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For many current betavoltaics, beta sources and PN junction energy conversion units are separated. The air gap between the two
parts could stop part of decay beta particles, which results in inefficient performance of the betavoltaic. By employing *Ni with
an apparent emission activity density of 7.26x107 and 1.81x10% Bq cm™, betavoltaic performance levels were calculated at a
vacuum degree range of 1x10° to 1x10~! Pa and measured at 1.0x10° and 1.0x10* Pa, respectively. Results show that betavoltaic
performance levels improve significantly as the vacuum degree increases. The maximum output power (Pmax) exhibits the largest
change, followed by short-circuit current (/sc), open-circuit voltage (Voc), and fill factor. The vacuum degree effects on /sc, Voc,
and Puax of the betavoltaic with low apparent activity density *Ni are more significant than those of the betavoltaic with high
apparent activity density %Ni. Moreover, the improved efficiencies of the measured performances are larger than the calculated
efficiencies because of the low ratio of /. and reverse saturation current (/o). The values of /o, ideality factor, and shunt resistance
were estimated to modify the equivalent circuit model. The calculation results based on this model are closer to the measurement
results. The results of this research can provide a theoretical foundation and experimental reference for the study of vacuum degree

effects on betavoltaics of the same kind.
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1 Introduction

A betavoltaic consists of two parts, namely, a beta source and
a PN junction energy conversion unit (ECU). Betavoltaics
convert the electron hole pairs (EHPs) produced by the ion-
ization trail of emitted beta particles form a beta source and
traverse a semiconductor junction device to electricity. With
long-lifetime, high-energy-density, amenability-to-miniatur-
ization, and autonomous-power-supply, betavoltaics possess
significant potential applications in deep-space exploration,
military, and medical fields. As one of the power supply op-
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tions in microelectromechanical systems, betavoltaics have
gained worldwide attention in research and development [1].

Most of previous betavoltaics based on Si[2,3], GaAs [4,5],
GaN [6-8], and 4H-SiC [9-11] employ a separate structure.
This condition means the beta source and ECU are separated
from each other. The beta source is placed near the front side
of the ECU, and an air gap with about 0.1 to I mm width ex-
ists between the two parts [3,12—14]. The air gap can partially
stop the decay beta particles. And this will result in the ineffi-
cient performance of the betavoltaic. Qiao et al. [11] demon-
strated a 4H-SiC betavoltaic and got a nonideal output perfor-
mance. One of the key limit factors is the energy loss in air
gap. But ref. [11] didn’t refer to how the air gap affected the
betavoltaic performance. The stopping power for beta parti-
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cles in an air medium with different thicknesses has been dis-
cussed theoretically [15]. Wacharasindhu et al. [15] defined
the external interaction loss by the radiation loss between the
radioisotope source and the active region of the betavoltaic
cell by interactions with media, including air. However, the
influence of air on the betavoltaic performance was also not
studied. Air rarefies as the vacuum degree increases. There-
fore, it is necessary to study the vacuum degree effects on the
performance of the betavoltaic.

In this paper, we present a theoretical method to study the
effects of vacuum degree on the performance of a silicon be-
tavoltaic based on beta source ®*Ni with different apparent
activity densities. The I-V characteristics of betavoltaics at
different vacuum degrees were measured and compared with
those results by calculating. An equivalent circuit model was
utilized to modify the calculation results. This study can serve
as a reference to examine the vacuum degree effects on be-
tavoltaics based on other semiconductor materials and beta
sources. The result can also provide an appropriate vacuum
degree in the vacuum packaging of the betavoltaic.

2 Materials and methods

2.1 Semiconductor and beta source

The threshold displacement energy is the minimum kinetic
energy that an atom in a crystal needs to be permanently dis-
placed from its lattice site to a defect position. The displace-
ment energy of crystalline silicon atom is 14 to 21 eV. Based
on the elastic collision mechanism, only the incident beta par-
ticles with more than 155 to 221 keV can make displacement
damage in silicon. For the beta source, the energy spectrum
is continuous. ®*Ni emits pure beta particles with the average
energy of 17.13 keV and the maximum energy of 65.87 keV.
These particles could hardly make displacement damage in
silicon. Moreover, these particles can be shielded easily. Two
ONi sources with different apparent activity densities were
employed in both calculation and experiment. Table 1 shows
the specific parameters of **Ni. In view of technological ma-
turity and cost [16], crystalline Si was utilized to fabricate
the ECU. The substrate Si is phosphorus-doped with 9.3x10'3
cm >, and the thickness is 300 um. The crystal orientation is
<111>.

