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Abstract
The GaAs-based betavoltaic batteries with 63Ni source were demonstrated, in which the
AlGaAs hole/electron transport layers were introduced to enhance the transport and collection
of radiation-induced carriers. The Monte Carlo codes and COMSOL Multiphysics were
combined to predict the output performance of batteries and optimize the structure parameters
of energy converter. And the optimized GaAs-based battery with a 6 mCi cm−2 63Ni source was
expected to achieve a short-circuit current density (Jsc) of 85.6 nA cm−2, an open-circuit
voltage (Voc) of 0.67 V and a maximum output power density (Pm) of 43.3 nWcm−2. Then the
GaAs/AlGaAs films were grown by metal organic chemical vapor deposition, and the comb-like
electrodes were designed to reduce the absorption loss of beta particles in the p-plane electrode.
The photoluminescence and x-ray diffraction were carried out to characterize the growth quality
of epitaxial materials. The experimental results showed that the largest Jsc of 9.3 nA cm−2, Voc
of 55 mV and Pm of 143.9 pWcm−2 can be achieved on the 2-busbar electrode battery. And the
temperature dependence tests showed that when the temperature decreased to 233.15 K, the Voc
and Pm increased to 208 mV and 570.5 pWcm−2, respectively. Further improvements in
fabrication process are needed to reduce the gap between experiment and prediction. In
addition, the optimized structure of energy converter suggests the directions for enhancing the
performance of betavoltaic batteries.
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1. Introduction

As a type of nuclear batteries, the betavoltaic batteries can
convert the decay energy of beta radioisotopes into electrical
energy with long service life, high power density, small scale
and strong environmental adaptability [1, 2]. These make
the betavoltaic batteries an appropriate option for power-
ing the micro-electro-mechanical-systems. When the beta
particles interact with the semiconductor energy converter,
a p–n junction or a Schottky barrier diode, thousands of
electron–hole pairs are generated. And they can be collected
to form the radiation-induced current, the process of which is
similar to a photovoltaic battery. Recent studies have shown
that the betavoltaic batteries have been successfully used in
deep-space exploration, remote site, execrable ambient and
medical applications [3, 4].

The performance of a betavoltaic battery depends on many
factors, such as radioisotope characteristics, energy converter
structure and semiconductor material properties [5, 6]. The
maximum beta energy of 3H and 63Ni source are 18.6 and
66.9 keV, respectively, and their average beta energy are 5.7
and 17.4 keV, respectively [7]. They can meet the require-
ment of almost no radiation damage to the semiconductors.
And the longer half-life of 100.2 years makes the 63Ni source
the most appropriate choice for the betavoltaic devices. The-
oretical studies have shown that the energy conversion effi-
ciency of a betavoltaic battery increase with the increase of
semiconductor band gap [8]. Compared with the tradition Si
semiconductor, GaAs has the wider band gap (1.424 eV),
higher electron mobility (∼8000 cm2 (V·s)−1), lower intrinsic
carrier concentration (1.8× 106 cm−3) and higher threshold
energy for radiation damage (270 keV) [9]. The GaAs-based
betavoltaic batteries are expected to have satisfactory per-
formance, and have also been reported [10–18]. In 2012, a
GaAs betavoltaic battery based on P+PINN+ structure was
proposed [14]. The added interlayer in typical PIN struc-
ture enlarged the width of depletion region and enhanced
the collection of minority carriers. As a result, compared to
the typical PIN structure, the conversion efficiency of bat-
tery improved by 45% and a short-circuit current density of
0.36 nA cm−2 was obtained. In 2015, the temperature effects
on the output performance of 63Ni-GaAs and 147Pm-GaAs
betavoltaic batteries were investigated [15]. Both the theor-
etical and experimental results showed that the open-circuit
voltage of battery decreased with the increase of temperature.
And at 213.15 K, the largest experimental values of open-
circuit voltage of the 63Ni-GaAs and 147Pm-GaAs batteries
were 0.47 and 0.41 V, respectively. In 2017, the temperature
effects were studied by another group, and a maximum output
power density of 1.4 nWcm−2 of the 63Ni-GaAs battery were
observed at −20 ◦C [16]. In 2019, an energy converter based
on the AlGaAs/GaAs heterostructure was presented. Under
the irradiation of a tritium gas source, the battery achieved an
efficiency of 5.9% [17]. In 2022, a GaAs-based battery with
Schottky structure modified by deposition of a carbon layer
was investigated. Their experiments and simulations showed
that the carbon deposition at the top of n-GaAs layer can

passivate the surface state of GaAs, and further improve the
battery performance [18].

