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Abstract Employing 63Ni and 147Pm with different

thicknesses and apparent activity densities, we calculated

the total efficiency (gtotal) and conversion efficiency (g)

limits of betavoltaics by MCNP5 and Schottky equation.

The apparent activity density, emitted average energy, and

g limit increase and then reach their saturation levels with

increasing source thickness. The increment rate of g limit

increasingly smaller as the bandgap increases. Wide

bandgap semiconductors lead g to reach saturation and

gtotal to reach maximum more quickly than narrow ones.

The limit of g for 147Pm is higher than that for 63Ni.

Measurement results demonstrate that high apparent

activity density can improve g as expected. This study can

serve as a reference to evaluate the performance of

betavoltaics.

Keywords Efficiency limit � Betavoltaic � Different

thickness � Apparent activity density � MCNP5

Introduction

As one kind of nuclear batteries, betavoltaics store energy

in a beta source; that energy is converted to electricity

when the beta particles interact with a semiconductor PN

junction to create electron–hole pairs (EHPs) that are

drawn off as current [1]. With long-lifetime, high-energy–

density and amenable-to-miniaturization, betavoltaics

possess significant potential for use as next-generation

microbatteries in microelectromechanical systems [2].

They have become worldwide research and development

hotspots [1, 3].

Energy conversion efficiency is one of important per-

formance parameters of betavoltaics. There are usually two

types of energy conversion efficiencies involved in beta-

voltaic studies. One is total efficiency (gtotal), which refers

to the ratio of the maximum output power (Pmax) to the

total power of the beta source. Another is conversion

efficiency (g), which refers to the ratio of Pmax to the

energy of apparent emitted particles directed towards the

energy conversion unit. Most of previous studies evaluate

the performances of betavoltaics by simply comparing their

efficiency values. However, this evaluation method is

insufficient. The main reason is that the efficiency limits of

betavoltaics are not constant under various source condi-

tions, such as activity density and thickness, and semi-

conductor conditions, such as bandgap. There are several

studies involved the influences of beta source and semi-

conductor conditions on the efficiency limits of betavolta-

ics. Rappaport [4] analyzed the effects of energy spectrum,

source activity, bandgap, and so on. Short-circuit current

and open-circuit voltage were assumed equal to the current

and voltage at maximum output power. This assumption

can overstate the efficiency limit, particularly at low

activity. Wei [5] calculated the gtotal of a Si betavoltaic as a

function of 147Pm total activity but did not consider the

limit of g. Olsen [6] formulated the theory of betavoltaics

and reported the limit of g as a function of bandgap.
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However, the g limit did not incorporate accurate transport

models of beta particles.

Besides, most of previous experimental studies [7–9]

obtain the value of g by using the average energy of source

particles. Rappaport [4] and Li et al. [10] found that the

emitted energy spectrum changes as the source thickness

increases. The average energy of apparent emitted particles

will be different from that of source particles due to self-

absorption loss [11]. Although Wacharashindhu et al. [11]

did not use the term ‘‘apparent activity density’’, and its

concept was addressed as part of ‘‘self-absorption loss’’.

However, limited information is available on the average

energy of apparent emitted particles from sources with

different thicknesses.

Therefore, we believe that it is important to further study

the characteristics of the apparent emitted particles of the

beta source and the influences of the source thickness,

apparent activity density and emitted average energy on

efficiency limits of betavoltaics. In this paper, we investi-

gated the limits of gtotal and g of betavoltaics irradiated by
63Ni and 147Pm with different thicknesses and apparent

activity densities through MCNP5 and Schottky equation.

The effect of the semiconductor bandgap on the efficiency

limits of betavoltaics was also studied. The apparent

activity density and emitted average energy were simulated

in detail. To verify the theoretical effect of the apparent

activity density on g, we fabricated a Si betavolatic and

measured the output performance of the betavoltaic irra-

diated by 63Ni with two different apparent activity densi-

ties. The measured g and Pmax were compared with the

calculated values. This study can serve as a reference to

evaluate the performance of betavoltaics.

