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|soelectronic aluminum-doped gallium nitride
alpha-voltaic cell with efficiency exceeding 4.5%

Runlong Gao'?, Linyue Liu® 2* Xiaochuan Xia3, Pengying Wan?®, Xiao Ouyang®, Wuying Ma?, Xinlei Geng3,
Hongyun Wang?3, Ruiliang Xu3, Kexiong Zhang3, Hongwei Liang® & Xiaoping Ouyang?®

Although alpha-voltaic cells have shown great potential in unattended miniaturized systems
for compact, long-lifetime and independence of external energy input, the power conversion
efficiency of state-of the-art alpha-voltaic cells is still much lower than the theoretical limit.
Here, an alpha-voltaic cell based on a gallium nitride transducer with PIN structure is
designed and investigated. We find that isoelectronic aluminum-doping is an effective way
for boosting the performance of the gallium nitride transducer by decreasing the uninten-
tional doping concentration, deep trap concentration, and dislocation density in the gallium
nitride epilayer. The isoelectronic aluminum-doped cell demonstrates a large depletion region
of 1.89 um and a charge collection efficiency of 61.6% at OV bias, resulting in a high power
conversion efficiency of 4.51%, comparable to the best gallium nitride beta-voltaic cells. This
work increases alpha-voltaic cell efficiency, bridging the gap between nuclear micro-batteries
and real applications in extreme environments.
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converting ionizing radiations (alpha, beta or gamma)

emitted by long-life radioisotopes into electric energy using
semiconductor transducers (Fig. la)2, RV cells can provide
ultra-stable output power for decades in extreme environments
without any maintenance or external energy replenishment
(Fig. 1b)3, which are expected to play a significant role in
spacecrafts, intelligent weapons, deep-sea probes, implantable
chips and other unique applications (Fig. 1c), where commonly
used batteries cannot be employed independently*-©.

In general, radio-voltaic cell tends to use low energy B-sources
(®H and %Ni, etc.) with low ionization-induced damage to
transducers for realizing long service life. However, there are
some technical limitations for beta-voltaic cells, such as the upper
limit of power density being low and power conversion efficiency
(PCE) decreasing significantly with the increase in activity of (-
source due to its self-absorption effect’=%. In contrast with -
sources, a-sources, e.g., 23%Pu and 24!Am, possess much higher
energy and ionization density in the transducers, indicating that
alpha-voltaic (AV) cells are expected to break through the tech-
nical bottleneck of beta-voltaic cells for achieving higher power
density and PCE simultaneously!%!1. One of the main challenges
in the development of AV cells is the radiation tolerance of
transducers because the radiation damage caused by a-particles to
semiconductors is much more severe than B-particles!?13. Lim-
ited by the insufficient radiation tolerance of most of the mature
traditional semiconductors!415, Si, Ge and GaAs cannot maintain
the long-term stable operation of AV cells. Thus, transducers
based on wide bandgap semiconductors with ultrahigh radiation
tolerance and excellent stability under harsh environments are
being actively pursued!6-1°, At present, silicon carbide (SiC) and
diamond transducers with PN junction, Schottky junction and
PIN junction have been fabricated and used for several AV cell
prototypes! 2021 Qur recent study reported a high-performance

Radio—voltaic cell is a kind of nuclear micro-battery, directly
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Fig. 1 Concept, characteristics and applications of efficient nuclear micro-battery. a Schematic depiction of nuclear micro-battery and its application in