Nevertheless, from these experimental reports, the output
performances of the GaAs-based betavoltaic batteries are not
excellent as expected. The short-circuit current density is only
a few nanoamperes per square centimeter, and the maximum
output power density is only a few nanowatts per square centi-
meter. The most important reason is that the band structure of
device is not the most favorable for the transport and collection
of radiation-induced carriers, and it lacks a certain auxiliary
material unit. Thus the concepts of hole transport-electron
blocking layers and electron transport-hole blocking layers are
proposed, which significantly enhance the symmetry-breaking
regions [19]. They can block one kind of carrier in favor of the
other, and facilitate the movement of one kind of carrier in
the opposite direction of the other. As a result, the recombina-
tion probability of carriers is reduced and they can be collected
more efficiently. On the other hand, in recent studies, the struc-
ture designs of energy converter are based on the theoretical
calculations with analytical expressions, and these expressions
are obtained by solving the minority carrier diffusion equation
and making a lot of hypotheses [13, 20, 21]. The prediction
of battery performance and optimization of device structure
are not as satisfactory as in the solar cell designs, where the
device simulators, such as technology computer-aided design
and COMSOL Multiphysics are used [22, 23].

Our previous work developed a simulation model to predict
the output performance of the betavoltaic batteries, in which
the Monte Carlo codes and COMSOL Multiphysics are com-
bined [24]. In this study, we proposed the GaAs-based beta-
voltaic batteries with AlGaAs hole/electron transport layers,
which havemore favorable band structure for the transport and
collection of radiation-induced carriers. After optimizing the
structure parameters of energy converter theoretically, includ-
ing the thickness, doping concentration andAlmole fraction of
each layer, the batteries were demonstrated in our laboratory.
The GaAs/AlGaAs films were grown by metal organic chem-
ical vapor deposition (MOCVD), and a 63Ni source was loaded
to fabricate the betavoltaic batteries. Four kinds of comb-like
electrodes were designed for the batteries, which can reduce
the absorption loss of beta particles in the p-plane electrode.
To characterize the battery performance, the effects of bus-
bar number and temperature on the current–voltage (I–V)
characteristics, short-circuit current density (Jsc), open-circuit
voltage (Voc) and maximum output power density (Pm) were
investigated. These results suggest the directions for improv-
ing the performance of GaAs-based betavoltaic batteries and
can be extended to other combinations of semiconductor
and radioisotope.

2. Device structure and optimization design

As shown in figure 1, the proposed GaAs-based battery has
six layers: a p+-GaAs cap layer, a p-AlxGa1−xAs window
layer, a p-GaAs emitter layer, an n-GaAs base layer, an n-
AlxGa1−xAs back surface layer and an n-GaAs buffer layer.
The p+-GaAs cap layer is heavily doped for better metal
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Figure 1. Structure of the GaAs-based betavoltaic battery.

contact. The p-AlxGa1−xAs window layer, as a hole transport
layer, can reflect back the radiation-inducedminority electrons
diffused into the interface, thus reducing the battery surface
recombination [25, 26]. The p-GaAs emitter layer and n-GaAs
base layer are the core regions for a betavoltaic battery, where
the radiation-induced electron–hole pairs are separated by the
internal electric field. The n-AlxGa1−xAs back surface layer,
as an electron transport layer, can reduce the recombination
probability of the back surface by reflecting the radiation-
inducedminority holes back to the base layer and emitter layer.
To optimize the structure parameters of the energy converter,
including the thickness, doping concentration and Al mole
fraction of each layer, the Monte Carlo codes and COMSOL
Multiphysics are combined to predict the output performance
of batteries.