Materials and methods

Semiconductors and beta sources

Olsen [6] concluded that 3H, 63Ni, and 147Pm are feasible

betavoltaic sources. The end-point energy of these sources

is low enough that the radiation effects in many semicon-

ductors can be tolerated. In this study, we selected 63Ni and
147Pm as beta sources. Previous betavoltaic studies

involved Si, Ge, GaAs, GaP, SiC, GaN, diamond, and

selenium devices. The semiconductor materials studied in

this paper are listed in Table 1.

Theoretical simulation model

As illustrated in Fig. 1, a source film model with a base

area 1 9 1 cm2 was established using MCNP5, and the

exterior region of the beta source was set to vacuum. The

isotopic abundance of 63Ni and 147Pm was set to 100 %.

The densities of 63Ni and 147Pm are 8.09 and 7.22 g/cm3.
147Pm exists in the form of Pm2O3. The energy spectra of
63Ni and 147Pm originate from ICRP 38. The average

energies of the energy spectra of 63Ni and 147Pm are

1.7154 9 10-2 and 6.2121 9 10-2 MeV, respectively.

The thicknesses of 63Ni and 147Pm range from 0.01 to 20

and 0.01 to 200 lm, respectively.

With different source thicknesses, the number of beta

particles emitted from the source surface was recorded by

using a surface current tally with energy bins. The energy

of the emitted particles was also recorded by using the

same tally. During the simulation, there were two kind of

apparent activity densities to be counted. One is 4p
apparent activity density, which is defined as the activity

density of all beta particles emitted from the six surfaces of

the beta source. The other is both sides apparent activity

density, which is defined as the activity density of all beta

particles emitted from the top and bottom surfaces of the

beta source. Based on these simulation results, apparent

activity density, emitted energy spectrum, and emitted

average energy were obtained, respectively. Besides, the

total activity was deduced by physical parameters of the

beta source, including the molar mass, density, based area,

thickness, and half-lifetime [10].

Theoretical performance calculation

The apparent activity densities and emitted average ener-

gies of the beta sources with different thicknesses were

simulated and obtained by above simulation source model.

After that, the output performances, including the limits of

g and gtotal of the betavoltaics irradiated by those beta

sources were calculated by Schottky equation as follows.

The total efficiency of the betavoltaic can be given by

Table 1 Semiconductors of betavoltaics

Semiconductors Si GaAs GaP 4H-SiC GaN Diamond

Bandgap (eV) 1.12 1.43 2.26 3.26 3.4 5.5

Beta source 63Ni or 147Pm 

1 cm 

Source thickness 
Vacuum

Fig. 1 Simulation geometry model of the beta source
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gtotal ¼ gbXg ð1Þ

where gb is the apparent emitted efficiency of beta particles

and the solid angle X is the ratio of the number of particles

directed towards the semiconductor to the number of par-

ticles emitted by the beta source. According to Eq. (1), the

expressions ‘‘1 - gb’’ and ‘‘1 - X’’ can be defined as the

self-absorption loss and directional loss, respectively [11].

The value of g can be expressed as

g ¼ ð1 � lÞð1 � rÞQgs ð2Þ

where l, called the external interaction loss, is the radiation

loss between the beta source and the active region of the

betavoltaic by interactions with media, such as air and

electrode; r is the reflection coefficient for beta particles

from the semiconductor surface; Q is the collection effi-

ciency of EHPs; and gs is semiconductor efficiency, which

refers to the ratio of Pmax to the energy deposited in the

energy conversion unit. According to Eq. (2), the expres-

sion ‘‘1 - Q’’ can be defined as the collection loss.

To obtain the maximum short-circuit current density (Jsc

in A/cm2) and the subsequent efficiency limits, we assume

that all particles emitted from the beta sources are deliv-

ered into the semiconductor without directional loss,

external interaction loss, reflection loss, and collection loss

in the calculation. The value of Jsc can be written as

Jsc ¼ qEaAa=Eehp ð3Þ

where q indicates the quantity of electric charge by elec-

tron or hole (in C), Ea is the average energy of apparent

emitted particles (in MeV), Aa is the apparent activity

density (in mCi/cm2), and Eehp is the average energy nee-

ded to generate an EHP, which is given by

Eehp ¼ 2:8Eg þ 0:5 ð4Þ

where Eg is the bandgap of the semiconductor material.

