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a b s t r a c t

The paper presents the electrical performance measurements of a prototype nuclear battery and two
types of betavoltaic cells. The electrical performance was assessed by measuring current-voltage prop-
erties (IeV) and determining the short-circuit current and the open-circuit voltage. With 63Ni as an
irradiation source, the open-circuit voltage and the short-circuit current were determined as 1 V and
64 nA, respectively. The prototype consisted of 10 betavoltaic cells that were prepared using radioactive
63Ni. Electroplating of the radioactive 63Ni on an ohmic contact (TieNi) was carried out at a current
density of 20 mA/cm2. Two types of betavoltaic cells were studied: with an external 63Ni source and a
63Ni-covered source. Under irradiation of the 63Ni source with an activity of 10 mCi, the open-circuit
voltage Voc of the fabricated cells reached 151 mV and 109 mV; the short-circuit current density Jsc
was measured to be 72.9 nA/cm2 and 64.6 nA/cm2, respectively. The betavoltaic cells had the fill factor of
55% and 50%, respectively.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The attention of experts of different scientific disciplines is
drawn to a problem of using energy from radioactive decay. The
betavoltaic effect is a promising technique to convert radioactive
energy into electrical power. Efficiency and output power of beta-
voltaic cell has constantly increased and discovery of new practical
applications [1e3].

The betavoltaic batteries generate insignificant electric power
(nW-mW) and can be applied as power sources for microcircuits
and sensors with low-power consumption as well as devices
working in a pulse mode. The betavoltaic cells that use kinetic
energy from the decay of a radioactive isotope to generate elec-
tricity have been studied for over 50 years [4,5]. The first converters
based on Si had only 0.2% efficiency, and they degraded quickly
under irradiation [5]. The most notable application of betavoltaic
devices is found in pacemakers whose power source consists of a
silicon converter and a 147Pm isotope [6]. With the development of
deep etching technology and the technology of high-quality
ov).

by Elsevier Korea LLC. This is an
creation of an i-layer on GaN, considerable success in the research
of semiconductor elements of various constructions has been
achieved [7e11].

The results of many studies and designs of betavoltaic cells have
been usefully summarized in several publications [12,13]. Detailed
theoretical and practical recommendations about the design of
betavoltaic batteries and the description of their electrophysical
characteristics have been also discussed [13e15]. Our comprehen-
sive analysis of these papers [16e19] shows that an external source
of beta particles is used, and this source is mounted on the semi-
conductor surface. However, betavoltaic cells with a radioactive
deposition layer on the convertor's surface has not been adequately
studied.

Only one research paper [20] indicates that the 63Ni layer is
deposited on the surface of metallic contacts of the p-n junction.
The open-circuit voltage is found to be 0.8 mV, whereas the short-
circuit current is 11 nA for an activity of 4 mCi 63Ni. The received
parameters are lower than those of an external source with the
same activity [8]. The open circuit voltage is found to be 45 mV;
whereas the short-circuit current is 18 nA.

The reason for low values of the open-circuit voltage is the
pollution of the semiconductor surface and the inclusion of elec-
trolyte in the 63Ni layer, which appears during the deposition of the
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radioisotope. The surface charges formed by uncontrollable impu-
rities increase the surface component of a reverse current that leads
to a decrease of the open-circuit voltage and the output power. In
this regard, our research aims to improve the method and the
conditions of electroplating of 63Ni on the surface of a semi-
conductor device.

In this work, we also develop a prototype of a nuclear battery
that consists of 10 single betavoltaic cells. We also describe the
initial steps of the design and the fabrication of a single cell and the
nuclear battery and characterize its performance.
Fig. 2. Photograph of the fabricated betavoltaic cells.
2. Materials and methods

2.1. Single cell

Silicon was selected as a semiconductor material for betavoltaic
cells because it is both cheap and available. We used silicon wafers
(P {100} 20 U$cm) with a thickness of about 470 mm to fabricate
betavoltaic cells. The wafers were placed in a tube furnace at 950 �C
for 60 min to create a heavily doped nþ layer for the ohmic contact
and nþ ring by diffusing phosphorus. The heavily doped pþ layer
was manufactured with Boron implantation and was used to create
the second ohmic contact. The implantation energy and the im-
plantation dose were 60 keV and 500 mC/cm2, respectively. The p-n
junction was manufactured with Boron implantation and getter
thermal annealing. The implantationwas carried out through a film
of SiO2 with a thickness of 20 nm. The energy and the dose were
10 keV and 10 mC/cm2, respectively. After implantation, getter
thermal annealing at 900 �C was performed with slow cooling of
1 �C/min for 300 min.

