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Abstract

Two GaN p-(i)-n diodes were designed and fabricated, and their electrical per-
formances with 63Ni and 147Pm plate sources were compared. The results
showed that the diodes with 147Pm had better electrical performances, with a
short-circuit current (Isc) of 59 nA, an open-circuit voltage (Voc) of 1.4 V, and
a maximum power (Pmax) of 49.4 nW. The ways to improve the electrical per-
formances are discussed, including appropriate increase of the i-GaN thickness.
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Two GaN p-(i)-n diodes were designed and fabricated, and their electrical per-
formance with 3Ni and 7Pm plate sources was compared. The results showed
that the diodes with 7Pm exhibited superior electrical performance, achiev-
ing a short-circuit current (Isc) of 59 nA, an open-circuit voltage (Voc) of 1.4
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V, and a maximum power (Pmax) of 49.4 nW. Methods to improve electrical
performance are discussed, including appropriate increases in i-GaN thickness.
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Introduction

Advances in micro-electromechanical systems (MEMS) technology demand au-
tonomous power sources [1-3]. Radioisotope batteries, which harvest energy
from radioactive decay, operate without refueling and offer significant advan-
tages over traditional micro-batteries for MEMS applications due to their high
energy density and long operational lifetime. Among these, betavoltaic cells
are particularly promising because of their compact size, maintenance-free op-
eration, high energy conversion efficiency, and ease of integration, although
research in this area remains in its infancy with relatively limited power output.

Considerable effort has been devoted to improving the electrical performance
of betavoltaic cells. In addition to single-crystal silicon—the most mature semi-
conductor material—various other materials have been investigated for energy
conversion devices, including amorphous silicon, InGaP, SiC, and GaN [4-8].
These studies have revealed a significant relationship between material bandgap
width and the theoretical energy conversion efficiency () of betavoltaic cells
[9]. Generally, correlates positively with bandgap width, meaning that wide-
bandgap materials yield better output performance.

Gallium nitride (GaN), with its wide bandgap of 3.4 €V, is well-suited for use
as an energy conversion device in betavoltaic cells [10, 11]. In 2010, Cheng et
al. [12] fabricated a GaN p-n junction device for a %3Ni betavoltaic cell, achieving
a short-circuit current (Isc) of 2.0 nA and an open-circuit voltage (Voc) of 0.025
V. The following year, they improved the device, obtaining an Isc of 0.64 nA
and a Voc of 1.62 V [13]. Also in 2011, Lu et al. [14] created a GaN Schottky
diode irradiated by %3Ni, achieving an Isc of 0.012 nA and Voc of 0.10 V, and
in 2012 they fabricated a GaN p-n junction device with Isc of 0.7 nA and Voc
of 0.14 V [15]. Among these GaN betavoltaic cell results, Cheng et al. achieved
notable success in Voc but not in Isc. However, all these results lag far behind
those of single-crystal silicon devices and remain distant from theoretical values,
indicating substantial room for improvement in developing GalN betavoltaic cells
with practical performance levels.

The poor Isc of GaN betavoltaic cells may be attributed to small device area
limiting collection of emitted particles and insufficient total energy from the ra-
diation sources. Beta-emitting isotopes are excellent candidates for betavoltaic
cell sources. For single-crystal silicon conversion units, low-energy [S-emitters
such as tritium (*H) and %Ni are typically used as primary source isotopes to
minimize radiation damage to the semiconductor.

In this respect, GaN offers superior radiation resistance compared to Si [11],
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enabling GaN conversion units to utilize higher-energy S-emitting radioisotopes
than %3Ni, thereby enhancing output power. Promethium-147 (14"Pm) is a
suitable isotope for this purpose. Table 1 summarizes the key properties of
these three § isotopes.

In this work, two large-area GaN p-n junction devices with different i-GaN
thicknesses were fabricated and irradiated by a 4”Pm plate source. Their output
performance was compared with that obtained using a %3Ni plate source.

Experiment and Results

Two GaN p-n junction devices were designed, with the main fabrication flow
chart shown in Fig. 1 [Figure 1: see original paper]. The structural quality of
the epitaxial layer was assessed by measuring the full width at half maximum
(FWHM) of the symmetric (002) low-angle diffraction peaks from the rocking
curve (w-scan), as depicted in Fig. 2 [Figure 2: see original paper]. Since
dislocation density decreases with narrower XRD FWHM, the observed narrow
FWHM of 112 arcsec indicates excellent crystalline quality of the GaN epilayer.

