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Abstract—Long-lived and high-energy-density betavoltaics have
a great potential as power supplies for remote and hostile environmental conditions, where volume power density and/or power
lifetime are very important considerations. In this paper, we provide new results to aid in the design and optimization of betavoltaics made with Si space solar cells and beta sources. The new
results were obtained by using a customized low-energy electron
accelerator to characterize the radiation-hardened high-efficiency
Si space solar cells while varying the electron beam energy and
electron beam current density, i.e., electron beam flux. The betavoltaic conversion efficiency of Si space solar cells increases until
60 keV and then decreases with the increasing electron beam
energy. The maximum efficiency (6%) obtained at the electron
beam energy of 60 keV suggests that Pm-147 would be a good
beta source to make high-efficiency nuclear batteries. The radiation ionization energy is ∼3.90 eV per electron–hole pair for Si
space solar cells. Some radiation damage-induced performance
degradation was also observed when the Si space solar cells were
exposed to the bombardment of 62-keV electrons with fluence up
to 4.92 × 1018 betas/cm2 , which is equivalent to the radiation
from a semi-infinite Pm-147 layer for ∼2.26 years. The results
in this paper suggest that beta-particle entrance window, betavoltaic cells’ configuration structure, and device properties such
as charge carriers’ diffusion length are very important factors to
be engineered to improve the conversion efficiency for practical
betavoltaics.
Index Terms—Betavoltaics, conversion efficiency, low-energy
electron accelerator (LEEA), nuclear battery, radiation ionization
energy, solar cells.

I. I NTRODUCTION

L

ONG-LIVED and high-energy-density betavoltaics have a
great potential as power supplies for remote and even hostile environmental conditions such as in space or remote sensing
[1]–[6] or other situations such as implantable cardiac pacemakers [4], [7] where replacing the power supply is very inconvenient. For these applications, volume power density and/or
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power lifetime are very important considerations. It is also
claimed that betavoltaics can be used to trickle-charge conventional batteries and power consumer devices such as cell
phones and laptop computers [8]. Since the discovery of the
electron voltaic effect [9], betavoltaic devices have been used
to harvest the radiation energy from radioisotopes [2], [10]–
[12]. Compared to a thermoelectric converter, which operates
by converting the radioisotope decay into heat energy and
then into electricity, betavoltaic devices convert the energy of
nuclear radiation directly into electric power and thus have
higher conversion efficiency. Betavoltaics are formed by coupling semiconductor junction devices with high-energy-density
and long half-lifetime radioisotopes. Similar to photovoltaics,
betavoltaics employ the built-in electric field in the depletion
region at the junction in the devices to separate and gather
the generated electron-hole pairs (EHPs). However, unlike
photovoltaics, betavoltaics do not require an external radiation
source. Since betavoltaics convert the kinetic energy of nuclear
radiation decays, e.g., beta particles emitted from radioisotopes,
into electrical energy, instead of electromagnetic radiation in
photovoltaics, the radioisotopes can be packaged together with
the betavoltaic devices to form a self-contained source of
electric power [13], which can last for years [14], [15]. However, the main concern in betavoltaics is the radiation damage
caused by the high-energy beta particles that induce displacement damage, i.e., defects, and result in the concomitant rapid
degradation of device performance. For instance, betavoltaics
made with silicon and Sr-90 significantly degrade in a single
day, which is much shorter than the radioisotope’s half-life of
28 years [16], [17], since the energy of beta particles emitted
from Sr90 is 540 keV, which is much larger than the radiation
damage threshold for silicon.
There are tradeoffs in selecting beta sources and junction
devices to make betavoltaics. Detailed discussions are available elsewhere [7], [18]. The energy density, the isotope halflifetime, and the effects of radiation on the junction device need
to be simultaneously considered in selecting a beta source and
junction combination. Although the beta mass is considerably
smaller than that of typical junction materials (∼50 000×), with
an estimated displacement energy value of 20 eV, it is still likely
that betas can cause displacement damage by primary knockon collisions. In general, if the maximum energy Emax of beta
particles, and subsequent energy transfer, is not significantly
higher than the radiation damage threshold Eth for displacement, the junction is deemed radiation hard. On the other hand,
if the energy is too low, the resultant output power will be too
low so that the betavoltaics are useless for many applications.
Olsen discussed possible beta sources for betavoltaic energy
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Fig. 1. Customized LEEA at Rensselaer Polytechnic Institute: (a) outlook picture and (b) schematic of LEEA. Here, TC is for thermocouple, DUT is for device
under test, and UHV is for ultrahigh vacuum.

