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Built-in electric field thickness design for betavoltaic batteries*
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Abstract: Isotope source energy deposition along the thickness direction of a semiconductor is calculated, based
upon which an ideal short current is evaluated for betavoltaic batteries. Electron—hole pair recombination and drift-
ing length in a PN junction built-in electric field are extracted by comparing the measured short currents with the
ideal short currents. A built-in electric field thickness design principle is proposed for betavoltaic batteries: after
measuring the energy deposition depth and the carrier drift length, the shorter one should then be chosen as the
built-in electric field thickness. If the energy deposition depth is much larger than the carrier drift length, a multi-
junction is preferred in betavoltaic batteries and the number of the junctions should be the value of the deposition

depth divided by the drift length.
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1. Introduction

Betavoltaic batteries are attractive candidates for nano-
power sources due to their long lifetime (tens of years) and
super high energy density (tens times higher than lithium ion
batteries), and hence have attracted increasing research atten-
tion in recent years!! =71, Currently, the output power (nW—
W) and energy conversion efficiency (< 8%) of betavoltaic
batteries are very low, which significantly limits their appli-
cation. Many wide bandgap semiconductors such as SiC, 4H
SiC and InGaP!?~# have been investigated due to their great
potential in achieving a large open circuit voltage to improve
the output power and energy conversion efficiency. However,
few studies have reported on betavoltaic battery structure opti-
mization, which is also a key method in improving the output
power and energy conversion efficiency.

In betavoltaic battery structure design, recombination in
the built-in electric field is usually ignored. The penetration
depth of a beta particle with the average energy or maximum
energy of the isotope source energy spectrum is designed as
the thickness of the built-in electric field. For example, Chan-
drasekhar et al.!*! designed the thickness of a 4H SiC beta-
voltaic battery built-in electric field as 3 pm, which is the pen-
etration depth of a beta particle with the average energy (17.1
keV) of the ©3Ni energy spectrum; Guo ez al.l'l designed the
thickness of a Si betavoltaic battery active region to be about
50 pm, which is about the penetration depth of a beta parti-
cle with the maximum energy (66.7 keV) of the ®*Ni energy
spectrum. In this study, GaAs betavoltaic batteries are used as
case studies to research the built-in electric field thickness de-
sign for betavolatic batteries. The results show that the design
methods described above are not ideal. The distribution of the
electron—hole pairs induced by beta particles in the semicon-
ductor and the carrier drift length in the built-in electric field
are the major factors in betavoltaic battery design.
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2. Isotope source energy deposition in the semi-
conductor

The built-in electric field separates the induced electron-
hole pairs and drives them to the negative and positive elec-
trodes, respectively, in order to generate the output currents.
It is the active region of betavoltaic batteries. A properly de-
signed built-in electric field thickness will significantly im-
prove the output current characteristics of betavoltaic batteries.

The built-in electric field thickness depends on the isotope
source energy deposition along the thickness direction in the
semiconductor. It can be calculated by
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where A, is the activity of the 3Ni, E(R) is the energy that
deposited by ®3Ni in the GaAs layer within Rum, P(E) is
the energy spectrum of ®3Ni, Ey is the energy of a beta par-
ticle whose penetration depth in GaAs is Rum, Eq,. is the
maximum energy of the ®*Ni energy spectrum, E is the kinetic
energy of beta particles, Rg is the penetration depth of a beta
particle with a kinetic energy of E8] and d E/dx is the stopping
energy of GaAs. It can be calculated in different ways, such as
the continuous slowing-down approximation[®! and the mod-
els of Kanaya—Okayama (K—O)8], Wittry—Kyser['% and Ever-
hart—Hoffl! 1], The results based on these methods are close to
each other. In this letter, the K—O model is used. The P (E)[2],
Rg, dE/dx can be expressed as follows:
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Fig. 1. ©3Ni Energy deposition in GaAs.

