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ABSTRACT

A betavoltaic cell, which directly converts beta particles into energy, is composed of a junction diode and a beta-emitting source. Because the
cells can deliver electricity over a long operation life ranging from several years to a decade, they are promising devices for applications in
remote locations such as outer space, deserts, and underground areas. Herein, we report efficient energy conversion using a diamond pn
junction. We characterized the betavoltaic performance under electron-beam irradiation using scanning electron microscopy and observed
an open-circuit voltage of 4.26 V, a fill factor of 0.85, and a semiconductor conversion efficiency of 28%. These are the best values reported
thus far for betavoltaic cells. The efficiency is close to the theoretical Shockley-Queisser efficiency limit for betavoltaic cells.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020135

Betavoltaic cells directly convert the energy of beta particles into
electricity.' The operation principle of a betavoltaic cell is similar
to that of a solar cell, except that the energy source is a beta-emitting
isotope. In betavoltaic cells, semiconductor junctions play the role of
energy conversion. These cells have the advantage of a long lifetime,
which is determined by the half-life (T;,,) of the beta-emitting radioi-
sotopes. *H (Ty,= 12 yr) and SNi (Ty,= 100 yr) are commonly
used as beta sources.” ™ Therefore, the cells can operate several decades
to more than hundred years without external energy sources, such as
sunlight, or charging. In addition, the specific energy of 3.3 Wh/Kg
was reported using the diamond Schottky barrier diode (SBD) and
Ni, which is more than ten times higher than that of commercial
fuel cells (0.1 Wh/Kg).5 Betavoltaic cells are expected to be utilized for
battery applications in remote locations such as outer space and
underground areas.

An important performance parameter for betavoltaic cells is con-
version efficiency. Olsen et al. theoretically estimated the conversion
efficiency of betavoltaic cells using the Shockley-Queisser (SQ) model”
modified for betavoltaics.” According to this model, the wide bandgap
improves the conversion efficiency and open-circuit voltage." A maxi-
mum conversion efficiency of approximately 30% can be reached on

increasing the bandgap. From this perspective, wide-bandgap materi-
als are advantageous for betavoltaic cells. Several studies on SiC and
GaN betavoltaic cells have been conducted.” " SiC betavoltaic cells
show a high semiconductor conversion efficiency of 23%, which is
more than twice that of Si betavoltaic cells.” Similarly, GaInP and
AlInP have been studied as x-ray cells coupled with >°Fe to reduce
device damage through irradiation.'”'” However, ultrawide-bandgap
materials such as diamond, AIN, and BN can further improve the
conversion efficiency.” Diamond betavoltaic cells using a Schottky
junction have been studied.”'*'® Delfaure et al. reported a high semi-
conductor conversion efficiency of 11% in diamond Schottky barrier
diode (SBD) betavoltaic cells."" Bormashov et al reported diamond
SBD betavoltaic modules with an output power on the order of
nanowatts.” However, the conversion efficiency of diamond SBDs is
far from the theoretical limit because the barrier height (~2 V) of the
SBD is less than half of the built-in potential of a diamond pn junction
(~4.5V),” which is one of the highest built-in potentials of the
semiconductor junction. Recent progress of the growth technique of
the n-type diamond has enabled a diamond pn junction.'” It has been
studied in the field of ultraviolet light emission, power electronics,”
and radiation sensing.”’ Although there is a theoretical prediction of
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the betavoltaic performance of the diamond pn junction,”" there has
been no experimental evaluation. In this study, we achieved the high-
est semiconductor conversion efficiency among the betavoltaic cells
reported thus far by utilizing the large built-in potential of a diamond
pn junction.'® The conversion efficiency was close to that of the theo-
retical SQ limit.

We formed pseudo-vertical diamond pn diodes. Figure 1 shows
the structure of the diamond pn diodes. Homoepitaxial p*, p, n~,
and n* diamond layers were grown on a {111} high-pressure high-
temperature (HPHT) type-Ib diamond substrate via microwave
plasma-assisted chemical vapor deposition (MPCVD). The B- (p-type)
and P-doped (n-type) diamond layers were grown using individual
MPCVD systems. Figure 2 shows the impurity profiles of the sample
measured through secondary-ion mass spectrometry. The thicknesses
of the p*, p, n™, and n™ layers were 2, 0.1, 1.8, and <0.1 ym, respec-
tively. The impurity concentrations were [B]: 3 x 10" cm > for the p*
layer, [B]: 2 x 10'®cm ™ for the p layer, [P]: 1 x 10'°cm > for the n~
layer, and [P]: 1 x 10°*cm ™ for the n™ layer. Highly P-doped dia-
mond was grown using a homemade CVD reactor to enhance P incor-
poration into the diamond for reducing series resistance.”” After the
growth, mesa structures were formed by inductive coupling plasma
etching with oxygen gas. Subsequently, Ohmic contacts were formed
by the electron beam deposition of Ti/Mo/Au, both on the mesa
structures of the #"-layer and p*-layers.”” The diameters of the mesa
structures and electrodes were 240 and 150 um, respectively.