conversion [18]. The feasible betavoltaic sources are H-3 [10],
[19], Ni-63 [2], and Pm-147 [12] because the Emax in these
sources is low enough that radiation effects in many semiconductors can be tolerated. In the case of H-3 and Ni-63, the shortcircuit current (and, therefore, output power) is apparently too
low for most applications due to the low energy of emitted beta
particles and the low specific activity. As a result, betavoltaics
powered by H-3 (as once used in pacemakers) have been replaced with long-life batteries [13]. Therefore, among these potential beta sources, Pm-147 appears to be the most promising
one for betavoltaic energy conversion. The maximum energy
of beta particles emitted from Pm-147 is ∼225 keV. Although
this value exceeds the approximate threshold (∼145 keV) of Si,
the number of electrons having energy above these thresholds
is very small [12]. In addition, the half-life of 2.62 years
is long enough that a nuclear battery can be fabricated to
deliver adequate power for many applications. In the case of
junction device selection, three particularly important aspects
are the radiation damage threshold, betavoltaic characteristics,
and device fabrication. Previous betavoltaic studies involve Si
[12], [17], [20]–[23], Ge [17], [23], GaAs [24], SiC [25], [26],
diamond [27], GaP [28], GaN [29]–[31], and selenium [23]
devices. In theory, the direct band-gap materials such as SiC
could be superior to silicon because of their low leakage current, higher radiation damage threshold, and higher conversion
efficiency. However, the highly developed Si device technology
makes silicon devices a potentially good choice. It is predicted
that the betavoltaics made with Si will be much cheaper and
more stable than those fabricated by using other materials.
Therefore, very recently, more effort is being made to enhance
the conversion efficiency of silicon betavoltaics with H-3 [10],
[19], Ni-63 [2], and Pm-147 [12], [32] by a 3-D design [32] or
a porous structure [20].
Although a lot of work was done on betavoltaics, it is not
understood why the conversion efficiency is much lower than
the predicted value [10], [16], [32], [33]. The reported maximum conversion efficiency for practical Si-based betavoltaics
is only 2.1% [16]. In addition, no robust tools are available
to mimic the complicated behavior of beta particles in the
devices. Scanning electron microscopy (SEM) was used to

characterize the betavoltaic performance of Si junction devices
[32] and 4H-SiC devices [34], but the low acceleration voltage
(≤30 keV) feature of SEM is not high enough to simulate
beta particles emitted from Pm-147 and other radioisotopes.
The low current (several microamperes) feature of transmission
electron microscopy cannot meet the requirements that the
intense electron beam can be utilized to accelerate the lifetime
test of devices. In order to be able to mimic high specific activity
beta source emitting higher energy beta particles so that the
betavoltaic performance and the lifetime of betavoltaic devices
can be fully and systematically characterized, a customized
low-energy electron accelerator (LEEA), as shown in Fig. 1(a),
was designed and built at Rensselaer Polytechnic Institute.
In this paper, we used the customized LEEA to investigate
the betavoltaic characteristics of high-efficiency Si space solar
cells. The performance degradation due to radiation damage by
using the accelerated lifetime test mode was also studied. The
goal of this paper is to provide new results to aid in the design
and optimization of betavoltaics made with Si space solar cells
and beta sources.
II. E XPERIMENTALS
The radiation-hardened high-efficiency Si space solar cells in
this paper were received from Naval Research Laboratory and
made from a single-crystal silicon substrate and then coated
with a dual antireflection layer (∼80-nm thick). The detailed
cell structure was described elsewhere [35]–[37]. The 1 sun
AM0 performance of Si solar cells was provided by Naval Research Laboratory. Before testing the betavoltaic performance,
an additional layer of about 3 nm of graphite was coated by
thermal evaporation onto the surface of the Si solar cells in
order to minimize backscattering losses from the high-Z metal
contact and to remove the discharge of accumulated electrons
on the surface of the antireflection layer. The betavoltaic performance of high-efficiency Si space solar cells was characterized
in situ under irradiation by the LEEA. As schematically shown
in Fig. 1(b), the LEEA consists of the ultrahigh vacuum (UHV)
system, the thermoelectric electron gun, the high voltage supply, several electromagnetic focusing lens, an electrostatic xy
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Fig. 2. (a) Photovoltaic and (b) betavoltaic characteristics of high-efficiency Si space solar cells. The inset in (a) is the tilt SEM cross-sectional image of
as-received Si space solar cells and shows that the surface of the Si space solar cells was textured with inverted pyramid morphology.