Rp =2.67x 1072 x

AES3 (14 E/2moc?\"?
pZ89 \ 1+ E/mgc?

dE _Ep 1 o~V (Y o
xR (- y»04pr P\, J\1=y T
y 1.9yy

1 5/6
X|:257—(1—Y) i|

4
y = X/RE$ (5)
y = 0.187Z%/3, (6)

where gg; is a constant, My, is nuclear matrix, Z is the nuclear
charge number, F(Z, E) is the coulomb modify coefficient, m
is the electron mass, ¢ is the velocity of light, / is the Planck
constant, p is the GaAs density and A is the atom weight.

In this study, GaAs PIN junctions with isotope source ®3>Ni
are chosen as case studies. The calculatedisotope source energy
deposition in GaAs is shown in Fig. 1 (The A, is assumed to
be 1 for simplicity).

The mean electron—hole pair ionization energy is about
three times the band gap of the semiconductor. As for GaAs,
the mean electron—hole pair ionization energy, Egaas, is 4.6 €V,
which was used universally!!® 4. Hence, the electron—hole
pair distribution in GaAs along the thickness direction can be
evaluated from Fig. 1.

The beta particle penetration depths in GaAs are shown in
Fig. 2. The penetration depth of beta particles of 17.1 keV and
66.7 keV are about 3 um and 15 um, respectively.

3. Carrier drifting length in built-in electric field

If the recombination in built-in electric field is ignored, the
ideal short current can be calculated by

E
Ligeat = gNG = g e, @)
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Fig. 2. Penetration depth of beta particles from ®3Ni in GaAs.

where Ii4e, 1S the ideal short currents, Ng is number of the in-
duced electron—hole pairs in the built-in electric field, Eg is the
isotope source energy deposited in the built-in electric field,
EGaas 1s the mean electron—hole pair ionization energy, Ry is
the thickness of the heavy doped top layer and Ry, is the thick-
ness of the built-in electric field layer.

Electron—hole pair drifting length in the built-in electric
field of a PN junction can be evaluated by comparing the mea-
sured short currents with the ideal short currents.

4. Experiment

Three GaAs PIN junctions are fabricated and measured
under the irradiation of ®3Ni. Cross-section schematic struc-
tures of the junctions are shown in Fig. 3. The shallow doped
layers of the junctions are fully doped. Hence, the built-in
electric field thicknesses are 1 um, 2 um and 3 pm, respec-
tively, which are approximately equal to the shallow doped
layer thicknesses.

GaAs epilayers are grown by molecular beam epitaxy
(MBE) at 580 °C at a growth rate of 1 um/h on n-type GaAs
substrates with a doping concentration of 1 x 10'® ecm™3.
Ohmic contacts are made by thermal evaporation of 500 AN,
250 A Ge and 1 um Au (n-type contacts) and 100 ANi 150 A
Ptand 1 um Au (p-type contacts). The SiO, passivation layer
of 500 A is grown by PECVD at 300 °C. The areas of the bat-
teries are 5 x 5 mm?. 4 x 4 mm? 3Ni with an activity of 10
mCi/cm? is used as a beta source. The sources are placed at the
center of the battery surface to reduce loss from edge recombi-
nation.

Metal layers can introduce significant backscattering of
electrons from the high Z contact. In the 4H SiC battery, it
was found that even a thin layer (100 nm) of Ni can cause a
25% reduction in current multiplication when illuminated by a
17 keV electron beam!!5]. The junction is prepared with ring
electrode contacts in order to minimize shadowing of the radi-
ation by the metal.

5. Results and discussion

I-V characteristics of these junctions under the irradia-
tion of ®3Ni are tested in asealed Faraday cage on a Keithley
4200. The -V curves are shown in Fig. 4. The short currents
of junctions 1, 2 and 3 are 6.89 nA, 7.01 nA and 7.43 nA, re-
spectively. As for junction 1, the measured short circuit current
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Fig. 4. Beta /-V characteristics of the GaAs junctions.

is only about half of the ideal short circuit current calculated by
Eq. (7).