According to Shockley equation, the open-circuit volt-

age (Voc in V) for an ideal PN junction betavoltaic can be

expressed as

Voc ¼ kT=q lnðJsc=J0 þ 1Þ ð5Þ

where k indicates Boltzmann constant and J0 is the mini-

mum value of the reverse saturation current density (in

A/cm2), which can be expressed by [12]

J0 ¼ 1:5� 105 expð�Eg=kTÞ ð6Þ

Basing on the preceding assumptions, we can conclude

that the limit of g equals that of gs and is given by [6]

g ¼ VocFF=Eehp � 100 % ð7Þ

where FF is the fill factor, which can be expressed as

FF ¼ ½toc � lnðtoc þ 0:72Þ�=ðtoc þ 1Þ ð8Þ

where toc is the normalized open-circuit voltage, namely,

Voc/kT/q.

The total efficiency limit can be written as

gtotal ¼ PmaxS=EtAt ð9Þ

where Pmax is the maximum output power density (in

W/cm2); S is the PN junction area (in cm2), which is equal

to the surface area of the beta source; Et is the average

energy of source particles (in MeV); and At is the total

activity of the beta source (in mCi).

Fabrication and measurement

Phosphorus-doped Si substrate with 9.3 9 1013/cm3 was used

in the experiment. The energy conversion unit of the betavoltaic

was manufactured via BF2
? ion implantation and 30 min

conventional thermal annealing. The implantation energy and

implantation dose were 120 keV and 6 9 1014/cm2, respec-

tively. To reduce the tunneling effect, a 30 nm-thick SiO2 layer

was grown on the front surface of Si via thermal oxidation prior

to implantation. Thus, an energy conversion unit with a surface

doping density of 1 9 1019/cm3 and a junction depth of 0.6 lm

was successfully produced. The active area of the energy con-

version unit was 0.5 9 0.5 cm2.

Two 63Ni sources for testing are both disc-shaped.

Table 2 shows the specific parameters. The factory date of
63Ni is August 11, 2011. The I–V characteristic of the beta-

voltaic was measured using a Keithley 2636A SourceMeter

on January 23, 2013. The measured Pmax was extracted from

the I–V curve. The measured g was given by Eq. (10).

g ¼ PmaxS=EaAa ð10Þ

where Pmax refers to the measured Pmax; S is 0.25 cm2; Aa

is the apparent activity density in testing (Table 2); and Ea

is the average energy of apparent emitted particles. After

that, the measured g and Pmax were compared with the

calculated values.

Results and discussion

Simulated total activity and apparent activity density

The total activity and apparent activity density show sim-

ilar responses to increasing 63Ni and 147Pm thicknesses

Table 2 Active diameter and apparent activity density of beta

sources

Sources Active

diameter

(mm)

Factory apparent

activity density

(mCi/cm2)

Apparent activity

density in testing

(mCi/cm2)

63Ni 25 2 1.98
63Ni 25 5 4.95
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(Fig. 2). The total activity linearly increases with increas-

ing thickness. The apparent activity densities of 4p and

both sides quickly increase, slowly increase, and then reach

their saturation levels as the source thickness increases.

These results can be attributed to the effect of self-

absorption. Wacharasindhu et al. [11] presented similar

MCNPX simulations that recorded the number of particles

escaping a monoenergetic beta source of 1.67 9 10-1

MeV in relation to its thickness and base area. For 63Ni in

Fig. 2a, the saturation values of the apparent activity den-

sities of 4p and both sides are 1.4340 9 101 and

1.4342 9 101 mCi/cm2, respectively, at approximately

6 lm thickness. For 147Pm in Fig. 2b, those two saturation

values are 1.6407 9 103 and 1.6424 9 103 mCi/cm2,

respectively, at approximately 30 lm thickness.

In addition, as shown in Fig. 2, the 4p apparent

activity density is quite close to the both sides one at the

same source thickness. The following simulation and

calculation results in this study are based on the 4p
emitted particles.