The Monte Carlo codes are used to simulate the energy
deposition distribution of 63Ni source beta particles in GaAs
and AlxGa1−xAs materials. Further, the electron–hole pairs
generation rate can be calculated by using the Klein Formula,
the average energy dissipated per electron–hole pair gener-
ated is Eehp = 2.8 Eg+0.5 eV, where Eg is the band gap of
the semiconductor [27]. In our simulation model, a rectan-
gular 63Ni source (apparent activity density of 6 mCi cm−2)
with full energy spectrum is used to simulate the energy
deposition along the radiation transport depth in GaAs and
AlxGa1−xAs bulks. And the electron–hole pairs generation
rate G1(Y) (G2(Y)) in GaAs (AlxGa1−xAs), as a function of
radiation transport depth Y, can be expressed as:

G1(Y) =
E1(Y)

Eehp(GaAs)
=

G01exp(−α1Y)
2.8Eg1 + 0.5 eV

, (1)

G2(Y) =
E2(Y)

Eehp(AlGaAs)
=

G02exp(−α2Y)
2.8Eg2 + 0.5 eV

, (2)

where E1(Y) (E2(Y)) is the energy deposition rate in GaAs
(AlxGa1−xAs) material, G01, G02, α1 and α2 are the exponen-
tial fitting parameters, Eg1 is the band gap of GaAs (1.424 eV),
Eg2 is the band gap of AlxGa1−xAs, which is a function of Al
mole fraction x [28]:

Eg2 =

{
1.424+ 1.247x(eV), x⩽ 0.45

1.9+ 0.125x+ 0.143x2 (eV), x> 0.45.
(3)

To be specific, E1(Y) can be expressed as:

E1(Y) = 0.47275exp(−0.10229Y) µW·µm−1·cm−2, (4)

where Y is in the units of µm. And then, G1(Y) is
expressed as:

G1(Y) = 6.5929exp(−0.10229Y)× 1021m−3·s−1 . (5)

Similarly, G2(Y) can be expressed as:

G2(Y) =



2.9510exp(−0.10229Y)
2.8× (1.424+ 1.247x)+ 0.5
×1022 (m−3·s−1),x⩽ 0.45

2.9510exp(−0.10229Y)
2.8× (1.9+ 0.125x+ 0.143x2)+ 0.5
×1022 (m−3·s−1),x> 0.45.

(6)

As a result, the electron–hole pairs generation rate in GaAs
and AlxGa1−xAs materials is a function of radiation transport
depth Y and Al mole fraction x. It should be mentioned that
the effect of Al mole fraction x on energy deposition distribu-
tion is ignored, and only the effects to band gap and average
energy dissipated per electron–hole pair generated are con-
sidered. Then, in COMSOL calculations, the electron–hole
pairs generation rate G1(Y) and G2(Y) can be defined in GaAs
and AlxGa1−xAs materials, respectively.

The proposed GaAs-based batteries are modeled by the
COMSOL Multiphysics, where the coupled Poisson and car-
rier continuity equations are solved to simulate the carrier
transport and collection [29, 30]:

∇2V=− ρ

ϵ0ϵr
, (7)

−1
q
∇jn = G−Rn, (8)

1
q
∇jp = G−Rp, (9)

where V is the electrostatic potential, ρ is the charge density, ϵ0
is the vacuum permittivity, ϵr is the relative permittivity of the
material, q is the electron charge, G is the electron–hole pairs
generation rate, Rn (Rp) is the electron (hole) recombination
rate. And jn (jp) is the electron (hole) current density, which
can be expressed as:

jn =−µnkT
q

∇n+µnn∇V, (10)

jp =−
µpkT
q

∇p−µpp∇V, (11)

where µn (µp) is the electron (hole) mobility, k is the
Boltzmann’s constant, T is the absolute temperature, and n (p)
is the electron (hole) concentration.
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As reported in our previous work, various physical models
are introduced in the simulations, including the analytic dop-
ing model, the low-field mobility model and the Shockley–
Read–Hall (SRH) recombination model [24, 31, 32]. The cur-
rent density–voltage (J–V) characteristics of the batteries can
be obtained by sweeping the forward voltage across the device
and recording the terminal current. In order to maximize the
output power density and optimize the structure parameters
of energy converter, the parametric sweep is used to tune
the variables, including the thicknesses and doping concen-
trations of the p+-GaAs cap layer (Hcap layer and Ncap layer),
p-AlxGa1−xAs window layer (Hwindowlayer and Nwindowlayer), p-
GaAs emitter layer (Hemitter layer and Nemitter layer), n-GaAs base
layer (Hbase layer and Nbase layer), n-AlxGa1−xAs back surface
layer (Hbacksurface layer and Nbacksurface layer) and n-GaAs buffer
layer (Hbuffer layer andNbuffer layer). And also the Al mole fraction
x1 of the p-AlxGa1−xAs window layer, the Al mole fraction
x2 of the n-AlxGa1−xAs back surface layer. The optimization
processes are: first, setting a group of appropriate initial val-
ues for each structure parameter; second, calculating the max-
imumoutput power density (Pm) of batteries with a variation of
structure parameters, and when one of the structure paramet-
ers changes, the other parameters are fixed as the initial values;
then, determining the optimal value for each structure para-
meter; next, taking the optimization results of the first round
as the initial values for the second round; after several rounds
of calculation, the final optimization values of structure para-
meter can be determined.