2.2 Theoretical calculation

A theoretical calculation model was developed using the ac-
tual structural parameters of the silicon betavoltaic, including

Table 1  Shape, size, and apparent activity density of **Ni
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83N, air gap, and ECU. The energy deposition of beta parti-
cles in the ECU was calculated with the Monte Carlo N-Par-
ticle Transport Code Version 5 (MCNP5). The thickness val-
ues of $Ni were set to 0.095 and 0.293 um, and the result-
ing apparent activity densities were 7.4x10” and 1.85x10% Bq
cm 2, respectively, as in the case of the experimental **Ni.
The surface current tally card in MCNPS was utilized to esti-
mate the thickness of ®*Ni.

Changes in air density were employed to simulate the
change in vacuum degree in the calculation. The calculation
formula can be expressed as

Pl
P = 7pPo ()
0

where r is air density at an unknown vacuum degree (P)
and unknown temperature (7), and ro is air density at a
known vacuum degree (Po) and known temperature (7p).
The air density is 1.1619x107° g cm ™ at 300 K and 1.01x10°
Pa. Both calculation and measurement were conducted at
300 K. The vacuum degrees in the calculation are 1.0x10°,
7.5x10% 5.0x10% 2.5x10% 1.0x10% 5.0x10°, 2.5%x10°
1.0x10%, 5.0x10%, 1.0x10%, 1.0x10!, 1.0x10°, and 1.0x107!
Pa, respectively.

During the calculation, we assumed that all energy de-
posited in the ECU is utilized to produce EHPs, and all
generated EHPs are collected to produce electric energy.
Therefore, the maximum short-circuit current (/i) can be
expressed as

9L
Io="F— )

ehp

where ¢ is the electric charge, Eqcp refers to the energy of beta
particles deposited in the ECU, and Ecnp is the average energy
required to generate an EHP (the Eenp of silicon is 3.636x107¢
MeV). For an ideal PN junction betavoltaic, the open-circuit
voltage (Voc) can be expressed as

T ISC
Voczk—ln—+1, (3)
q 1,
where k indicates the Boltzmann constant and /o is the reverse
saturation current. The minimum value of /y can be expressed

as [17]
I,=S-15x%x 10 —Eg] 4
0 . Xp k_Ta

where S is the PN junction area and E; is the band gap of
silicon.
The maximum output power (Pmax) 1S

External diameter Active diameter

Apparent activity density Apparent activity density

Shape (mm) (mm) for factory (Bq cm?) in testing (Bq cm™?)
Disc 30 25 7.4x107 7.26x107
Disc 30 25 1.85x10° 1.81x10®
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P, = IV, FF, (5)

where FF is the fill factor, which can be expressed as
FF = [y, —In(v,, + 0.72)]/ (v, + 1), (6)

where 7o is the normalized open-circuit voltage, namely,
VoolkTlq.

2.3 Fabrication and measurement

The ECUs for the betavoltaic were manufactured through ion
implantation and conventional thermal annealing. B* with
50 keV and 1x10'° cm 2 was implanted in the front of silicon
substrate, and P* with 60 keV and 2x10'> cm 2 was implanted
in the back of that. To reduce the tunneling effect, a 30 nm
thick SiO, layer was grown on the front surface of Si via
thermal oxidation prior to implantation. After implantation,
thermal annealing was performed for 30 min. The active area
of the ECU is 0.5 x 0.5 cm?. The back electrode of each
ECU was connected to the printed circuit board pad through
conductive silver adhesive, and down-leads were attached to
the front electrode of each ECU through gold ball bonding.
Insulated brackets were then utilized to fix the ®*Ni above
the ECU. A 0.7 mm air gap between %Ni and the ECU was
employed in the experiment, as illustrated in Figure 1.

The effect of vacuum degree on the betavoltaic was inves-
tigated with low vacuum equipment, as shown in Figure 1.
The I-V characteristic of the betavoltaic was measured with a
Keithley 2636A SourceMeter at 1.0x10° and 1.0x10* Pa, re-
spectively. Each set of data was tested thrice. The mean value
with standard deviation (SD) was recorded. The dark current
characteristic was also measured. The values of /s, Voc, and
Prax of the betavoltaic can be extracted from the measured I-V
curves. The short-circuit current, /s, is the current through
the betavoltaic when the voltage across the battery is zero.
The open-circuit voltage, Vo, is the maximum voltage avail-
able from a betavoltaic and this occurs at zero current. Pmax
is the maximum value of the product of current and voltage.
The values of FF is the ratio of Pmax to the product of /. and
Voc.