AV cell based on a SiC PIN junction transducer??, exhibiting a
high open-circuit voltage (Voc) of 1.99V and a remarkable
power conversion efficiency (PCE) of 0.88%, which is 8 times
higher than the previously reported SiC AV cells. Theoretically,
diamond is undoubtedly the most ideal transducer material
because it exhibits an outstanding radiation tolerance?* and
maximum possible PCEL7-24, The high-power density AV cell
based on 130 vertical diamond Schottky transducers, which are
serially connected with a total area of 15 cm?, is investigated by
Bormashov et al., rendering a maximum power density (Pp,.x) of
24 W cem™2, Vo of 1.85V and a considerable PCE of 3.6%
using high-activity 238Pu a-source, which is the highest reported
PCE of AV cells!3. Liu et al. have reported an effective way to
improve Voc and PCE of diamond Schottky AV cells by
deploying a zinc oxide (ZnO) film as the electron transport layer
(ETL) to reduce the recombination rate of minority carriers?>,
Voc of 1.43V and PCE of 1.42% were attained under the irra-
diation of a low-activity 2! Am a-source consequently. With the
rapid improvement of gallium nitride (GaN) technology
(Fig. 1d))?9-28, GaN is also being considered as a valuable
transducer material for RV cells because of its large displacement
energy (45 eV for Ga and 109 eV for N), high stopping power for
a-particles and excellent electrical properties??30, which is
expected to achieve a strong radiation tolerance and superior
output performance (Voc, Pax and PCE)3132, Furthermore, the
price of GaN transducers on heteroepitaxial substrates is sig-
nificantly lower than the electronic-grade single-crystal
diamond33-3>. In recent years, GaN beta-voltaic cells have been
widely investigated by several research groups, attaining valuable
experimental and theoretical results>3°-42, However, GaN AV
cells have not been reported yet, as well as the quantitative eva-
luation of service life is still unclear.

In this study, a GaN AV cell, with a PIN junction, is fabricated
and its electrical performance is verified using an He-ion
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2 COMMUNICATIONS MATERIALS | (2023)4:50 | https://doi.org/10.1038/s43246-023-00360-9 | www.nature.com/commsmat


www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-023-00360-9

ARTICLE

a) P*GaN (300 nm) | Anode
Cathode
| GaN (10 pm) /
N* GaN (4 um)
Buffer Layer (2 um)
Sapphire Substrate
C

~—
) —
=)

o
©

e
o

Current density (mA cm™
o
'S

0.2
0.0
0.0 0.5 1.0 1.5 2.0
Voltage (V)

b)

1Tmmx0.5mm

Q.
A d
©
o

)
[  TIB—L-
:ﬁ; 8.5 7J—a— W, vs. Bias| s
6
o ==
w 8.0 55, °
= §'°4,
§ 75 4 °
g 2}
‘'c 7.0F 1L ‘ ‘ . . . o
® 0 10 20 30 40 -50
§ 6.5 Voltage (V) /
6.0 1 1 1 1 1 1

25 20 15 10 -5 (] 5
Voltage (V)

Fig. 2 Structure and electronic characteristics of GaN transducer. a Schematic drawing of the PIN structure of GaN transducer. b Digital photograph of
the front-view of GaN transducer array. ¢ Forward -V and d reverse C-V curves of GaN transducer at room temperature without irradiation.

electrostatic accelerator, serving as an a-source. Then, isoelec-
tronic Al-doping is carried out to reduce unintentional doping
concentration, dislocation density and deep-level defect in the
epilayer of GaN transducer, improving the width and charge
collection efficiency of the sensitive region of GaN transducer. In
addition, the performance degradation of GaN transducers under
He ions irradiation is systematically studied for evaluating the
lifetime of GaN AV cells.

Results and discussion

Design and characteristics of GaN transducer. Figure 2a shows
the structure of GaN transducer. The epitaxial layers of GaN
transducer are grown on a sapphire substrate (2 inch) by the
metal-organic chemical vapor deposition (MOCVD) method.
There are multiple layers from the bottom to top: n*-GaN layer
(4pm in thickness, doped with Si atoms (5x 108cm™3)),
i-GaN layer (10 um in thickness, doped with isoelectronic Al
atoms) and p*-GaN layer (0.3 um in thickness, doped with Mg
atoms (1 x 10! cm—3)). Note that the concentration of iso-
electronic Al-doping in the i-GaN layer is 0.214%, as confirmed
by secondary ion mass spectroscopy (SIMS). Compared with
the as-grown GaN layer, the advantage of isoelectronic Al
doping at the given level is proved to have an obvious effect on
improving crystalline quality and electrical properties of GaN
transducer (for the advantage of isoelectronic Al doping in the
i-GaN layer see Supplementary Note 1)43. Then, the wafer was
cut into small pieces. After a series of processes, a Ni/Au
(20 nm/20 nm) ohmic contact electrode was formed on the p*-
GaN layer as an anode and a Ti/Al/Ni/Au stack was deposited
for ohmic contact on the n™-GaN layer as a cathode. On the

anode, patterned SiO, and Cr/Au layers acted as the passivation
layer and field plate, respectively. Finally, the gold wire bonding
method was used to electrically connect the GaN unit. Figure 2b
presents a photograph of the front view of GaN transducer
array with an overall active area of 7.5mm?, consisting of
15 single GaN transducers.