scanning system, apertures, a sample stage, a Faraday cup,
and an isolated cooling system. The UHV system is evacuated
using an ion pump and a turbo pump. The focusing lenses
were used to focus the electrons ejected from the cathode
of the electron gun, which was negatively biased by a high
voltage supply. The electrostatic scanning system was used to
obtain homogenous electron beam irradiation by scanning the
beam on the order of 1 kHz vertically and horizontally. The
Faraday cup was used to measure the beam current, including
the contribution by the backscattered electrons. The isolated
cooling system was used to cool down the sample in order
to avoid heating due to the bombardment of the high-energy
electron beam. The end-station computer was used to control
a Keithley 2400 source meter to collect the I–V data. The
computer was kept at high voltage and wirelessly controlled.
The betavoltaic characteristics as a function of electron beam
energy were done with the constant beam current density of
0.79 μA/cm2 . The electron beam current density dependence of
betavoltaic response was done with the beam energy of 60 keV.
The effect of radiation damage on the betavoltaic performance
was conducted by keeping the devices continuously irradiated
for about 34.5 h with the electron beam energy of 62 keV and
the beam current density of 6.31 μA/cm2 in the accelerated
lifetime test mode. The temperature of the samples during irradiation was 18 ◦ C. Only a 1 ◦ C–2 ◦ C increase in the temperature
of the samples for the accelerated lifetime test was observed
when the temperature reached the steady state in ∼20 min.
Hence, the effect of the temperature on the betavoltaic performance is not discussed in this paper. All I–V data were measured in situ. The behavior of energetic electrons in materials
was modeled by using CASINO, which was detailed in [38].

III. R ESULTS AND D ISCUSSION
The 1 sun AM0 performance of Si solar cells is shown
in Fig. 2(a). Short-circuit current density Jsc is 49.8 ±
0.4 mA/cm2 , open-circuit voltage Voc is 0.62 ± 0.01 V, and
power conversion efficiency is 17.9 ± 0.2%. The inset in

Fig. 2(a) is the tilt SEM cross-sectional image of as-received Si
solar cells and shows that the top surface of the Si space solar
cells was textured with inverted pyramid morphology in order
to enhance the conversion efficiency. Under the assumption that
the series resistance is zero and the shunt resistance is infinite,
the I–V characteristic of Si solar cells is described by