3 Results

3.1 Calculation results

The energy deposited in the ECU increases as the vacuum de-
gree increases and reaches the saturation level when the vac-
uum degree reaches approximately 1.0x10? Pa in the calcula-
tion (Figure 2). The low apparent activity density ®*Ni makes
a larger increasing energy deposition rate in the ECU than
the high one. For 7.26x107 Bq cm2 %Ni, the value of Egep
increases from 2.618x10° to 3.055x10° MeV, with a 16.68%
increase, as the vacuum degree increases from 1.0x10° to
1.0x107! Pa. For 1.81x10% Bq cm 2 %Ni, it increases from
7.164x10° to 8.132x10° MeV, with a 13.52% increase.
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Figure 1 (Corlor online) Measurement schematic of the betavoltaic.
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Figure 2 (Corlor online) Normalized energy deposited in the ECU as a
function of vacuum degree in the calculation.

As shown in see Figure 3(a) and (b), the output perfor-
mances of the betavoltaic increase as the vacuum degree in-
creases and reach their saturation values when the vacuum
degree reaches approximately 1.0x10? Pa in the calculation.
The largest change takes place in Pmax, followed by /. and
Voc, whereas the change in FF is smallest. The improved effi-
ciencies of the betavoltaic performances based on low appar-
ent activity density *Ni are greater than those based on high
apparent activity density *Ni. Table 2 shows the calculated
output performances of the betavoltaics at 1.0x10°, 1.0x10%,
and 1.0x107! Pa, respectively. When the vacuum degree in-
creases from 1.0x10° to 1.0x107! Pa, the obtained values of
Isc, Voc, Pmax, and FF increase by 16.68%, 1.06%, 18.19%,
and 0.23% for 7.26x10” Bq cm 2 ®*Ni and by 13.52%, 0.82%,
14.64%, and 0.17% for 7.26x107 Bq cm2 ®Ni, respectively.

3.2 Measurement results and corresponding calculation
results

Figure 4 shows a set of the measured /-} characteristics of the
betavoltaics. The performance of the betavoltaic improves
as the vacuum degree increases. Table 3 shows the output
performances of the betavoltaics in the experiment. The mean
values with SDs of I, Voc, Pmax, and FF were extracted from
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Figure 3 (Corlor online) Normalized I, Voc, Pmax, and FF of the betavoltaic as a function of vacuum degree irradiated by (a) 7.26x107 and (b) 1.81x10% Bq

cm 2 %Ni in the calculation.

Table 2 Calculated performances of the betavoltaic at 1.0x10°, 1.0x10* and 1.0x107! Pa

Activity density (Bq cm™2) Vacuum degree (Pa) Isc (A) Voe (V) Prax (W) FF (%)
1.0x10° 1.154x1078 0.3752 3.290%107 76.00
7.26x107 1.0x10* 1.321x1078 0.3787 3.810x10° 76.15
1.0x107" 1.346x1078 0.3792 3.888x10° 76.17
1.0x10° 3.157x10°8 0.4012 9.762x107 78.39
1.81x108 1.0x10* 3.520%x10°8 0.4040 1.098x107® 77.18
1.0x107! 3.583%1078 0.4045 1.119x10°8 77.20
Table 3  Output performances of the betavoltaics in the measurement (mean + SD, in %)
Activity density (Bq cm2) Vacuum degree (Pa) I (A) Voe (V) Prax (W) FF (%)
1.0%10° 2.188x107° 0.0581 4.601x101 36.2
+0.65 +1.95 +4.84 £2.32
7.26x107 o L
Lox10* 2.637x10 0.0633 6.195%10 37.1
+0.34 +0.24 +0.77 £22
Lox10° 4.935x107° 0.0747 1.465%x1071° 39.8
LRIx 108 +0.45 +0.23 +0.56 +0.74
Lox10* 5.882x107° 0.0791 1.909x1071° 41.0
+0.06 +0.37 +0.78 +0.77
ViV degree increases from 1.0x10° to 1.0x10* Pa in both the cal-
0.00 001 002 003 004 005 006 0.07 0.08 . . .
0.0 = culation and measurement (Figure 5). In Figure 5, the terms
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Figure 4 (Corlor online) The measured /-V characteristics of the beta-

voltaics.