There were two types of electrodes used in the betavoltaic cells:
a frame electrode and a square electrode. The frame electrode was
adopted to reduce the electrode reflection area. The ohmic contact
was produced by Al deposition and annealing at 475 �С for 1 min.
The square electrode was adapted to electroplating the 63Ni layer. A
metal layer of Ti/Ni (200/200 Å) was evaporated to form the pþ

ohmic contact. Titanium was used as an adhesive layer. After
photolithography, the samples were annealed at 300 �С for 60 s in
N2 ambient. The size of single cells was chosen as 11х11 mm2 to
simplify the creation of an assemblage. The cross-sectional struc-
tures of the betavoltaic cells are shown in Fig. 1.

The radioisotope 63Ni was deposited onto a metal surface of the
betavoltaic cells by the reduction reaction from a water solution
(NH4)2C6H6O7 þ (NH4)2SO4 þ NH3$H2O þ N2H4$HCl þ 63NiCl2. The
Fig. 1. Cross-sectional views of the betavoltaic cells (a) wi
63Ni layer was deposited by AC electroplating at a current density of
20 mA/cm2 and a temperature of 25 оС. The pH of the electrolyte
was adjusted to 8.5e9.0.

The activity of the electroplated layer 63Ni on the betavoltaic
cells was established as the bath exhaustion ratio for 63Ni radio-
nuclide (98.7%), and was 10 mCi (370 MBq). The thickness-
dependent self-shielding effect of the radioisotope layer and the
penetration depth of the beta particles in Si were studied by Tariq
R. Alam in Ref. [21]. Therefore, the thickness of the layer was
established about 1.5 mm, and the area was 1х1 cm2. The next step
consisted of electroplating of a seal layer of stable Ni with a
thickness of about 150 nm. The betavoltaic cells are shown in
Fig. 2.
2.2. Prototype of the nuclear battery

While measuring the characteristics of every cell with the 63Ni-
covered source, we discovered a deviation in the distribution of the
open-circuit voltage. The samples with close values of the open-
th a square electrode and (b) with a frame electrode.



Fig. 4. The IeV characteristics for the betavoltaic cells with external 63Ni source (red
line), (b) with 63Ni-covered source (black line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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circuit voltage (z100 mV) were selected for further assemblage.
The distribution of the short-circuit current in all the samples did
not differ much (z65 nA). We developed a prototype of a nuclear
battery with a volume of 0.57 cm3 that consisted of 10 single cells
with the 63Ni-covered source.

The serial assemblage of the elements was carried out in a
special cassette using the conductive paste. The cassette provided a
necessary orientation of the cells as well as necessary pressing to
each other. The resulting assemblagewasmounted in a case (Fig. 3).
The sealing of the prototype of the nuclear battery was carried out
by pouring radiation-resistant epoxide compound.

3. Results and discussion

IeV characteristics of the betavoltaic cells were investigated
using a semiconductor analyzer Agilent 1500B. An external 63Ni
source with a specific activity of 10 mCi and dimensions of
10 � 10 � 0.1 mm was used for the samples with the frame elec-
trode. The source was put in the center of the cell to close the
junction surface. The measurements were made at room temper-
ature in “dark” conditions (without any photon irradiation). The
IeV characteristics of the sample with the external 63Ni source and
the 63Ni-covered source are shown in Fig. 4.

Such parameters as Jsc and Voc were determined to be 72.9 nA/
cm2, 64.6 nA/cm2, 151 mV, and 109 mV, respectively, by re-plotting
the absolute current density versus the bias voltage variation as
shown in Fig. 4. Maximum bias voltages (Vm) 108 mV and 72 mV,
Fig. 3. (а) Photograph of the serial assemblage of the betavoltaic cells and (b) photo-
graph of the prototype of the nuclear battery.
and maximum current densities (Jm) 57 nA/cm2 and 49 nA/cm2 at
peak values of the power density (Pmax) 6.14 nW/cm2 and 3.53 nW/
cm2 were determined. Fill factors (FF) were determined as 55.4%
and 50.1% through the following relation:

FF ¼ Vm,Jm
Voc,Jsc

,100% (1)

The total conversion efficiency of the radiation energy into
electrical power is a key parameter for the performance of beta-
voltaic cells. The conversion efficiency h can be defined as:

htotal ¼
Pmax

Psource
¼ FF,Voc,Jsc

3:7,1010,A,Eavg,q
; (2)