Simulated emitted energy spectrum and emitted

average energy

The shape of the apparent emitted energy spectrum is not

fixed as the source thickness changes (Fig. 3). The peak of

particle energy distribution moves towards the high-energy

section in both cases of 63Ni and 147Pm. Similar behavior

was demonstrated by 90Sr–90Y [4] and 3H [10]. This phe-

nomenon was due to the different penetrating powers of

particles with different energies. As the emission location

of source particles becomes deeper, high-energy particles

have a greater likelihood of emitting from the source sur-

face, and low-energy particles have a greater likelihood of

being absorbed by the source itself. With increasing source

thickness, the proportion of high-energy particles in the

energy spectrum becomes increasingly large. However,

when the source thickness is large enough, deep source

particles, even high-energy particles, can barely emit from

the source surface. This result indicates that the emitted

energy spectrum remains unchanged. For 63Ni (Fig. 3a),

the curves from 4 to 15 lm are almost overlapping. For
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Fig. 2 Total activity and apparent activity density as a function of

a 63Ni and b 147Pm thicknesses
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147Pm (Fig. 3b), the curves from 25 to 50 lm are almost

overlapping.

It can be expected that the average energy of apparent

emitted particles will change as the source thickness

changes due to the variation in the emitted energy spectrum.

As shown in Fig. 4a and b, the emitted average energy

remarkably increases with increasing source thickness in

both cases of 63Ni and 147Pm. The emitted average energy

for 63Ni exhibits the same trends as that for 147Pm. As the

source thickness increases, the emitted average energy

rapidly increases, slowly increases, and then reaches the

saturation value. This finding is consistent with the apparent

emitted energy spectrum presented in Fig. 3.

Basing on the preceding analysis, we can conclude that

the value of g calculated by the average energy of source

particles is obviously overstated. The real average energy

of apparent emitted particles should be employed to cal-

culate g. The average energy can be evaluated using the

theoretical method in this study or measured using a beta

spectrometer.

Calculated efficiency limits

With 63Ni and 147Pm of different thicknesses, we calcu-

lated the efficiency limits of betavoltaics based on different

semiconductors using the theoretical method. The limits of

gtotal and g both remarkably change as the source thickness

increases (Fig. 5). gtotal and g show similar responses to

increasing thicknesses of 63Ni and 147Pm (Fig. 5a, b).

The term of FF is a function of toc, where depends on

the value of Voc. Therefore, once a given semiconductor is

selected, according to Eq. (8), the limit of g is only affected

by Voc. Take Si for example, a 63Ni with a thickness of

0.1 lm and a consequent apparent activity density of

0.239 mCi/cm2 can produce a Jsc with 6.995 9 10-9 A/

cm2. For Si, the value of J0 is 2.296 9 10-14 A/cm2. In

this case, the ratio of Jsc/J0 is about 3.05 9 105, which is

considerably larger than 1. When Jsc is much greater than

J0, the Eq. (5) could be written as:

Voc �
kT

q
ln

aXJ
0
sc

J0

� �
¼ kT

q
ln

J
0
sc

J0

� �
þ kT

q
ln aX

¼ V
0

oc þ
kT

q
ln aX ð11Þ

where J0oc and V 0oc is the short-circuit current density and

open-circuit voltage produced by a 1 mCi/cm2 beta source

with a certain thickness, X is a number which equals the

value of the apparent activity density of the beta source

with a certain thickness, the term of a is the ratio of the

emitted average energy of the X mCi/cm2 beta source and

that of the 1 mCi/cm2 beta source, and Voc is the open-

circuit voltage produced by the X mCi/cm2 beta source

with a certain thickness. By the beta source model shown

in Fig. 1 or the data shown in Fig. 2, it can be known that

the 1 mCi/cm2 63Ni and 1 mCi/cm2 147Pm correspond to

the 0.0445 lm 63Ni and 0.0034 lm 147Pm, respectively.

Accordingly, the emitted average energies of 63Ni and
147Pm are 1.8443 9 10-2 and 6.2329 9 10-2 MeV

(Fig. 4a, b). Table 3 shows the values of Voc
0 of betavol-

taics irradiated by 1 mCi/cm2 63Ni with 0.0445 lm and

1 mCi/cm2 147Pm with 0.0034 lm, respectively. For 63Ni,

when the source thickness increases from 0.01 lm to the

saturation thickness 6 lm, the range of a is 0.930–1.270.