qV
(1)
− 1 − Jsc
J = J0 exp
nkT
where J0 is the reverse saturation current density of the diode,
T is the temperature in Kelvin, q is the charge unit, k is Boltzmann’s constant, and n is the ideality factor [39]. As shown in
Fig. 2(a), the experimental data of Si solar cells deviate from
the simulated I–V curves with n = 2 in the ideal theoretical
model, particularly near the region of Voc , but are close to the
simulated I–V curve with n = 1.83, which indicates that the
space-charge region recombination dominates for the operation.
In addition, the assumption is valid because the series and shunt
resistances are 0.53 and 1300 Ω/cm2 , respectively, measured
from the inverse of slope at Voc and at Jsc , respectively.
Betavoltaic responses of Si solar cells as a function of beam
energy, when exposed to electron beam irradiation, are shown
in Fig. 2(b). The reverse saturation current density J0 read from
the I–V characteristic with no beam is 2.43 × 10−6 A/cm2 .
The increase in short-circuit current density with the increasing beam current density and beam energy (equivalent to the
increasing input power) indicates that the betavoltaics indeed
do a function in a manner analogous to a photovoltaic cell.
Similar to photovoltaic characteristics, there is good agreement
between the experimental and simulated data when n = 1.90,
as can be seen from the simulated I–V curve shown in Fig. 2(b),
which is relevant to the 120-keV energy. In this case, shortcircuit current density was calculated by using the radiation
ionization energy of 4.30 eV per EHP. Additional details are
described below. The difference between the experimental and
simulated data may come from the finite series resistance and
shunt resistance, which affect the fill factor (FF). When the
electron beam energy is 120 keV with the beam current density
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of 0.79 μA/cm2 , the series and shunt resistances are 4 and
325 Ω/cm2 , respectively. The crossover of the I–V curves, as
shown in Fig. 2(b), in the forward bias with the increasing beam
energy indicates that the higher beam energy reduces the series
resistance. This feature is not observed in photovoltaics.
The amount of the generated EHPs depends on the amount
of the irradiation particles and the energy of the irradiation
particles. In photovoltaics, the absorption of a photon typically
generates a single EHP due to the energy of a photon, but in
betavoltaics, an incident energetic beta particle can produce
hundreds and thousands of EHPs, depending on the energy
of the beta particle. For instance, a single beta particle with
the energy of 0.7 MeV can produce ∼105 EHPs in Si [17].
Generally, the release of the kinetic energy of beta particles into
the betavoltaics is completed in two steps. In the first step, the
release of kinetic energy creates a nonequilibrium distribution
of mobile carriers by inducing transitions from the valence band
to the conduction band. This process, called impact ionization,
is in competition with phonon generation. In the second step,
the excess kinetic energy of the created mobile carriers is transferred to the crystal lattice. The amount of radiation ionization
energy consumed per EHP in betavoltaic devices consists of
three contributions, i.e., intrinsic bandgap Eg , optical phonon
losses, and residual kinetic energy (∼9/5Eg ) [40]. Therefore,
the radiation ionization energy ε is band-gap dependent and can
be expressed as
9
ε ≈ Eg + Eg + r(ωR)
5

(2)

where r(ωR) represents the optical phonon losses and is in the
range of 0.5–1 eV [40]. For silicon, ε is 3.6 eV, which was incidentally determined by using alpha particles to bombard pure
silicon [41], [42]. Therefore, the maximum possible current
density Jmax that can be collected under short-circuit condition
is given by
Jmax

E
= qφ0
ε

(3)

where φ0 is the incident beta-particle flux and E is the betaparticle energy [18]. However, the incident beta particles in betavoltaics are partially reflected from or near the semiconductor
surface and do not contribute to the generation of EHPs and to
the output current. Meanwhile, only the EHPs generated within
the depletion region and in the range of the carrier’s diffusion
length near the depletion region can be collected to produce the
output current in betavoltaic devices [14]. Therefore, the Jsc for
betavoltaics can be given by
Jsc = (1 − r)QJmax

(4)

where r is the reflection coefficient for beta particles from the
semiconductor surface and Q is the collection efficiency of the
devices [18]. The beta-particle reflection primarily depends on
the atomic number of the material. For Si, r = 0.1 [43]. Q is
a function of the beta-particle properties, the semiconductor
properties, and the device properties. Q can approach 0.8–1 for
silicon when the beta source is Pm-147 [18].
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Fig. 3. Relationship of open-circuit voltage Voc versus short-circuit current
density Jsc for beam current density dependence and beam energy dependence.

The Voc in betavoltaic response can be connected to Jsc by
the well-known relation [44]


Jsc
nkT
ln
(5)
for Jsc  J0 .
Voc =
q
J0
As shown in Fig. 3, the relationship between Voc and Jsc
follows (5). The ideal factor (n = 1.9) is extracted from the
slope of linear fitting of experimental data. The condition of
r = 0.1 and n = 1.9 is used in later section for the comparison
between experimental and calculated data.
The FF [45] and overall efficiency η [18] can be given,
respectively, by


Voc
nkT /q + 0.7 FFs
(6)
FF = FFs 1 −
Voc
Rsh
nkT /q


η = 100(1 − r)Q
where

⎛

FFs = ⎝

Voc
nkT /q

− ln



Voc
nkT /q

Voc
nkT /q

Voc FF
ε

+ 0.72

+1




Voc /Jsc

%

(7)

