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ABSTRACT

This paper presents a simulation model to predict the performance of GaAs-based betavoltaic batteries with a p—n junction structure, in which
the carrier transport and collection characteristics were studied. First, the electron-hole pair generation rate in the GaAs material under the
irradiation of a “*Ni source was calculated using the Monte Carlo codes. Furthermore, by simulating the energy band structure, electric field
distribution, and current density distribution in batteries with the finite element analysis software COMSOL Multiphysics, we analyzed the
effects of structure parameters on the output performance. Our simulation results showed that the short-circuit current density (J,.), open-
circuit voltage (V,.), maximum output power density (P,;), and energy conversion efficiency () of the batteries are significantly affected by
the thicknesses and doping concentrations of the p-region and n-region (Hp-Gaas> Hn-Gaas> Na, and Ny). The optimized GaAs-based battery
with an Hy.Gaas value of 0.1 ym, an Hy.Gaas value of 9.9 um, an N, value of 3.98 x 10'® cm ™, and an N, value of 1 x 10" cm™ can achieve
a P, value of 0.080 yW/ cm?. The related Jso» Voo, and 7 values are 0.234 ‘uA/cmZ, 0.49 V, and 1.55%, respectively. When the top and bottom
heavily doped layers are introduced, the P,, value of the battery is enhanced by 7.5% compared to that of the battery without heavily doped
layers due to the formed drift fields.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0068261

I. INTRODUCTION

Betavoltaic batteries using radioactive isotopes emitting beta
particles have been studied for powering the micro-devices due to
their long service life, high power density, and strong environmen-
tal adaptability."> These batteries are composed of a semiconductor
energy converter and a beta source, and their operational principle
is similar to that of a photovoltaic battery. The beta particles inter-
act with the semiconductors and create thousands of electron-hole
pairs (EHPs) through impact ionization. Then, these EHPs can be
collected in the energy converter through certain transport mech-
anisms, forming the radiation-induced current and converting the
decay energy into electrical energy.

GaAs is a direct bandgap III-V compound semiconductor,
which has the advantages of wide bandgap (1.424 eV), high elec-
tron mobility [~8000 cm?®/(V s)], and high threshold energy for
radiation damage (270 keV).” Due to its low intrinsic carrier concen-
tration, the GaAs-based betavoltaic batteries can have a low leakage
current and a high open-circuit voltage. Additionally, the growth
and processing techniques of GaAs are relatively mature, and it is
easy to fabricate a high quality betavoltaic device.” These make GaAs
an ideal energy conversion material for the betavoltaic batteries. In
the past decade, the betavoltaic batteries with a p-n junction and
Schottky barrier structures have been extensively studied.””'’ The
performances of these batteries were mainly investigated with the
effects of structure parameters, such as doping concentrations and
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junction depth.'!"!° However, the experimental results of the fabri-
cated batteries show very low energy conversion efficiency, and the
performance prediction and optimization design are always unsat-
isfactory.'*'” On the one hand, due to the self-absorption of the
source, the apparent power density is much less than the total power
density, resulting in the low utilization efficiency of the source and
the small output power density of batteries. Fortunately, recent stud-
ies have shown that the transport process of beta particles in the
energy conversion material can be well simulated by using the Monte
Carlo codes, in which the self-absorption is considered.'® Therefore,
through certain simulation calculations, the geometry of the source
can be optimized to improve the utilization efficiency of the source
in a betavoltaic battery. The battery performance predictions con-
sidering the self-absorption of the source are more accurate. On the
other hand, theoretical calculations on the output parameters are
almost based on the analytical expressions, which are obtained by
solving the minority carrier diffusion equation with a lot of hypothe-
ses,' 217 eventually resulting in an unreliable performance predic-
tion and even structure design. Although using the energy deposi-
tion distribution of the source simulated by Monte Carlo codes and
then using the Klein formula to calculate the EHP generation rate
distribution are proved to be reasonable,” the transport and col-
lection processes of carriers inside the battery cannot be described
in detail, especially through the analytical expressions for calculat-
ing the radiation-induced current. Therefore, further investigations
of carrier transport and collection characteristics are needed for
improving the accuracy of performance prediction and structure
design of the betavoltaic batteries.

