the influence of the thickness of 63NiO and the doping con-
centration of Si on the performance of the nuclear battery is analyzed.
The output performance of 63NiO-Si will be significantly better than
that of the conventional device (63Ni/NiO-Si nuclear battery).

Figure 1(a) shows the physical model established in Monte Carlo
simulation in which the surface area of the 63NiO is 1� 1 cm2. The
semiconductor heterojunction diode is 1 cm� 1 cm� 30 lm. The
thickness of 63NiO is variable, and the rest is the thickness of Si. As
shown in Fig. 1(b), Wp and Wn are depletion layers in 63NiO and Si,
respectively. In order to facilitate the calculation of the output perfor-
mance, the 63NiO-Si structure is divided into five parts, these five parts
are divided according to the generation rate and collection efficiency of
electron–hole pairs, X1 is the distance from the 63NiO interface to its
middle, and dn is the thickness of p-

63NiO.
For p-n type heterojunction, due to the difference of energy band

structure between the two materials, conduction band discontinuity
(DEc) and valence band discontinuity (DEv) will be formed at the

conduction band and valence band potential barrier. For 63NiO-Si het-
erojunction, conduction band discontinuity is 0.7 eV, and valence
band discontinuity is 3.15 eV.16 The built-in potential difference
formed near the barrier can be obtained by the following formula:17

Vbi ¼ �DEv þ
kT
q
ln

Pp0Nvn

Pn0Nvp

� �
; (1)

Pn0 ¼
n2i
Nd

; (2)

where k is the Boltzmann constant, T is the absolute temperature
(in this study, T is 300K), and q is the electron charge. Nvp andNvn are
the effective valence band state densities of 63NiO and Si (Nvp is
1� 1019 cm�3, Nvn is 1.04 � 1019 cm�3), respectively. The width of
the depletion layer formed by the diffusion of most carriers can be cal-
culated according to the following formulas:18

Wn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2�1�2Na

qNdð�1Nd þ �2NaÞ
Vbi

s
; (3)

Wp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2�1�2Nd

qNað�1Nd þ �2NaÞ
Vbi

s
; (4)

W ¼Wn þWp; (5)

where �1 and �2 are the dielectric constants of
63NiO and Si (�1¼ 10.7

and �1¼ 11.7).17,19 On both sides of the depletion layer is the minority
carrier diffusion length region, which is conducive to minority
carrier collection. When the doping concentration (Na) of

63NiO is
1 � 1018 cm�3, the minority carrier lifetime sn of p-type 63NiO is
92 � 10�6 s, and the diffusion coefficient Dn is 12 cm2 � s�1,15 the
minority diffusion length (Ln) of

63NiO side and the minority diffusion
length (Lp) of Si can be obtained by the following formulas:20

Ln ¼
ffiffiffiffiffiffiffiffiffiffi
Dnsn
p

; (6)

Lp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kT
q
�

130þ 370

1þ
Nd

8� 1017

� �1:25

8<
:

9=
;

7:8� 10�13Nd þ 1:8� 10�31N2
d

vuuuuut
: (7)

The reverse saturation current density can be calculated from for-
mula (8),21 where dn is the thickness of the

63NiO and dp is the thick-
ness of the Si. u can be obtained by formula (9), where s is the surface
recombination rate (it is set to 106 cm � s�1),

J0 ¼ q

(
NdDn exp �qðVbi � DEcÞ=kT½ �

Ln tan hðdn=LnÞ

þ
NaDp exp �qðVbi þ DEvÞ=kT½ �

Lp tan hðdp=Lp þ uÞ

)
; (8)

tan hu ¼ sLp
Dp

: (9)

The reverse saturation current density is related to the thickness of
63NiO, minority carrier diffusion length, and mobility. It can be seen
from Fig. 2 that the reverse saturation current density increases as the
thickness of 63NiO decreases. The reverse saturation current is formed
by the diffusion of minority carriers. When the doping concentration of

FIG. 1. (a)The physical model established in Monte Carlo simulation. (b) Structure
of the 63NiO-Si heterojunction betavoltaic cell.
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Si is determined, the reverse saturation current is mainly affected by
minority carrier diffusion and mobility. With the decrease in the thick-
ness of 63NiO, the diffusion equilibrium is easier to achieve, and the
reverse saturation current density is larger. The influence of minority
carrier diffusion length and mobility on reverse saturation current den-
sity gradually decreases with the increase in 63NiO thickness. When the
doping concentration is changed and the thickness of 63NiO is deter-
mined, the reverse saturation current density is almost negligibly
affected by the minority carrier diffusion length and mobility.