⎞
⎠

1.1Rs
× 1−
Voc /Jsc




+

1.1Rs
Voc /Jsc

2

5.4

where Rs is the series resistance and Rsh is the shunt resistance.
The experimental and calculated Voc , Jsc , and η by using the
above equations are shown in Fig. 4. Here, the series resistance (4 Ω/cm2 ), the shunt resistance (325 Ω/cm2 ), and the
reflection coefficient (r = 0.1) were used for the calculations.
The condition of collection efficiency and radiation ionization
energy for the calculations is displayed in Fig. 4. It is shown in
Fig. 4(a) that higher beam energy has higher short-circuit current density. Similarly, although not shown here, a higher beam
current density leads to a higher short-circuit current density as
well. Two boundary limits are also plotted in Fig. 4(a). If all
generated EHPs are collected by the devices, i.e., Q = 1, and
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Fig. 4. Experimental and calculated betavoltaic performance as a function of electron beam energy (a) Jsc versus E, (b) Voc versus E, and (c) η versus E. The
boundary limits are calculated by using r = 0.1 and n = 1.90. Here, the electron beam current density is 0.79 μA/cm2 for experimental data.
TABLE I
E FFECTIVE I ONIZATION E NERGY ε AT D IFFERENT B EAM E NERGY
VALUES W ITH B EAM C URRENT D ENSITY OF 0.79 μA/cm2

if one EHP consumes the minimum energy, i.e., ε = 3.63 eV,
the possible maximum Jsc (solid line) is obtained. On the other
hand, the condition of Q = 0.8 and ε = 4.14 eV gives the
possible minimum Jsc (dot line). As shown in Fig. 4(a), Jsc
falls in the predicted region when the beam energy is larger
than 40 keV. When the beam energy is lower than 40 keV, Jsc is
lower than the possible minimum Jsc . The reason could be that
the antireflection layer and the electrical collection electrode
consume certain energy of electron beam when the energetic
electrons penetrate through these layers to reach effective junction device. In order to compensate the energy consumed by
the antireflection layer and the electrical collection electrode
and to remove the effect of Q and r on the output short-circuit
current density, radiation ionization energy ε is extracted from
the reciprocal slope of the linear fit of experimental data. The
extracted ε is ∼3.90 eV, which falls in the range of 3.63–
4.14 eV, although it is a little higher than 3.60 eV. This result
indicates that the betavoltaic response of Si solar cells matches
the theoretical prediction. Effective radiation ionization energy
ε is calculated directly by dividing the product of incident beam
current density and the corresponding energy by the shortcircuit current density. The effective radiation ionization energy
under different beam energy conditions is listed in Table I. It
is shown in Table I that, for low-energy beam case (<40 keV),
the effective radiation ionization energy is much higher than the
theoretical value, as expressed in (2). For higher energy beam
case, the apparent radiation ionization energy is still higher than
the theoretical values, but it is close to the maximum theoretical
value of 4.14 eV. The positive intercept of the linear fit of experimental data at the electron beam energy axis also indicates that
the antireflection layer and the electrical collection electrode
consume certain energy of electron beams.
As shown in Fig. 4(b), Voc increases with the increasing electron beam energy. Because Jmax has a linear relationship with
the electron beam energy, Voc has a logarithmic relationship of
electron beam energy if r and Q are not changed. It is shown in