Recent research studies have shown that it is feasible to
investigate the performance of a betavoltaic battery using device
simulators, such as Synopsys Medici, technology computer-aided
design (TCAD), and COMSOL Multiphysics.”! " In 2016, the per-
formance of a 4H-SiC betavoltaic battery was predicted using the
Monte Carlo code and Synopsys Medici device simulator.”” They
investigated the effects of source thickness and the thickness and
doping concentration of the p-region on the battery performance
and proposed the optimal design. In 2020, a GaN-based betavoltaic
battery with an AlGaN back-barrier layer was reported.”” In this
research, a three-dimensional (3D) TCAD simulator was used to
optimize the finger structure, which can improve the output power
density of the battery. In the same year, the betavoltaic genera-
tors based on the nanowire were presented, which are made of Si,
GaAs, and GaP for ®*Ni and tritium sources.”® The energy deposi-
tion distribution of beta particles was obtained by using the Monte
Carlo simulations, and furthermore, the nanowire geometry was
optimized. In addition, the current-voltage (I-V) characteristics and
maximum power of the batteries were determined using COMSOL
Multiphysics, and the optimal diode designs are suggested. Accord-
ing to these studies, the performance predictions of betavoltaic bat-
teries by the device simulators are reliable and accurate. However,
there is little discussion about the energy band structure and current
density distribution inside the betavoltaic battery, which essentially
determine the battery performance. It is necessary to take a detailed
observation during the physical processes that take place inside the
battery, especially carrier transport and collection characteristics.
This can contribute to illuminating the effects of structure para-
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In this paper, we presented a simulation model to predict the
performance of GaAs-based betavoltaic batteries with a p-n junc-
tion structure, in which the carrier transport and collection char-
acteristics were studied. The electron-hole pair generation rate in
the GaAs material under the irradiation of a ®*Ni source was cal-
culated by using the Monte Carlo codes. To accurately predict the
performance of GaAs-based batteries, the finite element analysis
software COMSOL Multiphysics was used to investigate the carrier
transport and collection characteristics. The proposed GaAs-based
batteries have four layers: a top heavily doped p*-GaAs layer, a
p-GaAs layer, an n-GaAs layer, and a bottom heavily doped n*-
GaAs layer. In order to enhance the carrier collection and optimize
the structure parameters of the batteries, the effects of thicknesses
and doping concentrations of the p-region and n-region on the out-
put parameters were analyzed. Specifically, the energy band struc-
ture, electric field distribution, current density distribution, and cur-
rent density-voltage characteristics of the batteries were obtained,
and finally, the optimized output performances, including short-
circuit current density, open-circuit voltage, and maximum output
power density, were achieved. These results have guiding signifi-
cance for the performance improvement, optimization design, and
experimental preparation of the GaAs-based betavoltaic batteries.
Our simulation model can be extended to the betavoltaic batteries
with other semiconductors and radioactive isotopes.

Il. DEVICE STRUCTURE AND SIMULATION METHOD

The simulation process consists of two parts: the simulation of
energy deposition distribution of beta particles in the semiconductor
energy converter and the simulation of electrical characteristics of
devices. The energy deposition distribution of “*Ni beta particles in
the GaAs material is simulated by using the Monte Carlo codes, and
furthermore, the electron-hole pair generation rate is obtained. The
output performances of batteries are determined by using COMSOL
Multiphysics in which the electron-hole pair generation rate from
the Monte Carlo simulation is utilized as input.

A. Monte Carlo simulation and energy
deposition distribution

In this study, a 2 um-thick **Ni source (with a total activity den-
sity of 100 mCi/cm®) is selected for the GaAs-based batteries with a
p-n junction structure. The energy deposition distribution of beta
particles in the GaAs material determines the spatial distribution
of the electron-hole pair generation rate. In this part, a rectangu-
lar ®*Ni source (1 cm x 1 cm x 2 ym) with a full energy spectrum is
used to calculate the energy deposition along the radiation transport
depth in GaAs bulk (1 x 1 x 0.5 cm®), and the prototype structure of
the simulation model is shown in Fig. 1(a). Klein reported the aver-
age energy dissipated per electron-hole pair generated as E,, = 2.8
Eg + 0.5 eV, where E; is the bandgap of the semiconductor.”’ Fur-
thermore, the electron-hole pair generation rate [G(Y)] is obtained,
and as shown in Fig. 1(b), it decreases exponentially with the
increase in radiation transport depth (Y) and can be expressed using
the following formula:

meters on the battery performance, further guiding the optimization G(Y) = E(Y) = Go exp(~aY) 1)
and fabrication. Eenp
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FIG. 1. (a) Prototype structure of the simulation model. (b) Electron-hole pair
generation rate in the GaAs material vs radiation transport depth.

where E(Y) is the energy deposition rate in the GaAs material
and Gy and « are the exponential fitting parameters (Go = 1.5907
x 102 m™ s™' and & = 0.987 67 yum™).