When b particles are incident into an energy converter, a large
number of electron–hole pairs will be generated by ionization interac-
tion. Under the built-in electric field, electrons and holes move to the
two electrodes to form the current. The energy deposition can be
obtained through Monte Carlo simulation, and the relationship
between deposition power and incident depth can be obtained through
the data processing. The data processing method is as follows: We
obtained the relationship between total energy deposition and inci-
dence depth through Monte Carlo simulation and then multiplied the
activity of the radioactive source (that is, the number of particles emit-
ted per unit time), the relationship between the deposition power and

the incident depth can be obtained. Different from conventional
device, the formula fitting of the generation rate of electron–hole pairs
is more complicated in 63NiO-Si. Since the energy conversion material
is radioactive, the variation of energy deposition with depth in the
energy converter is no longer a simple exponential decay law. For con-
ventional device, the maximum energy is deposited on the surface of
the energy converter and then decreases with the increase in depth.
For the 63NiO-Si, the most energy is deposited in the middle of 63NiO.
The expression of the generation rate of the electron–hole pair with
incident depth as shown in the following formula:22

GðxÞ ¼

G1

qeNiO
expða1xÞ; 0 < x < dn=2;

G2

qeNiO
expð�a2ðx � dn=2ÞÞ; dn=2 < x < dn;

G3

qeSi
expð�a3ðx � dnÞÞ; dn < x < 30;

;

8>>>>>>>>><
>>>>>>>>>:

(10)

where G1, G2, and G3 are the generation rates of electron–hole pairs
and a1, a2, and a3 are the absorption coefficients. Those parameters
are given in Table I. e is the average ionization energy, which can be
given by the following formula, in which Eg is the bandgap (for

63NiO,
it is 3.8 eV; for Si, it is 1.12 eV),17,19

e ¼ 2:8Eg þ 0:5: (11)

The electron–hole pairs generated in the depletion layer region
will be directly separated and moved to electrodes, and the electron–
hole pairs generated in the minority diffusion length region will be
moved to the depletion layer by diffusion and then separated. The col-
lection efficiency of electron-hole pairs in different regions of the
energy conversion material is different, which can be obtained from
the following formula,3 where d(x) is the distance from position x to
the depletion layer and L is the length of minority diffusion:

CEðxÞ ¼ 1� tan h

�
dðxÞ
L

�
: (12)

Those electrons and holes are collected by the electrodes on both
sides of the battery and output to form a current. The current can be

FIG. 2. The reverse saturation current density (J0) vs the doping concentration (Nd)
for different 63NiO thicknesses.

TABLE I. The parameters of the generation rate of electron–hole pairs and absorption coefficients.

The thickness of NiO G1 G2 G3 a1 a2 a3
(l m) (cm�3 � s�1Þ (cm�3 � s�1Þ (cm�3 � s�1Þ (cm�1Þ (cm�1Þ (cm�1Þ

0.4 6236.64 15 572.93 1960.83 16 794.97 20 216.71 5028.09
0.8 9567.74 23 579.99 3124.7 10 948.32 9473.38 4799.85
1.2 12 504.87 36 993.398 3759.96 6803.52 8807.95 4699.95
1.6 14 449.85 42 411.5 4180.74 5399.998 6604.09 4645.26
2 15 573.64 46 048.42 4371.6 4906.63 5173.98 4553.75
2.4 17 113.37 57 070.6 4555.87 3656.70 5077.45 4515.232
2.8 17 166.59 56 445.33 4887.07 3238.98 4052.07 4695.04
3.2 18 537.9 56 928.42 4939.34 2923.96 3427.36 4659.75
3.6 19 148.89 56 822.52 4958.94 2623.136 2928.996 4634.52
4 19 674.44 56 198.92 4850.7 2373.274 2520.696 4550.389
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obtained from the following formulas,3 where dp is the thickness of Si
and the parameters can be obtained from Table I:

j1 ¼
ðX1

0

G1 expða1xÞ
e63NiO

1� tan h
dn �Wp � x

Ln

� �� �
dx; (13)

j2 ¼
ðdn�Wp

X1

G2 expð�a2xÞ
eNiO

1� tan h
dn �Wp � x

Ln

� �� �
dx; (14)

j3 ¼
ðdn
dn�Wp

G2 expð�a2xÞ
eNiO

dx; (15)

j4 ¼
ðWn

0

G3 expð�a3xÞ
eSi

dx; (16)

j5 ¼
ðLp�dp
Wn

G3 expð�a3xÞ
eSi

1� tan h
x �Wn

Lp

� �� �
dx; (17)

Jsc ¼ j1 þ j2 þ j3 þ j4 þ j5: (18)

Figure 3(a) shows the relationship between the short-circuit
current density of each part and the doping concentration of sili-
con when the thickness of 63NiO is 0.4 and 4 lm, respectively. The
short-circuit current density of the three parts contributed by
63NiO(j1:j2:j3) does not change significantly with the increase in
doping concentration. j3 is the current contributed by the deple-
tion layer in 63NiO, which is expected to obtain a high current.
However, when the doping concentration of 63NiO is determined,
the width of the depletion layer (Wp) is very small, so that the cur-
rent formed by the separation of electron– hole pairs is very small.
The short-circuit current density in the depletion layer region of
silicon (j4) gradually decreases, because the decrease in the deple-
tion layer width affects the collection of carriers in this region. The
short-circuit current density contributed by the minority carrier
diffusion length region in silicon (j5) increases first and then
decreases. The reason is that as the width of the depletion layer
decreases, the energy collected in the minority carrier diffusion
length region increases, which leads to an increase in current; as
the doping concentration continues to increase, the minority car-
rier diffusion length begins to decrease, resulting in a decrease in
current. The short-circuit current density of each part in Fig. 3(b)
has the same trend with the change in doping concentration. By
comparing the two figures, it can be found that as the thickness of
63NiO increases, the short-circuit current density increases, and
the short-circuit current density contributed by 63NiO also
increases significantly.

As shown in Fig. 4(a), the short-circuit current density increases
with the increase in thickness of 63NiO. The reason is that the increase
in the thickness of 63NiO is actually increased the activity of radioac-
tive sources, the depletion layer width and minority diffusion length
unchanged. The increase in the activity of the radioactive source will
increase the electron–hole pairs generated in the energy converter and,
thus, increase the short-circuit current density. However, it should be
mentioned that high beta absorptivity may lead to a reduction in local
resistivity in real device fabrication. (In the process of theoretical calcu-
lation, the relevant factors, such as Ohmic contact, temperature, and
the influence of vacuum on the nuclear battery, have not been consid-
ered). With the increase in doping concentration of Si, the influence
on the short-circuit current density is small. The doping concentration
of silicon has little effect on the trend of the short-circuit current

density. The increase in doping concentration of silicon will mainly
reduce the depletion layer width and minority carrier diffusion length
to adversely affect the carrier collection,

Voc ¼
kT
q
ln

Jsc
J0
þ 1

� �
; (19)

FF ¼ voc � lnðvoc þ 0:72Þ
voc þ 1

voc ¼
qVoc

kT
; (20)

Pmax ¼ JscVocFF: (21)

The formulas of open-circuit voltage, filling factor, and maxi-
mum output power density are shown in (19)–(21).23 As shown in
Fig. 4(b), the open-circuit voltage and filling factor have basically the
same relationship with the thickness of 63NiO and the doping concen-
tration of Si, which are mainly affected by short-circuit current and
reverse saturation current. With the increase in the thickness of 63NiO,
the open-circuit voltage increases gradually, and the increasing trend
gradually decreases due to the influence of reverse saturation current.