Fig. 4(c) that conversion efficiency η increases with the electron
beam energy up to 60 keV and then decreases with the electron
beam energy. As shown in Fig. 4(b), although there is certain
fluctuation, except for the energy at 60 keV, Voc falls in the
range calculated by using Q = 1, ε = 3.63 eV and Q = 0.8,
ε = 4.14 eV. The η and Voc values obtained at 60-keV electron
beam energy are hitting or a little bit higher than the upper
boundary. The reasons are not clear and could be related to
the parameters, such as reverse saturation current density and
the ideal factor, used for the analytical calculations, and the
measurement and control tools of LEEA. Further analysis is
needed to find the root cause. For energy values lower than
40 keV, the conversion efficiency is lower than the expected
efficiency. The conversion efficiency at 30 keV is ∼2.12% but
still higher than the reported value (1.02%) for 3-D silicon
betavoltaics characterized via SEM at the acceleration voltage
of 30 kV [32]. When the electron beam energy is 60 keV, the
maximum experimental η is obtained and is 6.01%, which is
higher than that reported for Pm2 O3 /Si n+ p betavoltaics in
which the maximum conversion efficiency is only 2.1% [16].
For practical betavoltaics, the beta source efficiency should be
included, which expresses the fraction of all betas created that
are actually emitted from the source and directed toward the
device [18]. The average energy of beta particles emitted from
Pm-147 is ∼62 keV. The present results suggest that Pm-147
would be a good beta source to make a high-efficiency nuclear
battery with Si solar cells.
In betavoltaic devices, junction depth plays a critical role to
determine the short-circuit current density and the conversion
efficiency. Junction depth determines the location to collect
the generated EHPs in the device and thus has a great impact
on the conversion efficiency since the penetration depth of
the energetic beta particles is energy dependent. In order to
understand the behavior of energetic electrons in Si space solar
cells, the trajectory of electrons in a planar material stack model
was studied by using CASINO. Here, the electrons hit the
sample vertically. The schematic of the sample model is shown
in the right-lower inset in Fig. 5(a), and the materials and the
corresponding thickness and density are shown therein as well.
As shown in Fig. 5(a), the electron range increases with the
beam energy. The ranges for 60- and 120-keV electrons are
15.9 and 53.9 μm, respectively. The distribution of electrons
that stopped in the sample along the depth follows a Gaussian
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Fig. 5. Behavior of energetic electrons in the proposed material stack simulated by using CASINO code: (a) range of energetic electrons as a function of
energy and (b) trajectory of electrons with the energy of 60 keV. The left-upper inset in (a) shows the distribution of electrons with the energy of 60 keV in the
proposed material stack, which is shown with the corresponding thickness and density in the right-lower inset in (a). The red lines in (b) represent the trajectory
of backscattered electrons.

distribution, as shown in the left-upper inset in Fig. 5(a). The
maximum penetration depth in the sample is about double the
electron range. As an example, the trajectory (purple line) of
electrons in the sample with the energy of 60 keV is shown
in Fig. 5(b), in which the red line shows the trajectory of the
backscattered electrons in the sample. For lightly doped Si
(∼1 × 1016 cm3 ), the diffusion length Lp of holes in n-type
Si and the diffusion length Ln of electrons in p-type Si are
30 μm [46] and 50 μm [47], respectively. For Si solar cells,
n+ /p or p+ /n junction devices are generally used to enhance
the conversion efficiency [48]. The former physical structure
is preferred because of the higher minority (electron) lifetime
and diffusion length, which are more important for betavoltaic
devices, in the p-type substrate where most of EHPs are generated. The top diffused layer of high doping concentration is
about 1 μm or less [14]. In the case of low-energy electrons, the
generated EHPs, which can contribute to the output current, are
reduced because some energy is consumed by the antireflection
layer and the electrode. As a result, the conversion efficiency
is reduced. With the increase of electron beam energy, the
portion of the generated EHPs that can contribute to the output
current increases so that the conversion efficiency increases.
However, if the energy of electron beam further increases, the
conversion efficiency decreases because part of the generated
EHPs cannot be collected at the junction because of the large
electron range. Take 120-keV electrons as an example. The
maximum penetration depth is about 100 μm; however, the
larger minority diffusion length is only about 53.9 μm. Therefore, the EHPs generated at the depth of 100 μm are unable to
make contribution to the output current if the depletion region
cannot reach 47 μm deep. In the current case, the junction
depth is ∼0.15 μm [35], [37] and the depletion width does
not exceed 1 μm. Therefore, the EHPs generated at the depth
larger than ∼55 μm do not contribute to the output current
and the conversion efficiency is reduced. However, these EHPs
increase the conductivity of semiconductor substrate and thus
reduce the series resistance, as indicated by the crossover of