Electronic characteristics of GaN transducer were analyzed by
forward current-voltage (I-V) and capacitance-voltage (C-V)
characteristics measurement respectively (Fig. 2c, d). Moreover,
GaN exhibits typical diode rectifying characteristics with the
value of forward threshold voltage is ~1.6 V. Also, the donor
concentration of i-GaN (Ny = 8.30 x 1014 cm—3) can be extracted
from the relationship between 1/C? and V, which can be
expressed by Eq. (1):

1 2(=V+V, —2kT/q)

— = 1
c? q¢,.&0N,4 )

where Vy; is the build-in built-in potential of GaN transducer
(~3.0 V), k refers to the Boltzmann constant (1.38 x 10~23J K1),
T represents the room temperature (300K), g denotes the
electron charge (1.60x 1071% C), & is the relative dielectric
constant (8.9) for GaN and & is the permittivity of free space
(8.85x 10714 F cm™!). The inset in Fig. 2d shows the depletion
region width (Wy) of GaN transducer at a low reverse bias, which
can reach up to 1.89 pm at 0 V. According to the ideal pin diode
model, the width of the depletion layer is inversely proportional
to the electron concentration in the i-GaN layer. The lower
electron concentration of i-GaN layer is crucial for expanding the
width of depletion layer. The background electron concentration
of undoped i-GaN grown by MOCVD is always influenced by the
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unintentionally impurities, such as oxygen (O), silicon (Si) and
carbon (C). Si and O will substitute on the Ga and N sites,
respectively, and usually act as donor in i-GaN layer. In
particular, C plays a dual role in i-GaN layer, which can behave
as a shallow donor if it occupies the site of Ga, or a deep acceptor
if it occupies the site of N44. For the undoped i-GaN layer, the Si
concentration is close to that of C, causing C tend to incorporate
as Cy, and the electron concentration of i-GaN is equal to the
sum of the concentration of Si and O minus that of C
(~1x1016cm™3). For the isoelectronic Al-doped i-GaN layer,
since both Si and Al occupy the Ga site, Al will inhibit the doping
of Si effectively, causing the C concentration exceeds that of Si in
GaN. At this time, C will both substitute Ga and N sites with the
number of Cg, and Cy is close equal®®. Accordingly, the Al-
doped i-GaN exhibits semi-insulating properties with the electron
concentration could be at least an order of magnitude lower than
that of undoped i-GaN. Hence, it is considered that the
isoelectronic Al-doping is beneficial to realize large depletion
region, which is helpful for the energy deposition of a-particles
subsequently.

Energy transfer mechanism and simulation of GaN AV cell. As
shown in Fig. 3a, the a-particles penetrate into the GaN trans-
ducer from its upper surface. In this case, electron-hole pairs are
ionized in the sensitive region of GaN transducer by absorbing
the energy of a-particles, then separate and drift to the electrodes
under the effect of electric field and concentration gradient. The
sensitive region is composed of two parts, i.e., depletion region
and diffusion region. In the diffusion region, the minority carriers
(holes) render a certain probability to diffuse into the depletion
region and contribute to the current output, the diffusion region

width (Lg) can be expressed by Eq. (2)4°:

Lz @)