Where Psource is the radiation power of the source, A is the specific
source activity, Eavg is the average beta energy of the isotope
(17.1 keV for 63Ni), and q is the electron charge (1.6 10�19 C). For the
developed betavoltaic cells, the total conversion efficiencies are
0.6% and 0.35%, respectively (see Table 1). Considering the self-
absorption, directional and backscattering losses, we established
the converter's efficiency limit to be 3.5% and 2.0%, respectively. We
assumed that the collection efficiency of EHPs was 100%, the self-
absorption loss for 1.5 mm Ni layer was 60% [21], the directional
loss was 50%, and the backscattering coefficient was 16%.

The short current density of the betavoltaic cell with the
external 63Ni source is 1.13 times higher than that of the betavoltaic
cell with the 63Ni-covered source. The presence of the TieNi layers
with a high charge number (Z) led to an increase of the back-
scattered b-particles and a loss of the kinetic energy that was
wasted on the penetration through these layers. The open circuit of
the betavoltaic cell with the external 63Ni source is 1.38 times
higher than that of the betavoltaic cell with the 63Ni-covered
source. Our general analysis of the elemental composition of the
betavoltaic cell surface with the 63Ni-covered source indicates the
presence of contamination (see Fig. 5). Ions of Sulphur lead to an
induction of charges in the semiconductor converter, which lead to
the formation of surface leakage channels. Therefore, the leakage
current on the surface is increased, which leads to a decrease in the
open-circuit voltage and the output power.

Another key parameter is a specific maximum power, which can
be defined as:



Fig. 5. General analysis of the elemental composition of betavoltaic cell surface metallized with 63Ni.

Table 1
Summary of the betavoltiaic cells characteristics under63Ni irradiation.

Type of cell Voc, mV Jsc, nA/cm2 Pmax, nW/cm2 Rload, МOhm FF, % htotal, % Pspecific, nW/g

external63Ni source 151 72.9 6.14 1.89 55.4 0.6 27.7
63Ni-covered source 109 64.6 3.53 1.47 50.1 0.35 26.4
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Pspecific ¼
Pmax

m
(3)

Where m is the mass of the elements. It was defined by the
geometrical sizes and the density of the coating Ni, which was
accepted equal specific density of Ni (8.9 g/cm3). The specific
maximum power for both elements was at the same level. When
using a silicon wafer with a thickness of less than 400 mm, the ratio
of specific maximum power begins to increase and reaches a value
of 1.45 at a thickness of 200 mm. In the calculation, the thickness of
the external 63Ni source was taken 100 mm (see Fig. 6).

The maximum output power was achieved within the optimal
resistance range of 1.5e2МOhm. Consequently, with real devices, it
is necessary to ensure coordination of the output of the nuclear
battery with the input load resistance. The IeV and PeV charac-
teristics of the prototype of the nuclear battery are shown in Fig. 7.
Fig. 6. The dependence of the specific maximum power on the thickness of the silicon
substrate (red line with external 63Ni source), (black line with 63Ni-covered source).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
The open-circuit voltage and the short-circuit current were 1.0 V
and 64 nA, respectively. The maximum output power of the fabri-
cated nuclear battery was about 32 nW, which corresponds to the
power density of 24 nW/g. Notably, the total power produced in the
63Ni source itself was about 10.1 mW,which gives the total efficiency
of only 0.32%.
4. Conclusions

Our research described two types of the betavoltaic cells based
on p-n junction. These betavoltaic cells are designed using Si and
63Ni as a semiconductor material and a radiation source, respec-
tively. We estimated the output characteristics under irradiation of
an external solid plate 63Ni source and a63Ni-covered source. Under
the irradiation with an activity of 10 mCi, the betavoltaic cells
exhibit the short-circuit current density of 72.9 nA/cm2 and
64.6 nA/cm2; the open-circuit voltage of 151 mV and 109 mV; the
total efficiency of 0.6% and 0.35%.
Fig. 7. Current-voltage (black line) and power-voltage (red line) curves for the pro-
totype of the nuclear battery. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Due to high 63Ni source self-absorption, an increase of the
source enrichment and the reduction of the converter thickness are
a more proper strategy to create a more powerful battery (W/g)
than just an increase of the amount of a radioactive material. In
addition, a decrease of the semiconductor converter thickness by
less 400 mm using mechanical polishing or plasma etching can
improve the specific power of the betavoltaic cell with a63Ni-
covered source.