the I–V curves in Fig. 2(a). Therefore, diffusion length is a
critical parameter for betavoltaics to improve the conversion
efficiency. Increasing effective depletion width and diffusion
length can help improve the conversion efficiency. Based on
this point, 3-D junction devices [32], porous junction devices
[10], or multijunction device stack are desirable to enhance
the conversion efficiency by collecting the generated EHPs
more effectively. Meanwhile, the sandwich stack of device/beta
source/device can enhance the conversion efficiency as well.
In order to investigate the effect of radiation damage on
the betavoltaic performance, the Si solar cell was continuously bombarded by 62-keV electron beam with beam current density of 6.31 μA/cm2 until the fluence reached 4.92 ×
1018 betas/cm2 , which is equivalent to the radiation from a
semi-infinite Pm-147 layer for ∼2.26 years. Betavoltaic I–V
characteristics at different fluences are shown in Fig. 6(a). It
can be seen that some performance degradation induced by
radiation damage with the increasing fluence can be observed
because I–V characteristics shift, gradually but very slowly,
toward the origin with the increasing fluence. As shown in
Fig. 6(b), maximum output power Pmax (which determines the
power conversion efficiency), short-circuit current density Jsc ,
and open circuit voltage Voc degrade a little with the increasing
radiation fluence. The degradation coefficients for them are
9.32 × 10−22 mW · cm2 /betas, 4.65 × 10−22 mA/betas, and
7.53 × 10−22 V · cm2 /betas, respectively. The higher degradation coefficient for the maximum output power is probably
caused by the reduction of FF.
The performance degradation is a result of radiation-induced
defects, via primary knock-on collision, which give rise to the
energy states in the band gap. It is these defect states that
have a major impact on the electrical behavior of semiconductor materials and devices by affecting several processes,
including recombination and scattering. Radiation-induced recombination centers decrease the lifetime of charge carriers,
and radiation-induced scattering centers cause the mobility to
decrease. Hence, these two kinds of defects decrease charge
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Fig. 6. Effect of radiation damage on the betavoltaic performance of Si space solar cells under the bombardment of electrons with the beam energy of 62 keV
and the beam current density of 6.31 μA/cm2 . (a) I–V characteristics at different fluence levels. (b) Maximum output power Pmax , short-circuit current density
Jsc , and open-circuit voltage Voc as a function of the fluence.

carriers’ diffusion length and thus degrade the betavoltaic performance. In addition, depending on the energy and flux of
beta particles, relatively widely spaced defects or a number of
more closely spaced defects may be produced. Following their
creation, defects will reorder to more stable positions by annealing processes. Similar to increasing temperature, increasing
injection level will enhance such defect annealing processes
[49]. Hence, the effect of higher energy electron beam and
electron beam flux levels on the degradation of high-efficiency
Si solar cells needs to be studied in the future to provide
the information to optimize the design of betavoltaics. Further
investigation is needed to correlate the displacement damage
with the nonionizing energy loss in order to be able to predict
the radiation-induced degradation.

the particle entrance window and the window materials is
important, particularly for low-energy electrons, since the antireflection layer and the electrical collection electrode consume
part of the electron energy. Otherwise, nonnegligible energy is
lost from the beginning and the conversion efficiency is low. A
device configuration structure should be optimized to enhance
the conversion efficiency, particularly for the higher energy
electrons, because of their long penetration depth in the devices.
Three-dimensional junction devices, porous junction devices,
and/or multijunction device stacks are desirable. Furthermore,
devices should be engineered to improve the diffusion length
in order to have Q close to 1. In addition, betavoltaic cells
should be designed to reduce the self-absorption of emitted
betas, which is a very important consideration for practical
betavoltaics.

IV. C ONCLUSION
In this paper, we have provided new results to aid in the
design and optimization of betavoltaics made with Si space
solar cells and beta sources. These results were obtained by
using a customized LEEA to characterize the betavoltaic performance of radiation-hardened high-efficiency Si space solar
cells. The effective radiation ionization energy of Si space solar
cells is ∼3.90 eV per EHP. The betavoltaic conversion efficiency increases and then decreases with the increasing electron
beam energy. The maximum efficiency (6.01%) obtained at the
electron beam energy of 60 keV suggests that Pm-147 would
be a good beta source to make a high-efficiency nuclear battery.
Some radiation damage-induced performance degradation was
also observed when the Si space solar cells were exposed to
the bombardment of 62-keV electrons with the fluence up to
4.92 × 1018 betas/cm2 , which is equivalent to the radiation
from a semi-infinite Pm-147 layer for ∼2.26 years. In this
paper, the capability of LEEA to characterize the betavoltaic
performance and the accelerated lifetime test of betavoltaic
devices was clearly demonstrated as well.
In order to improve the conversion efficiency of betavoltaics,
four key factors should be considered. The optimization of
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