Figure 2(a) shows the effects of Hemitter layer and Hbase layer

on Pm, and the Hcap layer, Hwindowlayer, Hbacksurface layer and
Hbuffer layer values (optimized values) are 0.05 µm, 0.08 µm,
0.3 µm and 1 µm, respectively. As the core regions of the
energy converter, the thicknesses of the emitter layer and
base layer have a great effect on the battery performance.
When the Hemitter layer is larger than 1.5 µm, the Pm begins
to decrease because the depletion region is away from the
region of high electron–hole pairs generation rate. While as
the Hbase layer increases, the Pm is almost constant. Figure 2(b)
shows the effects ofNcap layer,Nwindowlayer,Nemitter layer,Nbase layer

and Nbacksurface layer on Pm, and the Nbuffer layer value is set to
1× 1016 cm−3. Increasing the Ncap layer is beneficial to the
ohmic contact, while too high doping concentration results
in the reduction of effective carrier concentration, which will
lead to the degradation of battery performance. When the
Nwindowlayer increases, the valance band in the p-AlxGa1−xAs
window layer goes up, and the enhanced hole transport can
improve the Pm. Obviously, the doping concentrations of the
emitter layer and base layer have the greatest effect on Pm. The
largerNemitter layer andNbase layer are beneficial to form the higher
built-in potential barrier, which can enhance the open-circuit
voltage of battery. While the increase of doping concentra-
tions decreases the depletion region width. Thus, the Pm first
increases and then decreases. When the n-AlxGa1−xAs back
surface layer is heavily doped, the conductor band and val-
ance band go down, this is beneficial to the transport of elec-
trons to the back surface and to reduce the recombination of
holes on the back surface. After several rounds of calculation,

Figure 2. (a) Effects of Hemitter layer and Hbase layer on Pm. (b) Effects
of Ncap layer, Nwindow layer, Nemitter layer, Nbase layer and Nback surface layer on
Pm. The Hcap layer, Hwindow layer, Hback surface layer and Hbuffer layer values
are 0.05 µm, 0.08 µm, 0.3 µm and 1 µm, respectively. The
Nbuffer layer value is 1× 1016 cm−3.

considering the energy band structure of device and the rela-
tionships between the output parameters and structure para-
meters, the optimized structure parameters of the GaAs-based
batteries are finally determined, as listed in table 1. It should
be mentioned that in our optimization processes, a smal-
ler parametric sweep step is used to improve the accuracy
of results.

Figure 3 shows the simulated current density–voltage (J–V)
and power density–voltage (P–V) characteristics of the batter-
ies with and without AlGaAs hole/electron transport layers.
The short-circuit current density (Jsc) and open-circuit voltage
(Voc) of the battery with AlGaAs hole/electron transport lay-
ers are 85.6 nA cm−2 and 0.67 V, respectively. And the max-
imum output power density (Pm) can reach to 43.3 nWcm−2,
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Table 1. The optimized structure parameters of the GaAs-based
betavoltaic batteries.

Layer Material
Thickness
(µm)

Doping
concentration

(cm−3)

Cap layer p+-GaAs 0.05 2.00× 1019

Window layer p-Al0.85Ga0.15As 0.08 1.00× 1019

Emitter layer p-GaAs 1.5 2.51× 1018

Base layer n-GaAs 4.5 7.94× 1017

Back surface
layer

n-Al0.25Ga0.75As 0.3 1.00× 1019

Buffer layer n-GaAs 1 1.00× 1016

Figure 3. Simulated J–V and P–V characteristics of the batteries
with and without AlGaAs hole/electron transport layers.