B. Geometry, materials, and mesh

COMSOL Multiphysics is used to model the GaAs-based beta-
voltaic batteries with a p-n junction structure, which have four
layers: the top p*-GaAs and bottom n*-GaAs layers are heavily
doped for better metal contact, and the p-GaAs and n-GaAs layers
in the middle are used to form the depletion region. As shown in
Fig. 2(a), the overall dimension of the battery is 1 x 1 x 10 ym’.
Using 10 ym as the total thickness of the battery is based on
the maximum radiation transport depth of ®*Ni beta particles in
GaAs [Fig. 1(b)]. The thicknesses of the top p*-GaAs and bot-
tom n*-GaAs layers are set to 0.1 ym. The thicknesses of the p-
region and n-region (Hp.Gaas and Hun.Gaas) are variables, and they
will be optimized in the following simulations. The most mate-
rial properties of GaAs are imported from the COMSOL library,
but some properties, such as minority carrier mobility and minor-
ity carrier lifetime, are not available in the library, so we manu-
ally added them from the literature.”®* To improve the accuracy
of results and to obtain a faster computation time, a user-
controlled mesh is defined for the 2D geometry with a thickness
of 1 ym, as shown in Fig. 2(b). The maximum and minimum
element sizes are 10 and 1 nm, respectively. The maximum element
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FIG. 2. (a) Schematic and geometry of the GaAs-based betavoltaic battery. (b)
Meshed structure.

growth rate is set to 1.08 with a curvature factor of 0.25, and the
resolution of narrow regions is specified to be 1.

C. Physics

In this study, our focus is on the carrier transport and collec-
tion simulations; thus, the finite element method is used to solve the
coupled Poisson and carrier continuity equations®>’! as follows:

vv=-L£, )
€0€r
1_.
- *V]n =G-Ry, (3)
q
1_.
EVJP =G-Ry, (4)

where V is the electrostatic potential, p is the charge density, € is the
vacuum permittivity, ¢, is the relative permittivity of the material, g
is the electron charge, G is the electron-hole pair generation rate,
and R, (Rp) is the electron (hole) recombination rate. j, (jp) is the
electron (hole) current density, which can be expressed as®

kT
jn :—HTVnﬂJnnVV, (5)
. kT
jp=-H= , VPV, ©)

where p, (,up) is the electron (hole) mobility, k is Boltzmann’s con-
stant, T is the absolute temperature, and # (p) is the electron (hole)
concentration.

The battery is assumed to be operating at room temperature
(300 K), and various physical models are employed in the simu-
lations. First of all, the COMSOL calculations utilize the electron-
hole pair generation rate from the Monte Carlo simulation as input.
Second, the analytic doping model features are used to define the
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TABLE I. Semiconductor properties of GaAs used in COMSOL Multiphysics.

Parameter Value
Relative permittivity €r 12.9
Bandgap Eg 1.424 eV
Electron affinity potential X 4.07 eV
Effective density of states 73
in the conduction band Ne 47107 cm
Effective density of states 18 -3
in the valence band Ny 70107 em
#, 500 cmZZ/(V s)
Minority electron mobility Ho 9400 le 6/ (V_SS)
Nies 6.0x 10" cm
0.394
H, 20 cm? /2 (Vs)
Minority hole mobility Hy 49L5 cm17/ v 2
Nt 1.48 x 10" cm
d 0.38
Minority electron lifetime to 1x10¢s
Ny 1.00 x 10'® cm™
. o T 2x 1078
Minority hole lifetime N:)ef 2,00 x 10" em™>

background doping and the main p and n sections of the device. The
geometric doping models are used to create highly doped layers at
the top and bottom of the device. The low-field mobility model is
used to calculate the minority carrier mobility, which is a function
of doping concentration,*®