For 147Pm, when the source thickness increases from

0.01 lm to the saturation thickness 30 lm, the range of a is

1.001–1.326.

As shown in Fig. 5, the value of g rapidly increases,

slowly increases, and then reaches the saturation value as

the source thickness increases. The trend of the emitted

average energy and the apparent activity density can be

used to explain this phenomenon. Once a given semicon-

ductor is selected, Jsc is a function of the emitted average

energy and the apparent activity density. Because Voc is a

function of Jsc, the limit of g becomes a function of the

emitted average energy and the apparent activity density.

When the source thickness increases, the values of a and

X in Eq. (11) rapidly increases, Voc and the consequent g
limit rapidly increase. Then, when the source thickness

continues to increase, the values of a and X slowly

increases, Voc and the consequent g limit slowly increase.

Finally, when the source thickness increases to the satu-

ration level, the values of a and X reach their saturation

values, Voc and the consequent g limit reach their maxi-

mum value approximately.

On the one hand, when the source thickness and the

consequent apparent activity density changes, different

semiconductors have the same a and X. This phenomenon
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indicates that the second item on the left side of Eq. (11),

that is the increment of Voc, is the same for any semicon-

ductors. On the other hand, the wide bandgap semicon-

ductor has lower J0 than the thin one. This phenomenon

indicates that the first item on the left side of Eq. (11) for

the wide bandgap semiconductor is larger than that for the

thin one (Table 3). Hence, the wide bandgap

semiconductor has low increment rate of Voc. As a result,

the increment rate of g limit increasingly smaller as the

bandgap increases. Table 4 shows the limits of g of beta-

voltaics irradiated by thin and thick source films and the

corresponding increment rates.

It can also be seen in Fig. 5 that the wide bandgap

semiconductor allows g to reach the saturation value more
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(a)Fig. 5 Efficiency limits of

betavoltaics based on different

semiconductors as a function of

the thicknesses of a 63Ni and

b 147Pm Solid symbol—the limit

of g; Open symbol—the limit of

gtotal

Table 3 Values of V 0oc of

betavoltaics irradiated by

0.0445 lm, 1 mCi/cm2 63Ni

and 0.0034 lm, 1 mCi/cm2

147Pm respectively

Semiconductors V 0oc(V)

0.0445 lm,

1 mCi/cm2 63Ni

0.0034 lm,

1 mCi/cm2 147Pm

Si 0.3643 0.3961

GaAs 0.6687 0.7005

GaP 1.4880 1.5198

4H-SiC 2.4791 2.5109

GaN 2.6181 2.6498

Diamond 4.7061 4.7379
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quickly than the narrow one as the source thickness

increases, although the narrow bandgap semiconductor has

high g increment rate. The value of J0 is responsible for

this result. Compared with the narrow bandgap semicon-

ductor, the wide one with ultralow J0 makes Voc and the

subsequent g limit closer to their maximum values at thin

source thickness and low apparent activity density.

The limit of gtotal rapidly reaches the maximum value

and then declines with increasing source thickness. The

source thickness with respect to the maximum gtotal based

on the wide bandgap semiconductor is smaller than that

based on the narrow one. For example, the limit of gtotal

reaches the maximum value of 7.45 % at 0.1 lm for Si and

23.66 % at 0.01 lm for GaN in the case of 63Ni. The value

of J0 and the trend of g limit are responsible for this result.

In addition, when the thickness of the beta source

remains the same, the limits of gtotal and g of the beta-

voltaic based on the wide bandgap semiconductor are

respectively larger than those based on the narrow one.

To study the influence of the type of the beta source on

the limit of g of the betavoltaic, we set the apparent activity

densities of 63Ni and 147Pm to the same order of magnitude.