three sets of the I-V characteristics of the betavoltaics.
According to the data in Tables 2 and 3, the improved effi-

ciencies of I, Voc, Pmax, and FF were obtained as the vacuum

of ‘Cal.” and ‘Meas.” means the calculation and measurement
values, and the terms of ‘low” and ‘high’ **Ni means low and
high apparent activity density ®*Ni, respectively. With the in-
crease of the vacuum degree, the output performances of the
betavoltaic in the measurement exhibit the same trends as do
those in the calculation. The largest change takes place in
Prax, followed by I, Vo, and FF. Moreover, the high appar-
ent activity density **Ni makes a smaller improved efficiency
on the betavoltaic performances than the low one. How-
ever, contrary to the calculated results, the measured FF im-
proved efficiency for the high apparent activity density *Ni
is slightly larger than that for the low one. In addition to this,
the improved efficiencies of calculated /s, Voc, Pmax, and FF
are all smaller than those of the measured ones with low or
high apparent activity density **Ni.
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Figure 5 (Corlor online) Modified improved efficiencies of s, Voc, Pmax,
and FF as vacuum degree increases from 1.0x10° to 1.0x10* Pa in the calcu-
lation and measurement.

4 Discussion

Betavoltaic performance depends mainly on the energy de-
position in the ECU. When the vacuum degree is low, the
air density in the gap between the source **Ni and the ECU
quickly decreases as the vacuum degree increases. This phe-
nomenon allows more beta particles to traverse the air gap,
deposit more energy in the ECU, and consequently improves
the betavoltaic performance. When the vacuum degree is
high, the gap air becomes so thin that most beta particles can
pass through the air gap. Continuing to increase the vacuum
degree will barely enhance the energy deposition. Thus, the
resulting performance of the betavoltaic is almost changeless.

The increase in energy deposition leads to an increase in the
number of generated EHPs and the subsequent /. value. Vo
increases logarithmically with increasing /s, and so increases
gradually as the vacuum degree increases. According to eq.
(6), FF increases gradually as V4. increases. According to eq.
(5), Pmax 1s the product of /s, Voc, and FF, and so exhibits the
largest change.

The vacuum degree dependence of the increasing energy
deposition rate is related to the emission energy spectrum
of the beta source. The apparent emission energy spectra
were obtained theoretically by the surface current tally card
to record the beta particles emitted from the source surface
in all energy bins with the help of MCNP5. Ref. [18] has
studied the influences of *Ni and '*’Pm source thickness on
betavoltaics, and found that the shape of the apparent emit-
ted energy spectrum is not fixed with the source thickness
changes. Figure 6 shows that when the apparent activity den-
sity of %3Ni increases from 7.26x107 to 1.81x10% Bq cm™2,
the peak of the energy spectra moves toward the high energy
section because of the self-absorption effect. This similar be-
havior was demonstrated by '47Pm [18], *°Sr->°Y [19], and *H
[20]. Compared with low apparent activity density ®*Ni, the
high one allows beta particles to traverse the air gap into the
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Figure 6 (Corlor online) Apparent emission energy spectra of Ni calcu-
lated by MCNPS.

ECU more easily. The number of beta particles stopped or
absorbed by the air gap for low apparent activity density *Ni
decreases considerably when the vacuum degree increases.
Therefore, the energy deposition for low apparent activity
density ®*Ni increases more rapidly than that for the high one.
The same phenomenon was exhibited in the output perfor-
mances of the betavoltaic.

Low apparent activity density results in low /. and a low
ratio of Is/Iy, which leads to a high sensitivity of Vo [3,13].
Accordingly, the vacuum degree effect on the Prax of the be-
tavoltaic with low apparent activity density °Ni is more sig-
nificant than that of the betavoltaic with the high one.

The minimum reverse saturation current was employed
during the calculation. However, in practice, non-ideal
surface treatment, such as passivation, can result in a low
Ip value and a low ratio of Ii/lp. Shunt resistance (Rsh)
usually reflects the degree of leakage current through the
device, and the ideality factor (n) refers to the recombination
mechanisms of majority and minority carriers. As shown
in Figure 5, it is revealed that there are large gaps between
the calculation results and the measurement ones. Therefore,
the previous calculation process should be modified with
these three terms, including /o, n, and Rg,, to reduce those
gaps. The values of Iy, Rsh, and n can be extracted from
the measured dark current characteristic and the /-V curves
irradiated by ®Ni.

The values of I and n were estimated from the relationship
between the logarithm of the measured dark current (/4) and
the forward bias voltage. The formula can be express as

In(l,) = ﬁ V+1n(l,). 7)

The intercept of the curve on the Y-axis gives the value of
Ip. The slope of the In(/4) versus V is equal to (¢/nkT) and
gives the value of n. As shown in Figure 7, the values of Iy
and n for the betavoltaic are 1o=2.8x107'° A and n=1.17.
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Figure 7 (Corlor online) Dark current characteristic of the betavoltaic.