M(N)—#a+i’h(;“)d, 7)
ref

where N is the net doping concentration and y,, p,, Ny, and d
are the fitting parameters that can be obtained from the literature.”
In addition, the Shockley-Read-Hall (SRH) model is used to define
the trap-assisted recombination, with associated parameters, such as
low-injection minority carrier lifetime, which can be expressed as”

To
1+ ()
Nies

where 7 is the intrinsic lifetime. The semiconductor properties of
GaAs used in COMSOL Multiphysics are listed in Table .75

7(N) = (8)

Ill. RESULTS AND DISCUSSION

To maximize the output power density and optimize the struc-
ture parameters of the GaAs-based betavoltaic batteries, the para-
metric sweep is used in the COMSOL model to tune the variables
including the thicknesses of the p-region and n-region (Hp.Gaas and
Hi.Gaas), the acceptor concentration of the p-region (N,), and the
donor concentration of the n-region (N ;). The feasible Hp.gaas value

ARTICLE scitation.org/journall/adv

ranged from 0.1 to 5 pum, HnGaas = 10 ym-Hp Gaas, the feasible
N, value ranged from 1 x10" to 1 x10"® cm™>, and the feasible
N, value ranged from 1 x10™ to 1 x10" cm™>. In addition, the
Hp_Gaas> Hn-Gas» Na» and Ny values of the structure as initial values
are 0.5 ym, 9.5 ym, 1 x10'"° cm™>, and 1 x10"° cm™3, respectively.
The acceptor concentration and donor concentration of the heavily
doped top p*-GaAs and bottom n*-GaAs layers (N4 and Np) are set
to1x10"® and 1 x10"7 cm 3, respectively.

A. Energy bands, electric field distribution,
and carrier concentration

Figure 3(a) shows the energy diagram of the battery at ther-
modynamic equilibrium. For the battery without top and bottom
heavily doped layers, the relative positions of the conduction and
valence bands (E; and E,, ) between the p-region and n-region change
with the position of the Fermi energy level (Er), and as a result, the
conduction band and valence band in the space charge region will
be bent.”” Meanwhile, an energy potential barrier (built-in potential
barrier) of 1.04 eV is formed, and it blocks the electrons in the n-
region from moving into the p-region and maintains the equilibrium
of carrier diffusion and drift. When the top and bottom layers are
heavily doped, the Fermi energy level in the p*-GaAs layer is close
to the valence band, and the Fermi energy level in the n*-GaAs layer

1.6 T T T T

Ec (with heavily doped layers)

Ec (without heavily doped layers)
—FF
Ev (with heavily doped layers)

Ev (without heavily doped layers)
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el o0 '
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FIG. 3. (a) Energy diagram of the battery at thermodynamic equilibrium. (b) Y-
component distribution of the electric field across the battery. (c) Y-component
distribution of the electric field of the battery with heavily doped layers in 2D. The
Hp-Gas, Hn-cans, Na, Ng, Na, and Np values are 0.5 um, 9.5 um, 1.58 x 10" cm=3,
1% 10" cm=3, 1 x 10" cm=2, and 1 x 107 cm~3, respectively.
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is close to the conductor band. The higher energy potential barrier
contributes to the larger open-circuit voltage of the battery.

In our simulations, the Y-component (normal to the junction
plane) of each physical quantity is significant. Thus, Fig. 3(b) shows
the Y-component distribution of the electric field across the battery
(the n-region pointing to the p-region is the positive direction of
the electric field). It can be observed that for the battery without top
and bottom heavily doped layers, the electric field is more intensive
in the depletion region and reaches its maximum at the metallurgi-
cal junction as expected. The radiation-induced electron-hole pairs
generated in this region can be collected by the drift mechanism
and form the drift current. When the top and bottom layers are
heavily doped, the drift fields will be formed between the p*-GaAs
(n*-GaAs) and p-GaAs (n-GaAs) layers and increase the radiation-
induced current by boosting the minority carrier transport in the
battery. The Y-component distribution of the electric field of the bat-
tery is also shown in 2D [Fig. 3(c)], where the top and bottom layers
are heavily doped.

