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Betavoltaic radioisotope microbatteries have gradually become the research direction of micro-power sources because of their 
several advantages, including small scale, stable output performance, long service life, high energy density, strong an-
ti-jamming capability, and so on. Based on the theory of semiconductor physics, the current paper presented a design scheme 
of isotope microbattery with wide-gap semiconductor material GaN and isotope 147Pm. In consideration of the isotope’s 
self-absorption effect, the current paper studied and analyzed the optimization thickness of semiconductor and isotope source, 
junction depth, depletion region thickness, doping concentration, and the generation and collection of electron hole pairs with 
simulation of transport process of beta particles in semiconductor material using Monte Carlo simulation program MCNP. In 
the proposed design scheme, for a single decay, an average energy of 28.2 keV was deposited in the GaN, and the short circuit 
current density, open circuit voltage, and efficiency of a single device were 1.636 A/cm2, 3.16 V, and 13.4%, respectively. 
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With the development of micro-electromechanical system 
(MEMS), micro power sources have gradually become a 
bottleneck in MEMS applications. Several reported kinds of 
miniaturized power source, such as solar cells and micro 
fuel cells, cannot satisfy the demands of MEMS devices for 
energy because of their restrictions in terms of volume, ser-
vice lifetime, ability to adapt to the environment, and other 
aspects. Betavoltaic microbattery, with easy integration, 
stable output performance, long service lifetime, high en-
ergy density, strong anti-jamming, and so on, has become 
one of the most important research directions of the micro 
power source and is expected to become the best choice of 
MEMS.  

Previous studies indicated that the theoretical value of 
energy conversion for betavoltaic batteries based on a p-n 
junction device can reach 40% [1]. This value can reach 
more than 20% for a GaN energy converter if the self-ab-

self-absorption of emitted particles is not considered [2]. 
Hang Guo Research Group of Xiamen University developed 
147Pm-GaN batteries with a 0.767% conversion efficiency 
[3]. Min Lu Research Group of Suzhou Institute of Na-
no-Tech and Nano-bionics developed 63Ni-GaN batteries 
with a 1.6% conversion efficiency [4]. LU XuYuan Re-
search Group of Pen-Tung Sah Lab of Xiamen University 
developed 63Ni-GaN batteries with a 2.7% conversion effi-
ciency [5]. Bower et al. [1] developed 3H-GaN batteries 
with 3.24% to 7.65% conversion efficiencies. Big differ-
ences were observed among these researches with the ideal 
value. These differences can be attributed to the optimiza-
tion for parameters of the energy conversion unit, aside 
from the limit of semiconductor device fabrication technol-
ogy and loading methods of radioisotope sources. 

In the current paper, a kind of micro betavoltaic battery 
based on the wide-band semiconductor GaN and the radio-
isotope 147Pm is designed. The optimization of physical pa-
rameters for the battery is also discussed. Parameters, such 
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as micro sensor, micro-mechanical device, and optical de-
vice, among others, are important in the development and 
application of micro-power sources required by MEMS.  

1  Selection of semiconductor materials and 
isotope sources 

1.1  Selection of semiconductor materials 

Semiconductors with a wide band gap can help improve the 
conversion efficiency and output performance of batteries. 
Semiconductors, such as Si, GaAs, SiC, GaN, and so on, are 
mainly used for betavoltaic batteries. The theoretical energy 
conversion efficiency of the most widely used semiconduc-
tor Si, with a band gap of 1.12 eV, is only 14%. The radia-
tion hardness of Si is also not desirable at 200 keV to 250 
keV threshold energy because high energetic particles cause 
unrecoverable structural damage. However, the generation- 
III semiconductor GaN, with 440 keV threshold energy of 
radiation hardness [6] and 3.4 eV band gap, can satisfy the 
requirement of long-term application in extreme environ-
ments, such as high temperature and strong radiation, 
among others. In addition, it can also gain a higher open- 
circuit voltage and energy conversion efficiency than Si 
betavoltaic batteries. It has great application potential in the 
field of betavoltaic batteries because of its wide band gap 
and low leakage current of the p-n junction device. There-
fore, the semiconductor GaN is selected as the subject in the 
current paper. 