Figure 4. Energy diagram of the battery at thermodynamic
equilibrium.

that is an increase of 37% over the battery without AlGaAs
hole/electron transport layers (31.6 nWcm−2). Figure 4 shows
the energy diagram of the battery at thermodynamic equilib-
rium. The diffusion barrier formed by the band gap difference
between the p-Al0.85Ga0.15As window layer and p-GaAs emit-
ter layer can inhibit the diffusion of minority electrons. The
drift field formed between the n-Al0.25Ga0.75As back surface
layer and n-GaAs base layer, can accelerate the transport of

radiation-induced minority carriers in the battery and improve
the radiation-induced current.

3. Experiment

The GaAs/AlGaAs films used in our work were grown on the
n-type GaAs substrates by MOCVD. The substrate impurity
concentration is 2× 1018 cm−3. The p-type doped element is
Zn, and the n-type doped element is Si. To fabricate the GaAs-
based betavoltaic batteries on the planar GaAs-based wafer,
firstly the photoresist on the surface of p+-GaAs cap layer
was patterned by photolithography and the development areas
were used to prepare the ohmic contact. Then, the Ti/Pt/Au
thin films with thickness of 260 nm were grown on the epi-
taxial chip by magnetron sputtering as the p-plane electrode.
Next, the non-graphic electrodematerials were removed by the
Lift-off process. As the fourth step, the substrate thickness was
reduced to 220 µm using the chemico mechanical planariza-
tion system. Finally, the Au/Ge/Ni thin films with thickness
of 260 nm were grown as the n-plane electrode, followed by
the metallization annealing step. After the chip scribing, the
chips were adhered on the chip holder using Ag glue. To facil-
itate the electrical testing, the Au line bonding was performed
between the p-plane electrode and transition electrode, fol-
lowed by the wire bonding. The 63Ni plate (3.1× 1 cm2) with
an apparent activity density of 6 mCi cm−2 was placed 1.5 mm
away from the energy converter in order not to make short-
circuit. The photograph of the GaAs-based betavoltaic batter-
ies is shown in figure 5. The size of the energy converter is
1× 1 cm2. Four kinds of comb-like electrodes were designed,
including 2-busbar, 3-busbar, 4-busbar and 5-busbar. The bus-
bar width is 500 µm, the finger width is 50 µm, and the finger
gap is 572 µm, all of which are based on the optimization of
power loss [33].

4. Results and discussion

The photoluminescence (PL) spectrum of the GaAs-based
films is shown in figure 6(a), which illustrates that there is a
main peak located at 876.5 nm with FWHM (full width at half
maxima) of 45.8 nm, corresponding to the GaAs PL peak. As
the n-Al0.25Ga0.75As back surface layer is deeply buried, the
light emitted by it will be absorbed by GaAs, so its lumin-
ous peak cannot be observed. Figure 6(b) shows the x-ray dif-
fraction rocking curves of the GaAs-based films. The peak at
66.05 degrees corresponds to the GaAs substrate, the second
peak on the left is the 0.3 µm-thick Al0.25Ga0.75As peak, and
the leftmost peak corresponds to the Al0.85Ga0.15As layer only
0.08 µm-thick.

The fabricated GaAs-based betavoltaic batteries were char-
acterized by using an Electrochemical Analyzer (CHI604D).
And the measurements were made under dark condition in a
Faraday cage. Figure 7 shows the change of current–voltage
(I–V) characteristic between dark and irradiation conditions
of the battery with 2-busbar comb-like electrode, and the inset
gives the current values near zero bias. It can be seen that
the battery exhibits a remarkable betavoltaic effect under the

5



J. Phys. D: Appl. Phys. 55 (2022) 304002 R Zheng et al

Figure 5. Photograph of the GaAs-based betavoltaic batteries.
(a) Four kinds of comb-like electrodes. (b) Energy converter
structure. (c) Loading 63Ni source, overhead view. (d) Loading 63Ni
source, side view.