Figure 4 shows the electron (n) and hole (p) concentra-
tion distributions across the battery without and with **Ni source

16 T T T T

14

12

10

—— Without Ni-63 source irradiation
— With Ni-63 source irradiation

Ig n (cm~-3)
o

4 1 1 1 1
4 . 6
Relative location (um)

(a)

—— Without Ni-63 source irradiation | o
—— With Ni-63 source irradiation

Ig p (cm~-3)

4 1 1 1 1
4 . . 6
Relative location (um)

(b)

FIG. 4. (a) Electron concentration. (b) Hole concentration distribution across the
battery (without heavily doped layers) without and with 53Ni source irradiation. The
Hp-Gas: Hnans, Na, and Ny values are 0.5 um, 9.5 um, 1.58 x 10% cm=3, and
1 x 10'® cm~3, respectively.
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irradiation. Due to the donor doping in the n-region and acceptor
doping in the p-region, the electron and hole concentrations have
a very large concentration gradient at the metallurgical junction.
Meanwhile, the diffusion current driven by the concentration gra-
dient and the drift current driven by the built-in electric field will
remain in balance, and as a result, the total current density across the
battery is 0. When the GaAs p-n junction is irradiated by the “*Ni
source, thousands of electron-hole pairs (excess electrons and holes)
are generated, as shown by the red line in Fig. 4, and the minority
electron concentration in the p-region and the minority hole con-
centration in the n-region will increase significantly. In the condition
of short circuit, the balance between carrier diffusion and drift is
broken. These radiation-induced excess electrons and holes will be
separated by the built-in electric field, forming the electron drift cur-
rent and hole drift current. The lower minority carrier concentration
in the depletion region and near the cell surface can be explained
as the carrier loss due to carrier drift, diffusion, and surface
recombination.

B. Current density distribution and J-V characteristics

For a betavoltaic battery, in the condition of short circuit, the
radiation-induced current consists of the electron current and the
hole current, which also include the drift current and diffusion cur-
rent components.” The Y-components of current densities of the
battery (without heavily doped layers), which change following
the relative location, are shown in Fig. 5 (the n-region pointing to
the p-region is the positive direction of current density). It can be
seen that in the range of ~0.1 to ~3.4 ym, both electrons and holes
contribute to the total current and the short-circuit current density
(J.) reaches 0.232 A /cm?®. However, in the range of the top elec-
trode to ~0.1 ym, only holes contribute to the total current. In the
range of ~3.4 ym to the bottom electrode, only electrons contribute
to the total current.

Figure 5(b) gives further details of electron drift and diffusion
current density distributions. Due to the diffusion of electrons to the
top electrode, the movement of electrons in the range of the top elec-
trode to ~0.1 ym has no contribution, and as a result, the electron
diffusion current density is negative. In the depletion region, the
drift of electrons is dominant compared with the diffusion; thus, the
positive total electron current density is achieved, which contributes
to Ji.. In the n-region, the electrons are the majority carriers, and
they move mainly in the drift mechanism. Both the electron drift
current density and the electron diffusion current density resulting
from the diffusion to the bottom electrode contribute to J.. It is
worth noting that the flat band region (quasi-neutral region) actu-
ally has an electric field, but its intensity is very weak. The drift of the
minority carriers is of low importance, while the drift of the majority
carriers cannot be ignored.

The hole drift and diffusion current density distributions are
shown in Fig. 5(c), which are similar to those of the electron. In
the range of ~3.4 ym to the bottom electrode, the holes diffuse
toward the bottom electrode and the hole diffusion current density
is negative. However, as the holes approach the depletion region, the
diffusion to the depletion region becomes dominant and the hole
diffusion current density becomes positive. In the depletion region,
the drift of holes is dominant compared with the diffusion, and the
holes are constantly being swept into the p-region. In the p-region,
the holes are the majority carriers, and they drift toward the top

AIP Advances 11, 105108 (2021); doi: 10.1063/5.0068261
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0.4 T T T T

obtained. Furthermore, by sweeping the forward voltage across
035 I:Z: ::Z‘Z:r:?e“t E the device and recording the terminal current, we can obtain the
Total current J current density-voltage (J-V) and power density-voltage (P-V)

characteristics of the betavoltaic battery. Figure 6 shows the J-V and
P-V characteristics of the battery for two structures without and
1 with heavily doped layers. For the battery without heavily doped
J layers, when the structure parameters are Hp.Gaas = 0.5 ym, Hn-Gaas
=9.5um, N, = 1.58 x 10'° cm ™, and Ny = 1 x 10"* cm ™ (the doping
concentrations are also the optimized values, which will be presented
later), the short-circuit current density, open-circuit voltage, and
maximum output power density can reach 0.232 yA/ cm?, 0.44 V,
and 0.072 gW/cm?, respectively. When the top and bottom layers