Then, we evaluated the power-voltage (P-V) and current-voltage
(I-V) characteristics of the diodes under electron-beam irradiation.
Figure 3 shows a schematic of the electron-beam irradiation and one-
dimensional energy deposition profile of the electrons in the diamond.
The profile was computed using the Monte Carlo simulation code
CASINO.” For electron-beam irradiation, a scanning electron micros-
copy (SEM, FEI F80) system was used as the electron source. The mea-
surement was performed at room temperature (300 K). The electron
beam irradiation was performed under vacuum at 1.9 x 10~ °Torr.
The energy loss between the e-Gun and the sample was negligible. The
inset shows the top view of the mesa diode. Electron beams at the
accelerating voltages of 5, 10, 15, and 20kV were irradiated on top of
the n" layer. The energy of the electron beam was close to the average
energy of a typical beta source (e.g., *H: 5.7keV and Ni: 17.4keV).
Here, the maximum penetration depths of the 5, 10, 15, and 20 keV

Ti/Mo/Au electrode

(i n* - layer < 0.1 um
[P]: 1x 1020 cm?3

_ . p—layer 0.1 um
N~ [Pl 1x 10% cm-3| (i) fB]: 1yx 1018 clr‘rln‘3

pP* [Bl:3x 10" cm3

HPHT Ib{111} diamond sub.

FIG. 1. Schematic of the diamond pn diode.
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FIG. 2. Impurity depth profile of the diamond pn junction measured using
secondary-ion mass spectrometry. The solid circles represent phosphorus and
open squares represent boron.

electron beams estimated through the Monte Carlo simulation were
0.3, 0.8, 1.6, and 2.7 um, respectively. We measured the dark current
and current under electron-beam irradiation of the diode using a
source meter (Keithley 2611B). The range of the voltage and the step
of the sweep were —1 to 6 V and 50 mV, respectively. The beam cur-
rent (Irc) was measured using a Faraday cup to calibrate the current
generated in the diodes. The uncertainty of the Irc was within 0.3 pA.
Under the electron beam irradiation, electron-hole pairs and excitons
were created. The thermal equilibrium between excitons and free car-
riers was given as a function of a mass action law, exciton binding
energy, and temperature.”” At room temperature, we assumed the

n* p
electrode (< 0.1 m) 1.8 um (0.1 um)

e-gun and lens

e-beam D
= 35 T
[
S 30
2 n*-layer
€ 25
.
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FIG. 3. Schematic of the electron-beam irradiation and one-dimensional energy
deposition profile of electrons in diamond. Electron beams were irradiated on the
top of the n™ layer. The accelerating voltages were five (open circles), 10 (open tri-
angles), 15 (open squares), and 20kV (crosses). The inset shows the top view of
the mesa diode.
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FIG. 4. P-V and I~V curves of the diamond pn diode at an accelerating voltage of
15kV.

number of excitons created by electron-beam irradiation to be negligi-
ble compared with the number of electron-hole pairs.

Figure 4 shows the P-V and I-V characteristics of the pn diode
under electron-beam irradiation with an accelerating voltage (V) of
15kV. Table I summarizes the betavoltaic parameters including the
open-circuit voltage (V,,), short-circuit current (I.), output power at

scitation.org/journal/apl

Pup

FF (1)

~ IscVoc'

The FFs were 0.774, 0.864, 0.848, and 0.824 * 0.001 for V,.. = 5, 10,
15, and 20 kV, respectively. We also calculated the energy conversion
efficiency 7, as follows:™*°

s _ VocFF
100 €

2

where € is the electron-hole pair creation energy. Experimentally, the
approximate ¢ value for charged particles is 12.8-13.6eV.” >’ In our
work, we substituted e = 13 €V in Eq. (2) and calculated the semicon-
ductor conversion efficiency 7, the values of which were 25%-28% for
Vaee= 5-20kV. The highest value was obtained for V,,= 10 and
15kV. Figure 5 compares the calculated 5, with the experimentally
obtained efficiencies for Si,”’ GaAs,”' SiC,” GaN,'" and diamond. The
dashed line in the figure represents the efficiency limit calculated by
using the SQ model for betavoltaics.”" Among the semiconductors,
the diamond pn junction achieved the highest #,, which is very close
to the theoretical limit predicted by Olsen et al. In this approximation,
the ¢ values of the materials were calculated using Klein’s equation.”
In reality, wide-bandgap materials have lower € values than those
determined using Klein’s equation. By using the experimentally
obtained e value of diamond, the 75, of diamond can potentially
reach ~35%.”' To achieve this #, value, V,. should be further
improved. V,, is limited by the large ideality factor of the diamond pn
junction (n ~ 2) owing to its high resistivity. We can further improve
V, by forming n" diamond layers with low resistivity. If V,, > 4.5V,
then 7, of the cell could exceed 30%.