1.2  Selection of isotope source 

Beta isotope source is commonly used in betavoltaic batter-
ies because  isotope source with high-energy emissions 
may cause serious radiation damage to the p-n junction de-
vice. In addition, the penetrability of the  source ray is 
strong, and a protective coating is required; hence, realizing 
miniaturization is not easy. The common beta isotope 
sources are shown in Table 1. The transduction device will 
be damaged by radiation because the particle energy de-
cayed and released by 90Sr and 137Cs is excessively high. 
However, the particle energy decayed and released by 3H 
and 63Ni is low, which affects the output performance of a 
battery. The half-life of 35S is only 87.44 d; thus, the  

Table 1  Characteristics of conventional beta isotope sources 

Radioisotope 
Half-life  

time 
Beta maximum  
energy (keV) 

Average energy  
(keV) 

3H 12.3 (a) 18.6 5.7 
35S 87.44 (d) 167.5 48.8 

63Ni 100.2 (a) 66.7 17.4 
147Pm 2.6 (a) 225 62 

90Sr 28.8 (a) 546 195.8 
137Cs 30.1 (a) 1176 188.4 

requirement of MEMS for micro-power sources could not 
be achieved. The partial energy decayed and released by 
147Pm is moderate, and the highest is 225 keV. Therefore, 
the GaN material is subjected to small radiation damages. 
Moreover, the half-life of 147Pm is 2.6 years; hence, the re-
quirements of long-life micro-power sources could be satis-
fied. Therefore, 147Pm is selected as the energy source of 
energy conversion unit in the current paper. 

2  Optimization design of isotope battery 

The analog computation of beta particle in GaN material 
during transport is conducted using the radioactive particle 
transport program MCNP based on the Monte Carlo method. 
Factors affecting the battery performance are analyzed and 
discussed to provide theoretical support and basis for fur-
nishing an optimal design scheme. 

The Monte Carlo program MCNP, a general Monte Carlo 
n-particle transport code developed by the American Los 
Alamos National Laboratory, can simulate the transport 
process [7] of neutrons, photons, and electrons in almost all 
energy ranges. A comparison between the 147Pm beta energy 
spectrum data calculated via MCNP and the data obtained 
in the current experiment is shown in Figure 1 [8]. As 
shown in Figure 1, the computation value is nearly identical 
to the measured value; thus, the accuracy in the follow-up 
calculation is ensured. 

Nowadays, betavoltaic batteries using generation-III 
semiconductor materials usually have a single planar energy 
conversion cell, of which the  utilization is less than 50%. 
However, in the current study, the  utilization could be 
increased to nearly 100%, with a stacked construction 
shown in Figure 2. 

2.1  Optimization design of isotope source and semi-
conductor material thickness 

2.1.1  The self-absorption effect in isotope source 

Higher isotope source activity results in better output per-          

 
Figure 1  Simulated and measured beta spectra of 147Pm. 



 Tang X B, et al.   Sci China Tech Sci   March (2012) Vol.55 No.3 661 

 

Figure 2  Structure of the GaN betavoltaic battery. 

formance of the isotope battery. However, the surface activ-
ity of the source surface will not increase infinitely because 
of the scattering effect of peripheral materials and self-ab-                   
sorption effect in the isotope source. Previous studies did 
not discuss this factor in their theoretical research on iso-
tope battery. The relationship between the mass thickness of 
147Pm source and surface activity of the source surface is 
calculated in the current study. As shown in Figure 3, the 
surface activity of the source surface increases with in-
creasing mass thickness of source. However, the surface 
activity remains constant after a certain value. 

2.1.2  Beta particle stopping range 

The maximum and average energy of beta particles emitted 
by 147Pm decay is 224.7 and 62 keV, respectively. By cal-
culating the energy loss of mono energetic electrons in the 
unit length along the GaN depth direction using the MCNP 
program, the stopping ranges of the beta particles with en-
ergies of 30, 62, 100, 150, and 224.7 keV are 4, 11.8, 26.5, 
53, and 100 m, respectively (Figure 4). Simultaneously, 
according to the beta particle stopping range correction em-
pirical equation of Katz and Penfld [9], the stopping ranges 
of the electrons of 62 and 224.7 keV in GaN are 9.5 and 
81.9 m, respectively. This result is identical to the calcula-
tion results of MCNP. However, when only the stopping 
range of beta particles is considered, the thickness of semi-             

 

Figure 3  Self-absorption curves of 147Pm. 

 

Figure 4  Energy losses per unit length of several single energy beta 
particles along GaN depth direction. 

conductor material GaN should be greater than the stopping 
range of the particles, namely 100 m. 