irradiation of 63Ni source, and a short-circuit current density
(Jsc) of 9.3 nA cm−2, an open-circuit voltage (Voc) of 55 mV
are obtained. However, the measured Jsc and Voc of the fab-
ricated battery are far apart from its optimal designed values
(Jsc = 85.6 nA cm−2 and Voc = 0.67 V). For the poor out-
put, the possible reasons are as follows: (1) Due to the decay,
the real apparent activity density of the 63Ni source used in
the measurements is not 6 mCi cm−2 as used in the simulation
model, and fewer electron–hole pairs are actually generated
in the energy converter. (2) The beta particles are absorbed in
the air (1.5 mm thick) and p-plane electrode (shadowing loss
of 17.65%). (3) The substrate of the energy converter is too
thick (220 µm), it is not conductive to the carrier transport and
collection. (4) The device-area of 1× 1 cm2 is too big for the
energy converter, so that the surface recombination of carriers
cannot be ignored, which is not taken into account in the simu-
lations. (5) According to the slope of I–V characteristic curve
at V = 0 V under irradiation condition, the shunt resistance
(Rsh) can be calculated as 7.61× 106 Ω·cm2. The low shunt
resistance could be associated with the interface defects that
provide an alternative current pathway with a low resistance.

Figure 8 shows the Jsc, Voc and Pm of the GaAs-based beta-
voltaic batteries with four kinds of comb-like electrodes. Due
to the shadowing loss (2-busbar: 17.65%, 3-busbar: 22.23%,

Figure 6. (a) PL spectrum, (b) XRD rocking curves of the
GaAs-based films.

4-busbar: 26.80% and 5-busbar: 31.38%), the Jsc shows a
decreasing trend when the number of busbars increases. It is
observed that the battery with 3-busbar electrode has the low-
est Voc, which can be explained considering the dependence
of open-circuit voltage (Voc) on the short-circuit current dens-
ity (Jsc) and reverse saturation current density (J0). For an
ideal p–n junction battery, the open-circuit voltage (Voc) can
be expressed as [21]:

Voc =
nkT
q

ln

(
Jsc
J0

+ 1

)
, (12)

where n is the ideal factor. Obviously, the Voc increases with
the increase of Jsc or with the decrease of J0. The battery with
3-busbar electrode has the lowest Voc but has a rather large Jsc,
suggesting that Jsc is not the main cause of the low Voc but J0
is. To further confirm it, we extracted the J0 for the battery via
fitting the dark I–V characteristic curve using the following
equation [15]:

lnI=
q
nkT

V+ lnI0, (13)
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Figure 7. I–V characteristics of the GaAs-based betavoltaic battery
with 2-busbar comb-like electrode in the dark and under 63Ni source
irradiation.

Figure 8. Jsc, Voc and Pm of the GaAs-based betavoltaic batteries
with four kinds of comb-like electrodes.

where I0 is the reverse saturation current, and it can be given
by the intercept of the curve on the Y-axis. The battery with
3-busbar electrode has the largest J0 of 1.6 nA cm−2, fol-
lowed by the battery with 4-busbar electrode (0.9 nA cm−2).
The larger J0 means the higher carrier recombination, which
is attributed to the unsatisfactory preparation process. For
example, whenmetal electrodes badly contact on the p+-GaAs
layer, the defects at p+-GaAs/electrode interface as recom-
bination centers lead to the high J0. Therefore, the low Voc
for the battery with 3-busbar electrode is due to the high car-
rier recombination resulting in high J0. Ultimately, the bat-
teries with 2-busbar and 5-busbar electrode have the largest
Pm (143.9 pWcm−2 and 87.8 pWcm−2).

The measurements were also made at a low temperat-
ure range of 233.15–253.15 K in a high-low temperature
test chamber. As shown in figure 9, the Jsc of the battery
with 2-busbar comb-like electrode increases with temperature,

Figure 9. Changes in Jsc, Voc and Pm as a function of temperature
for the GaAs-based betavoltaic battery with 2-busbar comb-like
electrode.

which can be attributed mainly to the decrease in semicon-
ductor band gap with increasing temperature. The average
energy dissipated per electron–hole pair generated decreases,
while the number of electron–hole pairs increases. And this
dependence of Jsc from temperature agrees with other exper-
imental studies of GaAs-based betavoltaic batteries repor-
ted in literature [15]. Also similar to their studies, when the
temperature increases, the Voc drops sharply. This observa-
tion can be explained considering the higher intrinsic carrier
concentration and larger reverse saturation current density.
Finally, the Pm shows a decreasing trend with increas-
ing temperature. At 233.15 K, the largest Voc and Pm are
208 mV and 570.5 pWcm−2, respectively, which increase
by 278% and 296% compared with those measured at room
temperature (300 K).