By converting the horizontal ordinate in Fig. 5, that is the

source thickness, into the apparent activity density, the

limit of g of the betavoltaic with different types of beta

sources was obtained and shown in Fig. 6. Once a given

Table 4 Limits of g of betavoltaics with thin and thick source films and the corresponding increment rates

Semiconductors g (%) Increment

rate (%)

g (%) Increment

rate (%)
0.01 lm
63Ni

6 lm
63Ni

0.01 lm
147Pm

30 lm
147Pm

Si 6.61 9.48 43.42 9.09 13.51 48.62

GaAs 11.68 14.08 20.55 13.76 17.41 26.57

GaP 19.36 20.98 8.37 20.77 23.22 11.80

4H-SiC 23.88 25.04 4.86 24.88 26.63 7.03

GaN 24.32 25.43 4.56 25.28 26.96 6.65

Diamond 28.36 29.06 2.47 28.97 30.03 3.66
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semiconductor is selected, the values of Eehp and J0 remain

unchanged. When the apparent activity density is constant,

the Jsc and the subsequent Voc and FF increase with the

increasing of the emitted average energy. This result will

lead to high g limit. Although the thickness of 63Ni and

densities is different from that of 147Pm with the same

apparent activity, the emitted average energy of 147Pm is

larger than that of 63Ni. Therefore, it can be seen in Fig. 6

that the limit of g of the betavoltaic irradiated by 147Pm is

higher than that by 63Ni with the same apparent activity

density for Si, GaAs, and GaN respectively. Beyond that,

Fig. 6 intuitively shows that the g limit increases as the

apparent activity density increases. The reasons for this

result have been stated above.

To study the influence of the bandgap on the limit of g
of the betavoltaic with the limit source condition, we set

the thicknesses of 63Ni and 147Pm to their saturation values

of 6 and 30 lm respectively. And then the limit of g as a

function of bandgap was calculated (Fig. 7). The limit of g
increases with increasing bandgap, which agrees well with

the findings of Olsen [6]. Besides, the limit of g based on
63Ni is lower than that based on 147Pm for the same

bandgap. This result can be attributed to two reasons. First,

the apparent activity density of 147Pm with 30 lm is larger

than that of 63Ni with 6 lm. Second, the emitted average

energy of 147Pm is higher than that of 63Ni.

The preceding results and analysis indicate that the

conditions of sources and semiconductors should be con-

sidered when the values of g are compared. The perfor-

mance of betavoltaics may be evaluated by comparing the

difference between the measured and calculated g.

Comparison of measured and calculated efficiencies

Figure 8 shows the measured I–V characteristics of beta-

voltaics irradiated by 1.98 and 4.95 mCi/cm2 63Ni,

respectively. The Jsc and Voc of the betavoltaic are obvi-

ously improved with the beta source of high apparent

activity density.

Table 5 shows the measured and calculated performances

of the betavoltaics. The source thickness, emitted average

energy, and the subsequent g in Table 5 were approximately

estimated from data shown in Figs. 2a, 4a, and 6 based on the

factory parameters of beta sources in Table 2, respectively.

As expected from the calculation results, the measured g and

Pmax of the betavoltaic irradiated by the high apparent

activity density 63Ni are respectively higher than those of the

betavoltaic irradiated by the low apparent activity density
63Ni. However, there are still large gap between the mea-

sured and calculated values. This result is contributed to

several efficiency losses, including external interaction loss,

reflection loss, and collection loss.

Conclusions

We determined the limits of gtotal and g of betavoltaics

based on semiconductors with different bandgaps irradiated

by 63Ni and 147Pm with different thicknesses and apparent

activity densities through MCNP5 and Schottky equation.

Simulation results show that apparent activity density and

emitted average energy rapidly increase, slowly increase,

and then reach their saturation values as the source thick-

ness increases. Calculation results show that the limit of g
rapidly increase, slowly increase, and then reach the satu-

ration value as the source thickness increases. The incre-

ment rate of g limit increasingly smaller as the bandgap

increases. The limit of gtotal rapidly reaches the maximum

value and then declines with increasing source thickness.

Wide bandgap semiconductors lead g to reach saturation

and gtotal to reach maximum more quickly than narrow

ones. The limit of g for 147Pm is higher than that for 63Ni

with the same or saturation apparent activity density. The

measurement results demonstrate that high apparent

activity density can improve the value of g as the calcu-

lation results expected. This paper can serve as a reference

for evaluating the performance of betavoltaics.
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