L, =
¢ q

where y is the mobility of holes (10-30 cm? V~1s71), and 7 refers
to the lifetime of holes (~1 ns). Therefore, one can estimate that
the maximum value of Ly is about 0.28 pm, which is consistent
with EBIC experimental results*’. As shown in Fig. 3b, the
penetration depth of a-particles depending on the irradiation
energies of 1 to 5.5 MeV in intrinsic GaN layer was calculated by
the Stopping and Range of Ions in Matter (SRIM) software.
Results indicate that the penetration depth of a-particles in
intrinsic GaN layer increases exponentially as the irradiation
energies increase, which is 6.69, 9.53, and 14.59 um correspond-
ing to 3, 4 and 5.5MeV, respectively. Figure 3c presents the
Geant4 simulation on the dependence of the energy deposition in
intrinsic GaN layer of a single a-particle (3, 4, 5, and 5.5 MeV) on
the incident depth, which can be described by the Bethe
formula“®. Furthermore, based on the model of GaN transducer,
the energy deposition of a particles (Egep) distributed in each
layer of GaN transducer can be simulated by Geant4 software.
Figure 3d shows less than a third of the a particle’s energy
deposited in the sensitive region (orange and green), and most of
the contribution comes from the depletion region. As the energy
of a particles decrease from 5.5MeV to 3 MeV, Eg, increase
significantly, which is about 0.65 MeV, 0.78 MeV, and 0.91 MeV,
respectively. It indicates that reasonable selection of a-sources
with lower energy is helpful for improving its energy deposition
efficiency in sensitive region.
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Fig. 3 Energy transfer mechanism of the GaN AV cell. a Schematic of the interaction process between a-particles and GaN transducer. b Penetration
depth of a-particles in intrinsic GaN layer calculated by SRIM software. € Dependence of the a-particle’s energy deposition in intrinsic GaN layer on the
incident depth. d Energy deposition of a-particle (5.5 MeV, 4 MeV, and 3 MeV) in different regions of GaN transducer at O V bias.
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Fig. 4 Electrical characteristics of GaN AV cell. |-V curves of GaN AV cell at E,. of @ 1.13 MeV, b 1.85 MeV and ¢ 2.87 MeV with different A, values; and
P-V curves of GaN AV cell at Ey of d 1.13 MeV, e 1.85 MeV and f 2.87 MeV with different A, values.

Charge collection efficiency of GaN transducer. Charge collec-
tion efficiency (#c.) is the ratio of carriers’ number collected by
the GaN transducer to the quantity of carriers produced in the
sensitive region, which is the key parameter for evaluating the
performance of GaN transducers. Herein, an ORTEC spectro-
scopy system cooperate with a compound a-source (*43Am,
E,=5.28 MeV; 244Cm, E, = 5.80 MeV) are used to measure the
a-particle height spectra response and 1. of the GaN transducer
(for charge collection efficiency measurement see Supplementary
Note 2). Therefore, the #.. of GaN transducer can be obtained
using Eq. (3):

w p Gy, Eg

n, = SoaN TGN Ui Ssi 3)
wsi  Pg Ggay Egep

where wg.n (8.9¢eV) and wg; (3.6 eV) represent the mean ioni-
zation energy of GaN and Si; Pg,y (134.22 at 0V bias) and Pg;
(732.60 for 243Am) refer to the peak centroid channels of GaN
transducer and Si detector (Supplementary Fig. 2b and 2¢); Ggan
and Gg; denote the amplifier gains of GaN transducer (300) and Si
detector (50); Egep (0.65MeV at 0V bias) and Eg; (5.28 MeV for
243Am) refer to the sensitive region’s energy depositions of GaN
transducer and Si detector, respectively. As a result, the #.. of
GaN transducer is up to 61.3% at 0V bias, and raise greatly with
the reverse bias increase from 0 V to 3 V (Supplementary Fig. 2d).
Such a high #.. value is advantageous for achieving high-
efficiency AV cells, this can be attributed to the low dislocation
densities (screw dislocation densities (SDDs), edge dislocation
densities (EDDs) and total threading dislocation densities
(TDDs)) and deep-level defects of i-GaN layer restrained by
isoelectronic Al doping?®. Due to the higher bonding energy of
the N-Al bond (2.88 V) than that of the N-Ga bond (2.24 eV),
Ga could be replaced by Al and introduce a local strain for
restraining the propagation of the dislocation around the N-Al
bond®%51, Thus, the dislocation densities and deep level defects
are reduced by isoelectronic Al doping, which can reduce the
minority carrier recombination rate in the sensitive region of
GaN transducer.