In our research, we developed a prototype of a nuclear battery
that consists of 10 single betavoltaic cells with the 63Ni-covered
source. Under irradiation of the 63Ni sourcewith the total activity of
100 mCi, the output power density power density of 24 nW/g was
obtained. Due to intrinsic 63Ni source self-absorption, the total ef-
ficiency of the nuclear battery was only 0.32%.

Changes to the prototype of a nuclear battery will depend on the
application. For example, for independent power supply and data
collection from sensors located in hard-to-reach places, the pre-
liminary requirements are supply voltage 5 V and load current
25 mA. The application will be justified when the connecting with
the power supply system is complicated and the period of updating
the information is quite large (>200 s).

Another example is a backup power supply, which is necessary
to save system variables and intermediate calculations at the time
of failure. Based on the power consumption of the IC (BH62UV4000,
BS616LV1010, CY62138EV30 and etc.) it is possible to formulate
preliminary requirements for nuclear batteries to protect RAM
blocks (1e16 KB). supply voltage is 3.3 V, and load current is 2.5mA.

Acknowledgements

The work was carried out with the financial support of the
Ministry of Education and Science of the Russian Federation within
the framework of the state task to the university No. 3.2794.2017/
PP. The authors thank Dr. Elena Bazanova for her critical reading of
the manuscript and many helpful suggestions.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2019.06.003.

References

[1] Gholam Reza Ghasemi Nejad, Faezeh Rahmani, Gholam Reza Abaeiani, Design
and optimization of beta-cell temperature sensor based on 63NieSi, Appl.
Radiat. Isot. 86 (2014) 46e51, https://doi.org/10.1016/j.apradiso.2013.12.027.

[2] M.V.S. Chandrashekhar, Duggirala Rajesh, Michael G. Spencer, Lal Amit, 4 H
SiC betavoltaic powered temperature transducer, Appl. Phys. Lett. 91 (2007),
053511, https://doi.org/10.1063/1.2767780.
[3] Gholam Reza Ghasemi Nejad, Faezeh Rahmani, Design and simulation of

betavoltaic angle sensor Based on 63NieSi, Appl. Radiat. Isot. 107 (2016)
346e352, https://doi.org/10.1016/j.apradiso.2015.11.025.

[4] P. Rappaport, The electron-voltaic effect in p-n junctions induced by beta-
particle bombardment, Phys. Rev. 93 (1953) 246.

[5] W.G. Plan, W. Van Roosbroeck, Radioactive and photoelectric p-n junction
power sources, J. Appl. Phys. 25 (1954) 1422.

[6] L.C. Olsen, Advanced betavoltaic power sources, in: Proc. 9th Intersociety
Energy Conversion Engineering Conference, 1974, p. 754.

[7] A.A. Krasnov, V.V. Starkov, S.A. Legotin, et al., Development of betavoltaic cell
technology production based on microchannel silicon and its electrical pa-
rameters evaluation, Appl. Radiat. Isot. 121 (2017) 71e75, https://doi.org/
10.1016/j.apradiso.2016.12.019.

[8] Jinkui Chu, Xianggao Piao, Research of radioisotope microbattery based on b-
radio-voltaic effect, J. Micro/Nanolith. MEMS MOEMS 8 (2) (ApreJun 2009),
021180, https://doi.org/10.1117/1.3152000.

[9] L.I. Da-Rang, Lan JIANG, Jian-Hua YIN, Yuan-Yuan TAN, Nai LIN, Betavoltaic
battery conversion efficiency improvement based on interlayer structures,
Chin. Phys. Lett. 29 (No. 7) (2012), 078102, https://doi.org/10.1088/0256-
307X/29/7/078102.

[10] Betavoltaic study of a GaN p-i-n structure grown by metal-organic vapour
phase epitaxy with a Ni-63 source//Neslihan Ayarcı Kuruo�glu, Orhan €Ozdemir,
Kutsal Bozkurt //Thin Solid Films 636 (2017) 746e750, https://doi.org/
10.1016/j.tsf.2017.07.033.

[11] Muhammad R. Khan, Joshua R. Smith, Randy P. Tompkins, et al., Design and
characterization of GaN p-i-n diodes for betavoltaic devices, Solid State
Electron. 136 (2017) 24e29, https://doi.org/10.1016/j.sse.2017.06.010.

[12] Shripad T. Revankar, Thomas E. Adams, Advances in betavoltaic power sour-
ces, J. Energy Power Sources 1 (No. 6) (2014) 321e329.