The energy loss of 147Pm source beta particle in unit 
length along the GaN depth direction is also calculated in 
the current paper (Figure 5). When the thickness of GaN is 
greater than 40 m, the energy loss will nearly become zero 
with continuously increasing thickness. That is, the output 
performance of battery will be affected, which indicates that 
the selected thickness of GaN should not be greater than 40 
m. 

By changing the thickness of radioactive 147Pm and GaN 
conversion units, the relationship between both conversion 
units and available power of isotope battery is calculated, 
which is shown in Figure 6. When the thickness of 147Pm is 
25 m, the available power of battery will reach its maxi-
mum. However, the available power will not increase fur-
ther with continuously increasing thickness. This result can 
be attributed to the self-absorption of the isotope source and 
the scattering effect of the peripheral semiconductor. When 
the thickness of GaN is 40 m, the available power of the  

 

Figure 5  Energy loss per unit length of beta particles emitted from 147Pm 
along the GaN depth direction. 



662 Tang X B, et al.   Sci China Tech Sci   March (2012) Vol.55 No.3 

 

Figure 6  Available power as a function of the thickness of the 147Pm and 
GaN layers. 

battery will reach its maximum. If the thickness is increased 
continuously, the available power nearly remains un-
changed. In addition, when the thickness of 147Pm is de-
creased to 10 m (a 60% decrease), the available power of 
battery will only be decreased by approximately 20%. 

Based on the above analysis, the parameters of conver-
sion unit thickness are determined. The selected thicknesses 
of 147Pm and GaN are 10 and 40 m, respectively. 

2.2  Optimization design of doping concentration 

The doping concentration of the p-type and n-type regions 
decides the depletion region width and the intensity of 
built-in field. To stimulate more electron hole pairs in the 
depletion region, the energy of external beta particles 
should be released in this region as far as possible. The de-
signed depletion region width should match with the pene-
tration depth of beta particle to realize the maximization of 
energy utilization. For example, the depletion region in a 
p-n junction based on n-type substrate is mainly distributed 
in the n-type region. If the junction depth is too deep, the 
energy loss of many beta particles will be generated before 
entry into the depletion region; otherwise, the formation of 
the abrupt junction will be affected. A 0.2 m junction 
depth is selected, the doping concentration NA in the p-type 
region is 3 × 1019/cm3, and the corresponding minority car-
rier diffusion length is 0.22 m [10], which is greater than 
the junction depth and meets the design requirement 

The built-in potential of the p-n junction can be ex-
pressed as follows: 

 bi 2
ln ,A D
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where k indicates the Boltzmann’s constant, T indicates the 
absolute temperature and q indicates the quantity of electric 
charge (C) by electron, NA indicates the doping concentra-
tion (cm3) of the acceptor p-type region, ND indicates the 

doping concentration of the donor n-type region, and ni in-
dicates the intrinsic carrier concentration of semiconductor. 
For GaN, ni is 4.6×1011/cm3. 

The width of the depletion region is expressed as  
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where s is the dielectric constant of GaN, and 0 is the vac-
uum dielectric constant. 

From eqs. (1) and (2), the relationships among the width 
of the depletion region, built-in potential, and n-type sub-
strate doping concentration are plotted in Figure 7. As 
shown in Figure 7, the width W of the depletion region is 
inversely proportional to the substrate doping concentration, 
whereas the built-in potential increases with increasing 
doping concentration. Improving the output performance of 
isotope battery is necessary to increase the collection ratio 
of high electron hole pair. Within the stopping range of beta 
particle, the width W of the depletion region should be large 
as far as possible. As aforementioned, the optimal thickness 
of GaN is 40 m, and the stopping range of the beta particle 
of 147Pm maximum energy is 81.9 m. Therefore, the width 
W of the depletion region should be 40 m, and the corre-
sponding substrate doping concentration is 2.3 × 1012/cm3. 
The built-in potential Vbi is the theoretical extreme value of 
the open-circuit voltage Voc. The open-circuit voltage will 
also increase if the built-in potential is enhanced. The 
built-in potential will be increased with increasing substrate 
doping concentration. However, if the substrate doping 
concentration is very large, the built-in potential will not 
increase but decrease within heavy doping effects. However, 
no great changes are observed in the numerical value of the 
built-in potential (Figure 7). That is, the built-in potential 
decreases from 3.6 to 3.1 V when the doping concentration 
is in the range of 1 × 1020/cm3 to 1 × 1012/cm3. Therefore, a 
low substrate doping concentration is rational to select. 