0.3

Current density, Y component (uA/cm”2)

-0.05 4
are heavily doped (N4 =1 x 10 cm™ and Np = 1 x 10V cm73), the
0.1 L L L L : . . s . .
0 2 rdat 6 8 10 wider electric field region and higher energy potential barrier con-
elative location (um) . . . . i
(a) tribute to the larger short-circuit current density and higher open-
04 : : : : circuit voltage. The increased drift current densities finally result in a
, larger short-circuit current density of 0.246 1A /cm?, an open-circuit
0.35[ Electron drift current 4 K .
Electron diffusion current voltage of 0.50 V, and a maximum output power density of 0.086
0.3F Total electron current B HW/CmZ.
0-251 3 C. Parameter optimization of the batteries
0.2 -

Obviously, the thicknesses and doping concentrations of each
015} region determine the energy band structure and electric field distri-
bution inside a p-n junction and further affect the output perfor-

Current density, Y component (uA/cm”2)

0.1
mance of the battery. In order to optimize the structure parameters
0.05 P . .
of the GaAs-based battery, the J-V characteristics, short-circuit cur-
0 rent density (J,.), open-circuit voltage (V,.), and maximum output
005 power density (Py,) are investigated with a variation of Hp.Gaas> Na»
. . and N . Figure 7(a) shows the J-V characteristics of the battery with-
0.1 .
2 rcdative tocation (Sn) 8 10 out heavily doped layers wlllsose H§'G‘”‘AS’ Hy . Gaas, and Ny values are
(b) 0.5 ym, 9.5 ym, and 1 x 10"” cm™", respectively. It can be seen that
0.4 , , , . as N, increases, the current density changes significantly, to be spe-
035k Hole arift current | cific, J, decreases, while V. increases. Figures 7(b) and 7(c) show
= Hole diffusion current the energy diagram and Y-component distribution of the electric
< - - . . . .
e 03 Total hole current field of the battery, respectively. The increase in the doping con-
2 oask 4 centration N, results in the decrease in the depletion region width;
[ ] meanwhile, the depletion region is away from the surface of the
g o
g 0.15 -
S 0.30 — - 0.14
> —@— Current density (without heavily doped layers)
> 0.1 - ~—@— Current density (with heavily doped layers)
g =O==Power density (without heavily doped layers)
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©

FIG. 5. (a) Y-component distributions of electron and hole current densities, (b)
Y-component distributions of electron drift and diffusion current densities, and (c)

Current density (uA-cm™)
1
o
8

Power density (uW-cm

—0.02
Y-component distributions of hole drift and diffusion current densities in the short

circuit condition. The Hp.gaas, Hn.gaas: Na, and Ny values are 0.5 ym, 9.5 um, _ 0.00
1.58 x 10% cm=3, and 1 x 10" cm~3, respectively. 0.0 01 02 03 04 05 06

Voltage (V)

FIG. 6. J-V and P-V characteristics of the battery for two structures without
and with heavily doped layers. The Hy.gaas, Hn.gaas, Na, Na, Na, and Np val-
ues are 0.5 ym, 9.5 um, 1.58 x 10" cm=3, 1 x 10" cm=3, 1 x 10" cm~3, and
1 x 10" cm~3, respectively.

electrode. The same as other current components mentioned above,
they also contribute to J,.

So far, the Y-component distributions of current densi-
ties inside the battery in the condition of short circuit are

AIP Advances 11, 105108 (2021); doi: 10.1063/5.0068261 11, 105108-6
© Author(s) 2021