[13] Tariq R. Alam, Mark A. Pierson, Principles of betavoltaic battery design,
J. Energy Power Sources 3 (No. 1) (2016) 11e41.

[14] Faezeh Rahmani, Hossein Khosravinia, Optimization of Silicon parameters as
a betavoltaic battery: comparison of Si p-n and Ni/Si Schottky barrier,
Radiat. Phys. Chem. 125 (2016) 205e212, https://doi.org/10.1016/
j.radphyschem.2016.04.012.

[15] A.A. Krasnov, S.A. Legotin, YuK. Omel’chenko, et al., Optimization of energy
conversion efficiency betavoltaic element based on silicon, Journal of nano-
and electronic physics 7 (4) (2015), 04004 (4pp).

[16] Zai-Jun CHENG, S.A.N. Hai-Sheng, Xu-Yuan CHEN, Bo LIU, F.E.N.G. Zhi-Hong,
Demonstration of a high open-circuit voltage GaN betavoltaic microbattery,
Chin. Phys. Lett. 28 (No. 7) (2011), 078401, https://doi.org/10.1088/0256-
307X/28/7/078401.

[17] Hao Wang, Xiao-bin Tang, Yun-Peng Liu, Zhi-Heng Xu, Min Liu, Da Chen,
Temperature effect on betavoltaic microbatteries based on Si and GaAs under
63Ni and 147Pm irradiation, Nucl. Instrum. Methods Phys. Res. B 359 (2015)
36e43, https://doi.org/10.1016/j.nimb.2015.07.046.

[18] Young Rang Uhm, Byoung Gun Choi, Jong Bum Kim, Dong-Hyuk Jeong, Kwang
Jae Son, Study of a betavoltaic battery using electroplated Nickel-63 on Nickel
foil as a power source, Nucl. Eng. Technol. 48 (2016) 773e777, https://doi.org/
10.1016/j.net.2016.01.010.

[19] Vitaly Bormashov, Sergey Troschiev, Alexander Volkov, et al., Development of
nuclear microbattery prototype based on Schottky barrier diamond diodes,
Phys. Status Solidi 212 (No. 11) (2015) 2539e2547, https://doi.org/10.1002/
pssa.201532214.

[20] B. Ulmen, P.D. Desai, S. Moghaddam, G.H. Miley, R.I. Masel, Development of
diode junction nuclear battery using 63Ni, J. Radioanal. Nucl. Chem. 282 (2009)
601e604, https://doi.org/10.1007/s10967-009-0320-3.

[21] Tariq R. Alam, Mark A. Piersona, Mark A. Prelas, Beta particle transport and its
impact on betavoltaic battery modeling, Appl. Radiat. Isot. 130 (2017) 80e89,
https://doi.org/10.1016/j.apradiso.2017.09.009.

https://doi.org/10.1016/j.net.2019.06.003
https://doi.org/10.1016/j.apradiso.2013.12.027
https://doi.org/10.1063/1.2767780
https://doi.org/10.1016/j.apradiso.2015.11.025
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref4
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref4
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref5
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref5
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref6
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref6
https://doi.org/10.1016/j.apradiso.2016.12.019
https://doi.org/10.1016/j.apradiso.2016.12.019
https://doi.org/10.1117/1.3152000
https://doi.org/10.1088/0256-307X/29/7/078102
https://doi.org/10.1088/0256-307X/29/7/078102
https://doi.org/10.1016/j.tsf.2017.07.033
https://doi.org/10.1016/j.tsf.2017.07.033
https://doi.org/10.1016/j.sse.2017.06.010
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref12
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref12
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref12
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref13
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref13
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref13
https://doi.org/10.1016/j.radphyschem.2016.04.012
https://doi.org/10.1016/j.radphyschem.2016.04.012
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref15
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref15
http://refhub.elsevier.com/S1738-5733(18)30326-7/sref15
https://doi.org/10.1088/0256-307X/28/7/078401
https://doi.org/10.1088/0256-307X/28/7/078401
https://doi.org/10.1016/j.nimb.2015.07.046
https://doi.org/10.1016/j.net.2016.01.010
https://doi.org/10.1016/j.net.2016.01.010
https://doi.org/10.1002/pssa.201532214
https://doi.org/10.1002/pssa.201532214
https://doi.org/10.1007/s10967-009-0320-3
https://doi.org/10.1016/j.apradiso.2017.09.009