FIG. 3. (a) The short-circuit current density contributed by each part ( j1, j2, j3, j4, j5)
vs the doping concentration(Nd) for 0.4 lm 63NiO. (b) The short-circuit current den-
sity contributed by each part ( j1, j2, j3, j4, j5) vs the doping concentration (Nd) for 4
lm 63NiO.
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Figure 4(c) shows that the maximum output power density of the
nuclear battery reaches the maximum value when the thickness of
63NiO is 4 lm.

Moreover, the output performance of the nuclear battery with
the conventional structure was also calculated in this study. Figure
5(a) shows the proposed structure. Figure 5(b) shows the conventional
structure widely used in the study of nuclear batteries in which the
radioactive source of nuclear batteries is separated from the energy
converter. For conventional device, the calculation method mentioned
in Ref. 3. The thickness of the energy converter of both structures is
30 lm to ensure that as much energy as possible is deposited in the
device. The thickness of 63NiO and NiO is constantly changed and

always the same. The corresponding thickness of 63Ni will also be con-
stantly changed. As the thickness of 63NiO in the proposed device
changes, the corresponding 63Ni activity in the conventional device is
changed in order to keep the activity of the radioactive source consis-
tent with that of the proposed structure.

Figure 6 shows the comparison results of the output performance
of the two structures. As shown in Fig. 6(a), as the thickness of NiO
increases, the short-circuit current density increases for both the pro-
posed device and the conventional device. However, as the activity of
the radioactive source increases, the gap between the short-circuit cur-
rent density of the proposed device and that of conventional devices
gradually widens. The reason is that as the thickness of NiO(63NiO)
increases, the self-absorption effect of the radioactive source has a
greater negative impact on conventional device, and more energy is
deposited in the radioactive source. As shown in Figs. 6(b) and 6(c),
since the proposed device and the conventional device do not change
the band structure of the energy converter, the difference in open-
circuit voltage is not large. The fill factor has the same trend as the
open-circuit voltage. Finally, Fig. 6(d) shows that the maximum output
power density of the proposed nuclear battery is significantly higher
than that of conventional nuclear battery. The reason is that the pro-
posed structure has a higher electron–hole pair generation rate and
carrier collection efficiency due to the reduced self-absorption effect of
the radioactive source.

FIG. 4. (a) The short-circuit current density (Jsc) vs the doping concentration (Nd)
for different 63NiO thicknesses. (b) The open-circuit voltage (Voc) vs the doping con-
centration (Nd) for different

63NiO thicknesses. (c) The maximum output power
density(Pmax) vs the doping concentration (Nd) for different

63NiO thicknesses.

FIG. 5. (a) The proposed structure. (b) The conventional structure.
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In order to reduce the negative effect of self-absorption of radio-
active source on nuclear cell, the output performance of the integrated
63NiO-Si heterojunction nuclear cell was calculated and optimized.
The energy converter surface area is 1 cm2. When the thickness of
63NiO is 4 lm and the doping concentration of silicon is 1 � 1015

cm�3, the short-circuit current, open-circuit voltage, filling factor, and
maximum output power of the nuclear cell are 1.22 lA, 3.17 V, 0.95,
and 3.67 lW, respectively. By simulating the output performance of
conventional devices, when the thickness of 63Ni is 0.95 lm, the thick-
ness of NiO is 1.6 lm, and the doping concentration of silicon is 1
� 1015 cm�3, the battery has the best electrical output performance.
The short-circuit current, open-circuit voltage, filling factor, and the
maximum output power of conventional nuclear cell are 0.126 lA,
3.087 V, 0.95, and 0.373 lW, respectively. Compared with the pro-
posed device under the same thickness of 63NiO, the output perfor-
mance of the conventional device is much lower. When the thickness
of 63NiO is 4 lm, the thickness of NiO of the conventional device is
also 4 lm, and the doping concentration (Nd) is 1 � 1015 cm�3, the
short-circuit current, open-circuit voltage, filling factor, and maximum
output power of conventional devices are 0.123 lA, 3.11 V, 0.952, and

0.364 lW, respectively. By comparison, the maximum output
power density of the proposed device is about 10 times that of the
conventional device. What is more, the calculation method in this
paper is also applicable to the other radioactive metal oxide hetero-
junctions, such as AlGaAs/GaAs, GaP/Si through doping to form
radioactive metal oxide heterojunctions.
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