https://scitation.org/journal/adv

AIP Advances ARTICLE scitation.org/journal/adv

0.30 0.25
—m—N_=10" cm®
025 | ——N_=10" cm®
’ —A—N_=10" cm®
& N,=10" cm®
£
o
<
=5 —
2 &
2 €
3 5
3 E
-
5
o
—A—H =0.3 ym
p-GaAs
0.00 s . . . 019 | vt z0dum
. ——H =0.5 ym
0.0 0.1 0.2 0.3 0.5 0.6 o 228
0.18 L ' ' '
Voltage (V) 15 16 17 18
(@) IgN, (cm”)
T T T (a)
—— Ec (Na=1x10"15 cm~-3) : 0.52
—— Ec (Na=1x10"16 cm"-3)
—— Ec (Na=1x10"~17 cm~-3) | 7]
Ec (Na=1x10"18 cm~-3) | |
—— FF T
. —— Ev (Na=1x10"15cm~-3) | 7]
E Ev (Na=1x10716 cm~™-3) [
5 — e e el £\ (Na=1x10~17 cm~-3) [
g —— Ev (Na=1x10~18 cm~-3) |
1 1 1
4 .6 8 10
Relative location (um)
O Hoe =05 um
(b) 038 1 1 1 1
15 16 17 18
x10° T T T T T T IgNa (Cm-3)
Na=1x10"15 cm~™-3
351 Na=1x10~16 cm~-3 | | (b)
Na=1x10"17 cm”™-3
£ 3 Na=1x10~18 cm~-3 | | 0.085
s
g 25F -
g
o
£ 0.080
S 2 E
g
>
3
o 15t R
i & 0075
E] 1 4 c
w (]
=
0.5 -
Z 0.070
) €
Ofr I 1 I T o
0 2 4 . 6 8 10
Relative location (um)
(© 0.065
FIG. 7. (a) J-V characteristics, (b) energy diagram, and (c) Y-component distribu- O My 05 pm
tion of the electric field of the battery without heavily doped layers. The Hp.gaas, 0.060 1'5 1'6 1'7 1'8
Ho.cans, and Ny values are 0.5 yum, 9.5 um, and 1 x 10" cm=2, respectively. s
IgN, (cm™)
p-region where the generation rate of electron-hole pairs is higher. ©

Thus, the drift current densities decrease and the short-circuit cur-
rent density J,. decreases with increasing N,. Conversely, the larger
N, value is beneficial to form the higher built-in potential barrier,
which can enhance V..

FIG. 8. Effects of Hy.gaas and Na on the (a) Jsc, (b) Voc, and () Py values of
the battery without heavily doped layers. When H,.aas is changed, Hy.gaas = 10

pm=Hy, Gaps, and when N is changed, Ny is fixed as 1 x 10" cm 3.
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0.085 shows the same trend for different Hp Gaas values. Ultimately, the
maximum output power density (P,;) first increases with increas-
0.080 | . -
ing N, and then decreases. For the battery with an Hp.gaas value
0075 1 of 0.1 um, the largest P,, value of 0.080 ;JW/cm2 can be achieved
when the doping concentrations are N, = 3.98 x 10 ¢cm™ and
‘-“'g 0.070 | N;=1x 10" ¢cm™. When the Hyp-Gaas value increases to 0.5 ym,
%’ the P,, value decreases to 0.072 W /cm?* with the optimized doping
5 0065 concentrations N, = 1.58 x 10" cm ™ and Ny = 1 x 10"° em ™.
af 0060 1 Similarly, Fig. 9(a) shows the effects of Hp.gaas and N on Py
’ When Hyp Gaas is changed, Hn.Gaas = 10 ym—-Hp_Gaas, and when N is
0,055 - changed, N, is fixed as the optimized doping concentration for dif-
ferent Hp.gaas values. It can be seen that Py, increases with increas-
0.050 L L 1 1 I ing N; and slows down at last. This indicates that larger N, brings
140 142 144 148 148 180 the higher built-in potential barrier and eventually contributes to
IgN, (cm™) higher V,. and larger P,,. The decrease in P,, with increasing Hp.Gaas
(a) can also be explained as larger Hp.Gaas, leading to the deeper junc-
H_ ane (HM) tion, which is not conducive to the separation and collection of
0082 1 2 3 4 5 007 electron-hole pairs. When Hj_Gaas is in the range of 0.1-5 ym and
: ' T ' ! i : the doping concentrations (N, and N,) are optimized values, the
relationship between Py, and Hyp. Gaas is shown in Fig. 9(b). To be
0.080 - 1008 specific, when Hp.gaas increases from 0.1 to 0.5 ym, P, decreases
from 0.080 to 0.072 uW/cm?®. When H.Gaas increases to 5 ym, P, is
0.078 |- 005 2
. N only 0.017 yW/cm”.
"“g worsl oo "‘g For the battery with top and bottom heavily doped layers, the
= 2 relationships among J;, Vo, and Py and Hp.Gaas, Na, and N have
2 2 also been investigated. The comparison of optimized output per-
o 00741 1003 oF formances of the GaAs-based batteries is shown in Table II. For
the sake of comparison, the optimized doping concentrations (N,
0.072 - 002 and N,) of the battery for two structures without and with heavily
doped layers are taken to be the same value. It can be seen that when
0.070 —L 35 5 = os oo the top andll7)0tt(1r3n heayily doped laye.rs (Na = 1x10"® cm™ and
H (um) Np=1x10 cm ) are introduced, J,. increases from 0.234 to 0.247
p-Gaks #A/cm?, and Py, increases from 0.080 to 0.086 yW /cm?.
(W]

