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4H-SiC Schottky Alphavoltaic Nuclear Battery

YAO Xianwang, YUAN Weizheng* , QIAO Dayong, ZANG Bo
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Abstract: A 4H-SiC Schottky alphavoltaic nuclear battery is presented. It uses a Schottky barrier in place of the
commonly used p-n diode, along with *Am as the radioactive source. Some of the critical steps in process integra-
tion for fabricating Silicon carbide-based Schottky diode were addressed. Under illumination of *'Am with activity of
0.025 mCi/em’®, an open circuit voltage (V) of 0.25 V and a short circuit current density ( Jo. ) of 7. 64 nA/cm’
are measured. The maximum output power density (P, )of 1.12 nW/cm’ is obtained. And using XRD to analyse
the composition of ohmic contact, the XRD analysis result shows that binary alloy phase Ni,Si is demonstrated. The
study results indicate that careful design and fabrication process without impurities of the Schottky diode structure
should be carried out to prevent bringing about an increased density of interface states, resulting in an increased
dark current. 4H-SiC Schottky diodes were fabricated, taking into consideration all the important aspects discussed
in this paper, and the performance of this battery is expected to be significantly improved by using larger activity
and more efficient collection and optimizing the design and processing technology of the battery.
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Certain electrical applications require power
sources with long life and high output voltage. This can
be accomplished with an alphavoltaic nuclear battery.
This type of battery will convert the decay energy from
alpha particles released by an alpha-emitting radioac-
tive material into electrical energy. When compared

with a conventional battery, due to the long half-life of

the radioisotope and low leakage current, a battery like
this is well-suited to applications such as undersea ex-
ploration, implantable medical devices and distributed
sensors network.

The concept of an alphavoltaic battery was pro-
posed in 1954 by W. G. Pfann and W. van Roosbro-

1]

eck for silicon and germanium cells. """ However, as
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the energy of the alpha particles emitted from radioac-
tive materials is very high, certain semiconductors will
be seriously damaged; the radiation damage threshold
for silicon ranges from 200 ~ 250 keV. ">’ Therefore,
the wide band-gap semiconductor materials, such as
Gallium nitride ( GaN ) , Zinc oxide ( ZnO) and Silicon
carbide(SiC) , have been introduced to the research of
alphavoltaic batteries. Due to advancement in crystal
growth and manufacturing technology, and the materi-
al’ s characteristics of particularly high radiation resist-
ant, the wide bandgap (4H-SiC 3. 2eV ), high critical
breakdown voltage, high saturated drift velocity, high
thermal conductivity and chemical stability, SiC is es-
pecially suitable for manufacturing high frequency,

high efficiency, and radioprotective electronic de-

vices. 7

A p*n SiC alphavoltaic battery was presented by
George Rybicki et al'®’. Briefly, this battery is com-
posed of a p-type SiC substrate with an aluminum
doped p-type epitaxial layer and nitrogen doped n-type
emitter. It needs to form ohmic contacts on both sides
of p-n diode. With forming ohmic contact on p-type
SiC and ion implantation accompanied by high temper-
ature annealing (1 400 ~ 1 700 °C) in which surface
seal must be employed "', the process difficulty and
cost are expected to be increased.

In this paper, we have utilized n-type 4H-SiC
substrate to fabricate a prototype of 4H-SiC Schottky al-
phavoltaic nuclear battery. To simulate the operation of
an alphavoltaic battery, 4H-SiC Schottky diode was ir-
radiated with 5. 5MeV alpha particles from the radioiso-
tope Americium(**'Am). This radioisotope is inexpen-
sive and widely available enough to be used in house-
hold smoke detectors, and has a long half-life of 458
years. "*/ The operation of the 4H-SiC Schottky alpha-
voltaic nuclear battery is analogous to a solar cell with
the exception of high energy particles impinging on the
cell rather than light. Highly radiation resistant SiC
semiconductor materials and diodes with very low leak-
age currents when combined with the short range of an
alpha particle in the diodes may make large perform-

ance increases in radioisotope batteries possible.
1 Operating Principle

The operating principle of 4H-SiC Schottky alpha-

voltaic nuclear battery is similar with the solar cell. As
shown in Fig. 1, in the neutral N-type region, minority
carriers diffuse to the depletion region and are swept to
the metal region by the build-in electric field, and the
electron-hole pairs generated in depletion region are
separated and swept to neutral N-type region and met-

al-region, respectively, then potential is produced.

Metal/
Alpha-emitter Semiconductor
N
Alpha particles
Alpha particles
Metal N-type region

Depletion region (W)
VQ(‘

Fig.1 Schematic of alphavoltaic effect

2 Fabrication Process

Without forming ohmic contact on p-type SiC and
ion implantation accompanied by high temperature an-
nealing(1 400 ~1 700 °C ) in which surface seal must
be employed, 4H-SiC Schottky diodes were fabricated
on n-type 4H-SiC substrate by using conventional sili-
con processes, including photolithography, oxidation,
and metal sputter deposition. Fig.2 illustrates the typi-
cal structure of the fabricated diodes. A round-shaped
device structure was chosen to prevent the generation of

cusp discharge.