Further, we calculated the total conversion efficiency #n as
follows:”

1= NghNs, (3)

where 175 and 7. denote the source efficiency and coupling effi-
ciency, respectively. 14 is the fraction of electrons emitted from the
source and directed to the device. 17 depends on the electron back-
scatter coefficient and collection efficiency of electron-hole pairs
(Q) in the diode.

In this configuration, we set 7z as 100% because the electron
beam was emitted from the electron gun of the SEM. . was deter-
mined as follows:

(1 B r)IFC Vacc

the maximum point (Pyp), and fill factor (FF) under electron-beam Iggp = ————, 4)
. c . . . . €

irradiation. V,. was determined from the intersection of the I-V curve I

and x-axis. V,, was 4.17-4.26 = 0.03 V for V.. = 5-20kV, which is =7 < (5)
the highest observed in betavoltaic cells thus far. The FF was calculated EHp

as follows:”*° n.=01-rQ, (6)
TABLE . Betavoltaic parameters of the diamond pn junction diode.

Vacc. (kV) Voc (V) Isc (nA) PMP (nW) FF s (%) IFC (PA) Q (%) e (%) n (%)
5 4.17 £0.03 0.42 1.36 0.774 = 0.001 25 45*+0.3 25%7 23*6 58*1.6
10 4.23*£0.03 3.78 13.8 0.864 = 0.001 28 7.0*x0.3 73+ 4 67 4 19*1
15 426 £0.03 10.7 38.6 0.848 = 0.001 28 10.1 £ 0.3 95*3 88*+3 24+ 1
20 426 £0.03 18.1 63.5 0.824 = 0.001 27 13.2%£0.3 93 %2 862 23+ 1
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FIG. 5. Semiconductor conversion efficiency of the betavoltaic cells.”"" "' The

dashed line represents the theoretical limit (Shockley—Queisser model),”* the filled
circles represent experimentally obtained values, and the filled star represents
experimental data shown in this study.

where Ip represents the current resulting from the motion of elec-
tron-hole pairs created by the electron beam and r is the backscatter
coefficient of electrons, which was estimated using the Monte Carlo
simulation code CASINO.”* These values are listed in Table I. The col-
lection efficiency Q values estimated using Egs. (5) and (6) were
25% = 7%, 73% *+ 4%, 95% + 3%, and 93% = 2% for V.. = 5, 10, 15,
and 20kV, respectively. Furthermore, 1. values were 23% * 6%,
67% =+ 4%, 88% + 3%, and 86% * 2% for V,,.= 5, 10, 15, and 20kV,
respectively. The values of the total conversion efficiency n were
5.8% * 1.6%, 19% *+ 1%, 24% =+ 1%, and 23% * 1% for V.= 5, 10,
15, and 20 kV, respectively, under electron-beam irradiation. Because
the highest Q value was obtained at V,.,.= 15KV, the loss in charge
collection may be attributed to charge trapping or recombination in
the highly doped n™ and p™ layers. As shown in Fig. 1, 5 keV and
20keV electrons deposit approximately 40% and 10% of their energy
in the n* or p* layer, respectively. The minority carrier diffusion
length decreases when the doping concentration increases.”

To improve the total conversion efficiency, the doping profile
and layer thickness must be optimally designed for the energy of elec-
trons from beta sources. The thickness of the #n* layer must be reduced
to improve Q for low-energy electrons from *H (E,,.. = 5.7keV). A Q
value of 95% for V.= 15kV indicates that the diffusion length of the
n" layer is approximately 20 um (see the supplementary material for
the estimation process). A high ratio between the layer thickness and
diffusion length increases the Q value of the pn diode. Diamond grown
via CVD could have higher purity than compound semiconductors
because it is a single-element semiconductor. High-purity diamond
layers could improve the diffusion length considerably, thus yielding a
high Q value with a thickness of several tens of micrometers. This ena-
bles the diode to efficiently collect charge carriers generated by the
maximum energy of the electrons from the beta source (e.g., “H:
18.6keV and *Ni: 66.9 keV).

As diamond-based devices can operate at high temperatures with
low leakage current because of their wide bandgap,”* a diamond pn
diode will be suitable for betavoltaic cells used in remote sensing

ARTICLE scitation.org/journal/apl

applications under extreme conditions such as those during drilling
for oil and gas and during space exploration using spacecraft. The real-
ization of a diamond pn junction with a high open-circuit voltage and
the best semiconductor conversion efficiency reported thus far is
promising for the development of high-performance betavoltaic cells.
To develop a practical betavoltaic device, the design of the cell, includ-
ing the thickness of the beta source, structure of the device, and choice
of the resistor and capacitor, is necessary to maximize the output
power and storage efficiency.””” In the future, we intend to fabricate
diamond pn diodes with the area of ~mm?® and evaluate the conver-
sion efficiency coupled with a beta source.

See the supplementary material for the details of the estimation
of the minority carrier diffusion length and simulation parameters for
the Monte Carlo simulation code CASINO.
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