The comparison between our results and previous works
of the GaAs-based betavoltaic batteries is shown in table 2.
Although the final results of experiment show that the Jsc of
GaAs-based batteries is only about 10 nA cm−2 as reported in
the literatures, and theVoc ranges from tens to hundreds ofmil-
livolts. The theoretical predictions indicate that the batteries
with hole/electron transport layers proposed in this work can
effectively enhance the output performance. Under the irradi-
ation of a 6 mCi cm−2 63Ni source, the GaAs-based battery is
expected to achieve a Jsc of 85.6 nA cm−2, a Voc of 0.67 V
and a Pm of 43.3 nWcm−2. The theoretical value of energy
conversion efficiency of the developed battery is 6.21%, while
the experimental values of energy conversion efficiency are
0.02% at 300 K and 0.08% at 233.15 K. Further improvements
in fabrication process are needed to reduce the gap between
experiment and prediction. And it is necessary to consider the
theoretical optimization results when fabricating a betavoltaic
battery. In addition, considering only the effective portion of
radioisotope source and semiconductor energy converter, the
power density of the fabricated GaAs-based betavoltaic bat-
tery is 4.86 nWg−1. Due to the long half-life of 63Ni source
(100.2 years), the energy density of the battery can reach to
22.2 J g−1. This suggests that the betavoltaic batteries have
broad application prospects.
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Table 2. Comparison between our results and previous works of the GaAs-based betavoltaic batteries.

Structure Radioisotope Jsc (nA cm−2) Voc (mV) Pm (nWcm−2) Method Reference

P+PINN+ 63Ni (10 mCi cm−2) 0.36 (300 K) 324 (300 K) 0.071 (300 K) Experiment [14]
PN 63Ni (4.889 mCi cm−2) 11 (333.15 K) 470 (213.15 K) — Experiment [15]
PIN 63Ni (10.2 mCi cm−2) 21 (−20 ◦C) 200 (−20 ◦C) 1.4 (−20 ◦C) Experiment [16]
p–n junction with 63Ni (6 mCi cm−2) 9.3 (300 K) 55 (300 K) 0.14 (300 K) Experiment Our work
hole/electron 6.8 (233.15 K) 208 (233.15 K) 0.57 (233.15 K)
transport layers 85.6 (300 K) 670 (300 K) 43.3 (300 K) Theory

5. Conclusion

In summary, the GaAs-based betavoltaic batteries with
AlGaAs hole/electron transport layers were demonstrated in
our work, which have more favorable band structure for the
transport and collection of radiation-induced carriers. The
Monte Carlo codes and COMSOL Multiphysics were com-
bined to predict the output performance of batteries and optim-
ize the structure parameters of energy converter. And the
optimized GaAs-based battery with 63Ni source was expected
to achieve a Jsc of 85.6 nA cm−2, a Voc of 0.67 V and a Pm of
43.3 nWcm−2. Next, the GaAs/AlGaAs films were grown on
GaAs substrate by MOCVD, and a 63Ni source with appar-
ent activity density of 6 mCi cm−2 was loaded to fabricate
the betavoltaic batteries. The I–V characteristics showed that
the Jsc of the battery with 2-busbar comb-like electrode can
reach to 9.3 nA cm−2, and due to the shadowing loss, it shows
a decreasing trend when the number of busbars increases.
The largest Voc of 55 mV and Pm of 143.9 pWcm−2 can be
achieved on the battery with 2-busbar electrode, followed by
the battery with 5-busbar electrode. Furthermore, the tests in
the temperature range of 233.15–253.15K showed that the bat-
tery performance is significantly improved at low temperature.
At 233.15 K, the Voc and Pm of the battery with 2-busbar elec-
trode were increased by 278% and 296%, respectively, com-
pared to room temperature (300 K). Due to the possible reas-
ons in epitaxial growth, device packaging and measurement
error, the actual output performances of the batteries are lower
than the theoretical predictions. It is expected to reduce the gap
between them by improving the battery preparation technolo-
gies, such as high-quality epitaxial growth, substrate thinning
and surface passivation techniques. And the optimized struc-
ture of energy converter proposed in this work is promising for
improving the performance of GaAs-based betavoltaic batter-
ies. Moreover, the power density of betavoltaic batteries can
be further improved by using the high-energy β sources (and
the radiation damage needs to be considered), and increas-
ing the source activity density. In addition, using the wider
band gap semiconductors is also beneficial to improve the
battery efficiency.
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