Anode Schottky Metal Anode
SiO, ROty Ml SiO,
N°-SiC epi-layer
N'-SiC Substrate
Backside

Cathode Ohmic contact

Fig.2 Typical structure of 4H-SiC Schottky diodes

Schematics of the fabrication process integration
for 4H-SiC Schottky diodes are shown in Fig. 3. SiC
wafers with 10pum lightly doped (5 x 10" em ™) n-
type epi-layer grown on highly doped(5 x 10" ¢m ™)
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n" -type 4H-SiC <0001 > substrate cut 8° off-axis pur-
chased from Cree Inc were used in this study. After
epitaxial growth of the epi-layer, a relatively thick
Si0, for dielectrics layer was deposited on front-side
by using a tetraethylorthosilicate ( TEOS) low-pressure
chemical vapor deposition( LPCVD) system. The tem-
perature at the center zone was maintained at 685 °C
and the vacuum during deposition at 250 mTorr. Then
a backside contact consisting of Ni/Ti/Au was evapo-
rated and then annealed at 1050 °C by 2-min rapid
thermal annealing( RTA)in N, ambient to form ohmic
contact. E-beam evaporation was utilized to deposit
400nm Ni as the Schottky metal. To facilitate wire
bonding and probe test, the Schottky electrode thus
with a radius

formed has a circular geometry,

of 1mm.

(a)Substrate (b)Epitaxial growth
(c)Depositing (d)Etching
(e)Evaporating, RTA (f)Etching

(g)Lift-off to pattern (h)Lift-off to pattern

Schottky metal Anode
n'-type SiC n'-type SiC
Adhesion metal Cathode
SiO, Ohmic metal
Schottky metal Anode

Fig.3 Schematics of the fabrication process integration
Under illumination of a thin roundness **'Am
source with an activity of 0. 025 mCi/cm”, the electri-
cal characteristics of 4H-SiC Schottky diodes were
measured with Keithley 4 200 Semiconductor Parameter

Analyzer equipment at a wafer probe station.

3 Results and Discussions

Table 1 shows the parameters of 4H-SiC Schottky
alphavoltaic battery obtained from measurement. An
open circuit voltage(V.)of 0.25 V and a short circuit
current density ( Jo.) of 7. 64 nA/cm’ are measured.
And the peak power density (P, )of the device was 1.
12 nW/em® at J,=5.8 nA/cm’ and V,=0.192 V,
leading to a fill factor( FF) of 0.59 as shown in Fig. 4.
And the reverse saturation current density and ideal fac-
tor were extracted from forward dark I-V characteristic
from Fig. 5, the reverse saturation current density was
1.71 x10 ™" A/em’ with an ideality factor n of 1.33.

Table 1  Parameters of the alphavoltaic battery

Parameter V,./V _]SC/(nA'Cmfz) P /(nW'Cmfz) FF¥

max

Measure 0.25 7.64 1.12 0.59
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Fig.4 I-V Characteristics of 4H-SiC Schottky Diode
under *'Am Illumination
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Fig.5 Dark I-V Characteristic of 4H-SiC Schottky Diode
Using Philips x’ PERT X-ray diffraction( XRD) to
analyse the composition of ohmic contact, the XRD a-
nalysis result after alloy annealing is shown in Fig. 6.
The XRD analysis result shows that the binary alloy
phase Ni,Si is demonstrated, but deficiency of the met-
al Ti, the XRD result does not show clearly'®’.
For **'Am source, the electrical output power den-
sity ( Pay,, ) can be determined by
Py, =2 %3.7 x10"°e®E,, (1)
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Fig.6 XRD Analysis Result after Alloy Annealing

Where E,, is 5.5 MeV, the average radiation en-
ergy of *'Am, and e is electric charge(1.6 x107"C).
Under an activity (®) of 0. 025 mCi/cm’, the output
power density ( Pay,, ) of the *'Am sources is 1 628
nW/cm’.

The power conversion efficiency m can be calcu-
lated from.
Py, Py,

Using the extracted V and J

n=FF (2)

,» the conversion effi-
ciency was obtained. A maximum efficiency of 0. 07%
with a peak power density of 1. 12nW/cm’ and a fill
factor below 0. 6 were achieved.

Alphavoltaic effect of the diodes was not ideal ow-
ing to the low fill factor and low conversion efficiency.
The performance of this battery is limited by 4 factors:

(1) Imperfect design occurred at the phase of epi-
taxial growth;

(2) The impurity in the fabrication process, such
as oxidation, lithography and sputtering;

(3) Low shunt resistance. Shunt resistance is
caused by current leakage from the surface or edge in
the circuit, so shunt resistance is significant to the
open circuit voltage in the “low illumination” circum-

stance'® 1"

, and higher shunt resistance may improve
the open circuit voltage ;

(4) Average ohmic contact. The internal series
resistance of the battery can reduce the short circuit

"B1 but a good ohmic contact

current and fill factor
can reduce the series resistance. So forming a good
ohmic contact is the key factor in the fabrication

process.

4 Conclusion

In this paper, a 4H-SiC Schottky alphavoltaic nu-

clear battery is demonstrated. Under illumination of

*Am with activity of 0.025 mCi/ecm®, an open circuit
voltage (V) of 0.25V and a short circuit current den-
sity (Jg. ) of 7.64nA/cm’ are measured. The maximum
output power density (P, ) of 1.12 nW/cm’ is ob-
tained. And the XRD analysis result shows that binary
alloy phase Ni,Si is demonstrated. However, the per-
formance of the battery is limited by imperfect design,
the impurity in the processing, low shunt resistance,
average ohmic contact and the low activity of radioac-
tive sources, duo to the highly radiation resistant SiC
semiconductor materials and diodes with very low leak-
age currents when combined with the short range of an
alpha particle in the diodes, the Schottky barrier diode
is proven to be a feasible approach to achieve practical
beatvoltaics. Moreover, by using greater activity and
efficient collector and optimizing the design and pro-
cessing technology, the performance of the battery will

be significantly improved.
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