FIG. 9. (a) Effects of H,.caas and Ny on the Py value of the battery with-
out heavily doped layers. (b) Pm Vs Hp.gans. When Hp.gans is changed, Hy.gaas
=10 um-H, cans, and when Ny is changed, N is fixed as the optimized doping
concentration.

Furthermore, Figs. 8(a)-8(c) show the effects of Hp.gaas and
N, on Ji, Vo, and Py, When Hj gaas is changed, Hy.Gaas = 10
pm-H Gaas, and when Ny is changed, N, is fixed as 1 x 10" cm™3.
Js decreases with increasing Hp.gaas, and this can be explained as
larger Hp.Gaas, leading to the deeper junction, which has a lower
collection efficiency of electron-hole pairs. As shown in Fig. 8(b),
the open-circuit voltage (V) increases with increasing N, and

TABLE II. Comparison of optimized output performances of the GaAs-based batteries.

IV. CONCLUSION

In summary, the performances of GaAs-based betavoltaic bat-
teries with a p—n junction structure were predicted by our presented
simulation model, and the carrier transport and collection char-
acteristics were investigated. The Monte Carlo codes were used to
calculate the electron-hole pair generation rate in the GaAs material
under the irradiation of a ®*Ni source, and the finite element analy-
sis software COMSOL Multiphysics was used to predict the battery
performance. First, for the batteries without heavily doped layers,
only in some areas, both the electron and hole drift current densities
contribute to J,.. This depends on the structure parameters. The
Js» Voo, Pm, and 5 values of the batteries are significantly affected

Hp-GaAs (‘le) Hp Gaas (‘le) Ng (cm_3) Nd (Cm_s) Na (Cm_s) Np (Cm_3) ]sc (#A/cmz) Voc (V) Py (‘uW/sz) n (%)
0.1 9.9 3.98 x 10 1x10% 0.234 0.49 0.080 1.55
0.2 9.8 1.00 x 10" 1x10%° 0.230 0.47 0.077 1.50
0.3 9.7 501 x 10  1x10% 0.229 0.46 0.075 1.46
0.4 9.6 251 x10%  1x10% 0.230 0.45 0.074 1.44
0.5 9.5 1.58 x 10%° 1x10% e e 0.232 0.44 0.072 1.40
0.1 9.9 3.98x 10" 1x 10" 1x10" 1x 10" 0.247 0.50 0.086 1.67
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by Hp-Gaas> Hn-Gaas> Na, and N,. The lower N, value is benefi-
cial to obtain a wider depletion region, and furthermore, a larger
J.. value can be achieved. However, the higher N, value con-
tributes to the higher built-in potential barrier, which can enhance
V. Thus, the largest Py, value of 0.080 4W/cm? can be achieved
when the thicknesses and doping concentrations of each region are
Hp.Gaas = 0.1 ym, Hp.Gaas = 9.9 ym, N, = 3.98 x 10 cm™, and
Ny = 1x10" cm™. The related J,,, Vo, and 5 values are 0.234
,uA/cmz, 0.49 V, and 1.55%, respectively. Second, when the top
and bottom layers are heavily doped (N4 = 1 x 10" cm™ and Np
= 1x 10" cm™), the drift fields are formed and the higher energy
potential barrier enhances the battery performance. The optimized
Jse» Vo, P, and 5 values are 0.247 yA/cmz, 0.50 V, 0.086 yW/cmz,
and 1.67%, respectively. Although the GaAs-based betavoltaic bat-
teries were investigated in this study, our simulation model can
be extended to the betavoltaic batteries with other semiconductors
and isotopes for the optimization and fabrication. Finally, we will
fabricate the proposed GaAs-based betavoltaic batteries using the
metalorganic chemical vapor deposition (MOCVD) and validate the
simulation model in the future work.
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