In 0-5 pum range, the curve in Fig. 1 can be considered
approximately as a line. This means that the deposited energy
and the induced electron—hole pairs distribute uniformly along
the thickness direction. Hence, the electron—hole pairs induced
in the top layer (0.1 pm thick) are negligible when compared
with those induced in the built-in electric field (1 um, 2 pwm or
3 pm thick). So, it can be concluded that the recombinations
in the top layer and in the top layer surface are not factors that
cause the low measured short circuit currents.

The ring electrode contact can avoid shadowing of § parti-
cles and the 4 x 4 cm? isotope source can reduce edge recom-
bination (the schematic structures are shown in Fig. 5). Hence,
electrode shadowing of 8 particles and edge recombination are
also not factors that cause the low measured short circuit cur-
rents.

The measured short circuit currents of junctions 1, 2 and 3
are similar to each other, which implies that the carrier diffu-
sion length in the depletion may be shorter than 1 xum and that
increasing the depletion region thickness has no contribution to
the short current when the depletion region thickness is larger
than the carrier drift length in the built-in electric field. As the
isotope source energy deposition distributes uniformly along
the thickness direction within 0-5 pm, the measured short cur-
rent of junction 1, which is only half of the ideal short circuit
current, indicates that the carrier diffusion length in the built-in
electric field is about 0.5 pwm, which is one half of the built-
in electric field thickness of junction 1. So, the low measured

N-type substrate N-type substrate
Electrode/ Electrode,
Fig. 3. Schematic structure of the GaAs junctions.
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Fig. 5. Schematic structures of the ring electrode and the isotope
source.

short circuit currents are due to the recombination in the built-
in electric field.

6. Design principle for built-in electric field
thickness

It can be seen in Fig. 1 that most of the ®>Ni energy is de-
posited within the 10 um thick GaAs layer (energy deposition
depth). However, the carrier drift length in the built-in electric
field is only about 0.5 um. The thickness of the built-in elec-
tric field of a single junction should be 0.5 um, which is much
different from the penetration depth in GaAs of a beta parti-
cle with the average energy (about 3 m) or the maximum en-
ergy of the ®3Ni spectrum (about 15 m). So, a multijunction is
preferred for GaAs betavoltaic batteries and the number of the
junctions should be about 20, which is the value of the deposi-
tion depth (about 10 um) divided by the drift length (about 0.5
wum). For Si, 3Ni energy deposition can also be extracted by
Eqgs. (1)—(6). The calculated energy deposition curve is shown
in Fig. 6. The carrier diffusion length in a 10'> cm™3 doped Si
layer is about 103 uml!l, which is much larger than the pen-
etration depth of 66.7 keV beta particles (43 umM) and the
deposition depth of 3Ni (~30 um, seen in Fig. 6). Hence, it
is preferred for Si betavoltaic batteries to choose 30 um as the
built-in electric field thickness.

As mentioned above, isotope source energy deposition
along the thickness of the semiconductor and the carrier drift
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Fig. 6. ©3Ni energy deposition in Si.

length in the built-in electron field are major factors in built-
in electric field thickness design, and the shorter one should
be chosen as the built-in electric field thickness. If the energy
deposition depth is much larger than the carrier drift length, a
multijunction is preferred for betavoltaic batteries and the num-
ber of junctions should be the value of the energy deposition
depth divided by the drift length.

7. Conclusions

GaAs betavoltaic batteries are used as case studies to theo-
retically and experimentally research the relationship between
betavolatic battery short currents and the thickness of the built-
in electric field. Results show that choosing the penetration
depth of a beta particle with average energy or the maximum
energy of the isotope source spectrum as the thickness of the
built-in electric field are not ideal. Isotope source energy depo-
sition along the thickness direction in a semiconductor and the
drift length of electron-hole pairs in the built-in electron field
are key factors. The shorter one should be chosen as the built-in
electric field thickness. If the distribution depth is much larger
than the carrier drift length, a multijunction is preferred for be-
tavoltaic batteries and the number of the junctions should be

the value of the distribution depth divided by the drift length.
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