 

Figure 7  Relation curves of the depletion layer width, built-in potential, 
and doping concentration of n-type substrate. 
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3  Analysis on the electrical property of isotope 
battery 

3.1  Computational physical structure model 

As shown in Figure 8, the computational model of the elec-
trical property of the isotope micro battery-sandwich struc-
ture is established through MCNP. The thicknesses of the 
upper layer of GaN, radioactive isotope 147Pm, and lower 
layer of GaN are 40, 10, and 40, respectively. The cross 
sectional area of the isotope battery is 0.1 cm × 0.1 cm. The 
computation step length of each layer of GaN is 0.1 m. 
Through calculation, an average energy of 28.2 keV is de-
posited in GaN for a single decay. 

3.2  Calculation and analysis of electrical properties 

3.2.1  Short-circuit current density 

The collection ratio equation of electron hole pairs can be 
represented as follows[2]: 

 ( ) 1 tanh( / ),nCE n x L   (3) 

where CE(n) is the collection ratio of the electron hole pairs 
of the nth layer of semiconductor in the computation model, 
L is the minority carrier diffusion length (m); xn is the dis-
tance between the position of the nth layer of GaN and the 
depletion region (m). If the collection ratio of the electron 
hole pairs in the depletion region is 100%, then the expres-
sion of the short-circuit current deducted theoretically is 
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where A is the activity of radioactive isotope (Bq/s), Eehp is 
the average energy needed to generate an electron hole pair 
(MeV), as for GaN, it is 10.3 eV [11], and E(n) is the en-
ergy of the beta particle deposited in the nth layer of GaN 
(MeV). 

If the activity of 147Pm is 1 mCi, then the short-circuit 
currents of the upper and lower layer’s energy conversion 
cells are 8.19 and 8.17 nA, respectively. When the overlap 
mode is adopted to connect both, the total short-circuit cur-            

 
Figure 8  Calculation model of GaN betavoltaic battery. 

rent is 16.36 nA. That is, the current density is 1.636 
A/cm2. 

3.2.2  Open-circuit voltage 

Built-in potential is the theoretical extreme value of the 
open-circuit voltage. The ideal open-circuit voltage can be 
assumed to be equal to the built-in potential. That is, the 
ideal open-circuit voltage can be represented by 
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3.2.3  Filling factor and output power 

Filling factor (FF), one of the important parameters for the 
evaluation of the output performance of a battery, is the 
specific value of the maximum output power and the prod-
uct of short-circuit current and open-circuit voltage. FF can 
be expressed as follows: 
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According to the empirical equation, the filling factor 
also could be given by 
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where ocv  is the normalized open-circuit voltage, namely 

 oc / /V nkT q . The calculated FF is 95.3%. 

Then the maximum output power is 

 oc sc .mP FF V I    (8) 

The calculated result is 49.27 nW. 

3.2.4  Conversion efficiency 

The energy conversion efficiency, the standard for the quality 
of energy conversion cell of the isotope battery, is given by 

 av ,mP AqE   (9) 

where Eav is the average energy of the beta particles caused 
by 147Pm decay, namely 62 keV. The calculated energy con-
version efficiency  is 13.4%. When the self-absorption 
effect of isotope source is not considered, the energy con-
version efficiency can reach 28%. The self-absorption effect 
of isotope source is an intrinsic phenomenon. Therefore, the 
actual energy conversion efficiency cannot reach 28%, 
which should be further explained. 

4  Conclusion 

A design scheme for the isotope microbattery with a wide 
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band gap semiconductor GaN and radioactive isotope 147Pm 
was proposed in the present study based on the semicon-
ductor physical theory. In view of the self-absorption effect 
of isotope source, the current paper studied and analyzed the 
optimization thicknesses of semiconductor and isotope 
source, junction depth, thickness of depletion region, doping 
concentration, and the generation and collection of electron 
hole pairs by the Monte Carlo simulation program MCNP 
that can simulate the transport process of beta particles in a 
semiconductor material. In the proposed design scheme, for 
a single decay, an average energy of 28.2 keV was depos-
ited in the GaN, and the short circuit current density, open 
circuit voltage, and efficiency of a single device were 1.636 
A/cm2, 3.16 V, and 13.4%, respectively. The results of the 
current paper can provide significant technical parameters 
for MEMS, such as micro sensors, micro-mechanical de-
vices, and optical devices, which require micro power 
source. 
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