Device structural parameters are listed in Table 2 . The diodes measured 1.0 cm
in diameter, with Ni (3 nm)/Au (3 nm) metal layers deposited across the entire
top surface of the p-GaN to form Ohmic contact. The two devices were identical
in structure except for their i-GaN thickness: 1.5 pm for device No. 2 and 1.0
pm for device No. 1. Dark I-V characteristics without irradiation were measured
using a Keithley 2635 sourcemeter (Fig. 3 [Figure 3: see original paper]). The
devices were irradiated using 10 mm diameter plate sources of ®*Ni (2.96 x 108
Bq) and *"Pm (1.13 x 10° Bq). The experimental setup with *"Pm source
is shown in Fig. 4 [Figure 4: see original paper]. Output performance was
measured using the Keithley 2635 after 240 hours of continuous irradiation of
both diodes by the %Ni and *"Pm sources, with results presented in Table 3
and scanning I-V curves shown in Figs. 5 and 6 [Figure 5: see original paper]
[Figure 6: see original paper].

Discussion

The dark characteristics in Fig. 3 [Figure 3: see original paper] demonstrate
that both GaN devices exhibit good p-n junction performance. Device No. 1
showed currents of 7.3 x 10719 A at -10 mV and 4.0 x 1072 A at -1.0 V, while
device No. 2 exhibited currents of 1.9 x 107'' A at -10 mV and 1.7 x 10719 A
at -1.0 V. The diode turn-on voltages exceed 2.0 V. These low leakage currents
and high turn-on voltages are characteristic of wide-bandgap semiconductor p-n
diodes.

The irradiation results reveal that '4”Pm-irradiated diodes significantly outper-
formed those irradiated by %3Ni, achieving an Isc of 59 nA, Voc of 1.4 V, and
Pmax of 49.4 nW. These represent the best Isc and Pmax values ever reported
for a single GaN conversion unit, with Pmax being the key parameter for overall

chinarxiv.org/items/chinaxiv-202306.00501 Machine Translation


https://chinarxiv.org/items/chinaxiv-202306.00501

ChinaRxiv [$X]

electrical capability.

This superior performance can be attributed to three main factors. First, the
Voc of GaN devices exceeds that of traditional single-crystal Si devices because
the built-in potentials of the GaN devices reach 3.26 V, compared to less than
1.0 V for typical Si devices. Second, '*"Pm possesses the highest power density
among the three commonly used [ isotopes in betavoltaic cells, as shown in
Table 1 . Although the mass-specific activity of 3H exceeds that of '4"Pm,
the volume-specific activity of *"Pm surpasses that of gaseous *H, enabling
a “7Pm source to deliver greater radioactivity per unit area than both 3H
and %3Ni, resulting in higher S-particle emission power. Third, large diode
area facilitates [-particle collection, while large source area supports higher
radioactivity loading. Additionally, metal electrodes covering the entire top
surface provide better charge collection efficiency due to the short diffusion
length in GaN.

The test results after 240 hours of continuous irradiation showed minimal differ-
ence from pre-irradiation values, demonstrating stable operation of both GaN
devices under %3Ni and 7Pm irradiation for at least 240 hours.

Under both %Ni and "Pm irradiation, device No. 2 exhibited superior out-
put compared to device No. 1, with the only difference being i-GaN thickness.
The mean penetration ranges of § particles in GaN were calculated to be 2.1
pm and 20 pm for 93Ni and '7Pm, respectively, based on their 3 energy spec-
tra. Both values exceed the actual thicknesses of the two GaN diodes (p-GaN
+ i-GaN + n*-GaN), which were 1.4 pm and 1.9 pm. When GaN material
thickness is less than the [ particle penetration range, thicker GaN can absorb
more [-particle energy, leading to increased electron-hole pair generation and
consequently higher Isc and Pmax.

A model dividing 2.0 pm of GaN into 20 equal steps was established [16] to
calculate the energy deposition ratio for 3 particles from %3Ni and 4"Pm (Fig.
7 [Figure 7: see original paper]). The deposition energy ratio decreases pro-
gressively, with the highest ratio occurring in the first step. While increasing
i-GaN thickness enhances betavoltaic performance, the improvement is not pro-
portional to the thickness increase.

Currently, defects persist in GaN material growth. Radiation-induced electron-
hole pairs are minority carriers in the semiconductor and must diffuse into the
built-in field region to be separated and generate current. Defects in GaN
materials result in short minority carrier lifetimes and diffusion lengths (<0.3
nm) [17], causing many electron-hole pairs to recombine before reaching the
built-in field and thus preventing them from contributing to current generation.
Therefore, GaN diodes must be fabricated with an appropriate thickness.
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Conclusion

In summary, two GaN devices were fabricated and their performance with 53Ni
and "Pm sources was compared. The devices with *"Pm achieved superior
results: 59 nA Isc, 1.4 V Voc, and 49.4 nW Pmax, representing the best Isc and
Pmax values ever reported for a single GaN conversion unit. The 240-hour con-
tinuous irradiation test results demonstrated the reliability of the GalN devices
under both %Ni and ""Pm. Appropriate i-GaN thickness can improve power
output, though performance enhancement of GaN betavoltaic cells ultimately
depends on advances in GaN material growth technology, device fabrication,
and structural design.
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