The R value was estimated from the slope of the measured
I-V curve irradiated by %Ni at ¥=0. The value is expressed as

_dr

R
sh d]

®)

V=0,I=1I
sc

Table 4 shows the mean values of Ry, with SDs. The mod-
ified equivalent circuit model can be expressed as

v
I= —IR—i—IO«[exp[ﬂ] - 1} + )
sh

nkT

where Ir is radiation-generated current, which is approxi-
mately equal to I calculated by eq. (2). The Is, Voc, Pmaxs
and FF values of the betavoltaic were calculated with eq. (9).

The values of Iy, n, and Rs, extracted from the measure-
ment results were estimated to modify the equivalent circuit
model. The modified model was used to modify the previous
calculation results. After that, the modified improved effi-
ciencies of Iy, Voc, Pmax, and FF as vacuum degree increases
from 1.0x10° to 1.0x10* Pa in the calculation for low and
high apparent activity density ®*Ni respectively are obtained
in Figure 8. The terms of 100% and 50% refer to the collec-
tion rate of EHPs in Figure 8. With an EHP collection rate
of 100%, the modified calculation improved efficiencies are
close to the measurement ones (Figures 5 and 8). However,
gaps still exist between the calculated and measured efficien-
cies. Two reasons may cause this result. First, the beta source
9Ni could fall off naturally during use or storage and make
the actual activity density lower than the estimated value by
only a half-life. Hence, the apparent activity density should

Table 4  Rq, Values of the betavoltaic (mean = SD, in %)
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be accurately calibrated prior to measurement. Second, the
actual collection rate of the EHPs is lower than the theoreti-
cal value. A low collection rate results in low measured /s,
and consequently, a low ratio of /sc/lo. The modified improved
efficiencies of Voc, Pmax, and FF increase when the collection
rate decreases from 100% to 50%. The modified calculation
values are closer to the measurement ones. However, the im-
proved efficiency of /s remains almost the same and still has
a large gap with the measurement value because of the influ-
ence of series resistance (Rs). A high Rs results in a low /.
Moreover, the value of Rs decreases with the intensity of il-
lumination [21], which is equivalent to the activity density of
the incident beta particles. A low vacuum degree results in
high R, and small /.. By contrast, a high vacuum degree re-
sults in low R, and large /.. However, the effects of Rs on /g
and other aspects of betavoltaic performance require further
study.

To enhance the vacuum degree resistance in applications,
the betavoltaic should employ high apparent activity den-
sity sources, high-quality semiconductor materials, and op-
timized micro-nano processing technology. Vacuum packag-
ing could also be introduced to the betavoltaic with a recom-
mended value of 1.0x10? Pa.

5 Conclusions

We presented a theoretical method to study the vacuum de-
gree effects on betavoltaics based on ®Ni with different

N
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N
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Modified improved efficiencies as vacuum
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Figure 8 (Corlor online) Modified improved efficiencies of Isc, Voc, Pmax,
and FF as vacuum degree increases from 1.0x10° to 1.0x10* Pa in the calcu-
lation based on 100% and 50% EHPs collection rate respectively.

Activity density (Bq cm™2) Vacuum degree (Pa) Rsh (Q)
1.0x10° 7.45%107+5.32
7.26x107
1.0x10* 7.45%107+0.57
1.0x10° 5.78x107+2.20
1.81x10%

1.0x10*

5.71x107+1.15
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apparent activity densities. The /-V characteristics of beta-
voltaics were measured at 1.0x10° and 1.0x10* Pa and com-
pared with those in the calculation results. The results show
that the betavoltaic performances improve significantly as the
vacuum degree increases. The largest change is in Pmax, fol-
lowed by I, Vo, and FF. The vacuum degree effect on the en-
ergy deposition for low apparent activity density ®*Ni is more
significant than that for the high one. The same result was
obtained for the improved efficiencies of I, Voc, and Pmax
of the betavoltaic. Furthermore, the improved efficiencies of
the performances, including /sc, Voc, Pmax, and FF, in the mea-
surement are higher than those in the calculation because of
the low rate of Is/Iv. o, n, and Rsy were estimated to modify
the equivalent circuit model. The calculation results based
on this model are closer to the measurement results. This re-
search can serve as a reference to study the vacuum degree
effects on betavoltaics based on other semiconductor materi-
als and beta sources.
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