Electrical characteristics of GaN AV cell. Figure 4 illustrates the
electrical output characteristics of the GaN AV cell under the
irradiation of He ions accelerator used as the equivalent o-
radioisotope sources (for detailed experimental conditions see
Supplementary Note 3). Figure 4a-c display the I-V curves of
GaN AV cell carried with different equivalent activity (4,) of a-
source at the energy of (Eg.) 1.13 MeV, 1.85 MeV and 2.87 MeV,
respectively. It is obvious that the output current is quite stable
with an output voltage, ranging from 0V to ~0.85V, while it
decreases exponentially as the output voltage increases from
0.85V to Voc (~1.10V). Under the same Ey, e.g., 1.13 MeV
(Fig. 4a), significant linear improvements in Isc are observed
when A, increases from 0.040 to 0.196 mCi cm~1, resulting in a
slight increase in Voc. Meanwhile, Fig. 4d—f show the P-V curves
of GaN AV cell, corresponding to the Ey, of 1.13 MeV, 1.85 MeV,
and 2.87 MeV, respectively. When the output voltage of GaN AV
cell increases from 0V to ~0.85V, the output power increases
linearly to the Py, and, then, quickly decreases to zero at Vpc.
The electrical parameters of GaN AV cell corresponding to the
aforementioned electrical characteristic curves are extracted and
summarized in Table 1. It indicates that the PCE of GaN AV cell
at Ey. of 1.13 MeV clearly surpasses the conditions of 1.85 MeV
and 2.87 MeV, which can be ascribed to the better matching-
degree between the sensitive region width of GaN transducer and
Epe. It can be observed that the optimal PCE of 4.51% is achieved
when the equivalent activity of a-source is 0.196 mCicm™2,
where Voe, Isc, Pmax and FF of GaN AV cell are found to be
1.13V, 86.80 nA cm—2, 67.91 nW cm™2 and 0.70, respectively.

It is worth noting that, the PCE of GaN AV cell in this work is
the highest among all AV cells reported so far (Fig. 5a), which is
mainly attributed to the significant improvement in sensitive
region width and n.. of GaN transducer. Figure 5b presents the
PCE comparison with reported GaN RV cells with transducers
based on the structure of Schottky, PN and PIN types. It is
exciting that, the PCE of GaN AV cell in this work (red star)
is comparable to the optimal GaN beta-voltaic cell (purple
square), and the activity of radioisotope source required is four
orders of magnitude less than that of GaN beta-voltaic cell
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Table 1 Comparison of electrical characteristics of GaN AV cell with different Ey. and B; values.
Ene (MeV) A, (mCi cm—2) Voc (V) Isc (nA cm—2) Poax (N\W cm—2) PCE (%) FF
113 0.040 0.98 16.44 10.92 3.53+0.44 0.68
0.102 1.05 41.20 30.00 3.83+0.48 0.69
0.196 113 86.80 67.91 4.51+0.57 0.70
1.85 0.098 1.05 46.58 29.88 2.58+0.32 0.61
0.185 110 81.73 61.44 2.80+0.35 0.68
0.228 114 12.93 89.40 3.31£0.42 0.69
2.87 0.059 0.98 20.36 12.54 1.20+0.15 0.63
0.105 1.05 44.62 31.62 1.69 £0.21 0.67
0.218 11 92.84 67.38 1.74£0.22 0.65
a) 5 b) 5
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Fig. 5 PCE comparison with the reported radio-voltaic cell. a PCE of AV cells based on different semiconductor materials. b PCE comparison between
GaN AV cell and GaN beta-voltaic cells based on various transducer structures.

(600 mCicm~2). This is because of the energy and ionization
efficiency of a-radioisotopes are much higher than that of p-
radioisotopes, indicating that AV cells are capable to save the
weight of radioisotope sources, and expected to achieve smaller
size and higher efficiency simultaneously.

Lifetime evaluation of GaN AV cell. Since a-particles lead to
severe lattice damage to the sensitive region of GaN transducer
and even destroy the device, a systematic study on the perfor-
mance degradation of GaN transducer after He ions irradiation is
quite important for evaluating the lifetime of GaN AV cells. Thus,
a set of GaN transducers with excellent performance consistency
was selected and irradiated by He-ions emitted from the accel-
erator with the energy of 1.5 MeV at room temperature. Five GaN
transducers were exposed to different He ions irradiation fluences
of 1 x 1019 to 3 x 101> cm~2 (Fig. 6a) exhibits the a-particle height
spectra response of GaN transducers before and after He-ions
irradiation at a bias of 0 V, where the peak centroid channel of the
fresh GaN transducer was initially at 140, no change occurred at
the fluence of 1x101%cm—2, shifted to 50.76 at a fluence of
5x 10'2cm™2, and reached 24.92 at a fluence of 1x 1013cm™2.
Finally, the a-particle height spectra could no longer be recorded
as the He-ions irradiation fluences continued to increase. Fig-
ure 6b summarizes the 1. degradation of GaN transducer after
continuous He-ions irradiation. We estimate the threshold flu-
ence to disable (a quarter of initial value) a GaN transducer is
about 1 x 1013 cm~2, which is comparable to the high-radiation-
tolerance diamond transducer reported so farl3, and then the
service life of GaN AV cell is about 1500 h while carrying a-
source with an activity of 0.05 mCi cm~2. To prolong the lifetime

of GaN AV cells, on the one hand, it is necessary to improve the
PCE of GaN AV cells for reducing the activity of a-source and, on
the other hand, one needs to relieve the negative effect of
radiation damage on the sensitive region of GaN transducer.

Conclusion

In summary, we explored and proposed high-efficiency AV cell
based on GaN PIN transducer with an isoelectronic Al-doped
epilayer. An ultrahigh PCE of 4.51% was achieved with an
equivalent radioisotope activity of 0.196 mCi cm~2, which is the
highest among reported AV cells. The superior performance in
GaN AV cell is mainly attributed to the isoelectronic Al-doping.
On one hand, the unintentional doping concentration, deep trap
concentration and dislocation density in GaN epilayer was
decreased effectively. On the other hand, the width and charge
collection efficiency of the sensitive region of GaN transducer was
increased concomitantly. In addition, performance degradation of
GaN transducer after He ions irradiation at different fluences
(1x 1010 to 3 x 101°cm~2) has been systematically studied and
the lifetime of GaN AV cell (1500 h) has been evaluated. In the
future, the PCE and lifetime of GaN AV cell is expected to be
further improved by optimizing the structure and technological
process of GaN transducer. This work demonstrates an effective
way for boosting the performance of GaN AV cells, which may
promote the application of nuclear micro-batteries in extreme
environments.

Methods

Preparation of GaN transducer. The GaN epitaxial layers with p-i-n structure
were grown on sapphire substrate by metal-organic chemical vapor deposition
(MOCVD). During the growth of the GaN epitaxial layers, TMGa (650 sccm,
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1000 mbar) and NH; were used as Ga and N precursors, with a V/III ratio of about
520. First, 2 pum-thick unintentionally doped GaN buffer layer, was grown on
sapphire substrate (0001). Then, 4 pm-thick GaN N + -layer, was grown on GaN
buffer layer at 1100 °C. Silane (SiHy, 110 sccm, 1000 mbar) was used as Si source.
Then, 10 pm-thick Al-doped GaN i-layer, was grown on GaN N + -layer at

1100 °C. Trimethylaluminum (TMAI 25 sccm, 1000 mbar) was used as Al source.
Then, 300 nm-thick GaN P + -layer, was grown on GaN i-layer at 1000 °C. Mag-
nesocene (MgCp,, 300 sccm, 1000 mbar) was used as Mg source.

Then, the GaN epitaxial layers were cleaned by using acetone, isopropanol, and

deionized water for 20 min. Then, the N*-GaN layer was exposed using inductively
coupled plasma (ICP) dry etching with 11 pm etching depth. Then, the 1 pm SiO,
passivation layer was deposited on the GaN using plasma-enhanced chemical vapor
deposition (PECVD). After exposing the electrode region using buffered oxide etch
(BOE) wet etching, Ni/Au multilayer was deposited as the anode and Ti/Al/Ni/Au
multilayer was deposited as the cathode®3.

Electrical measurements. I-V and C-V characteristics of GaN transducer mea-
surement were carried out using Keithley B1505A SCS at room temperature. Charge
collection efficiency measurement of the GaN transducer was carried out by using an
ORTEC spectroscopy system found in Supplementary Fig. 2. Electrical characteristics
of the GaN AV cell under the irradiation of He ions were measured by using a
Keysight B2902A Source/Measure Unit (SMU) found in Supplementary Fig. 3.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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