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GaN, with its wide bandgap of 3.4 eV, has emerged as an efficient material for designing high-
efficiency betavoltaic batteries. An important part of designing efficient betavoltaic batteries
involves a good understanding of the full process, from the behavior of the nuclear material and the
creation of electron-hole pairs all the way through the collection of photo-generated carriers. This
paper presents a detailed model based on Monte Carlo and Silvaco for a GaN-based betavoltaic bat-
tery device, modeled after Ni-63 as an energy source. The accuracy of the model is verified by
comparing it with experimental values obtained for a GaN-based p-i-n structure under scanning
electron microscope illumination. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4930870]

I. INTRODUCTION

While electronic devices and battery size requirements
have been continually shrinking over the last several deca-
des, energy density requirements have steadily been increas-
ing at the same time. Classic, chemical-based batteries
unfortunately do not scale well with size, and thus do not
perform well when shrunk down to power micro-sized devi-
ces. Additionally, these batteries have comparably short life-
times, or must be constantly recharged.

Nuclear batteries can provide a high energy density with
a long half-life (100 years for Ni-63 (Ref. 1)), and thus do
not need to be refueled or recharged as often. Ni-63 beta par-
ticles are stopped within several micrometers of travel
through solids and, thus, batteries designed with this fuel
source can be easily and safely packaged with minimal
danger.

Theoretical research into using GaN as a betavoltaic bat-
tery has been undertaken over the past few decades.
Polikarpov and Yakimov? published simulation results for
Ni-63 like particles with a Scanning Electron Microscope
(SEM) at various angles into the material and found the
energy loss at various depths within GaN and Si.
Simulations done by Zuo ef al.®> were done with Ni-63 and
Pm-147 on GaN and Si materials, showing expected voltages
and currents. Additionally, San et al* published simulation
results on a Ni-63 Schottky GaN device, estimating it could
achieve a Power Conversion Efficiency (PCE) of 2.25%. In
addition to GaN-based betavoltaic batteries using Ni-63, the-
oretical research has also been done using various other radi-
oactive materials>® and semiconductor materials,L9 with
expected performances ranging from poor (high electron-
hole pair recombination rates) to nearly 5% efficiency.
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Similarly, experimental research has also been done in
this field. A group comprised of Lu er al.'® created a GaN-
based PIN device that boasted a PCE of 1.6%. Devices using
iron-doping of the intrinsic region of a GaN-based PIN simi-
larly yielded results ranging from 0.98% to 2.7%.''™"?
Likewise, Ni-63 experimental research using non GaN-based
materials have been performed,"'*' yielding potentially
promising results after changes could be possibly made to
the designs in the future.

An important part of designing devices is having a deep
understanding of how the processes involved in the device
will work. In order to effectively design a betavoltaic battery,
the processes involved beginning from the behavior of the
nuclear material all the way through the current extraction
from the device itself must be well understood. Currently,
there are no comprehensive publications that detail this full
process, while additionally verifying the mathematical mod-
els via experimentation to ensure accuracy. In this paper, we
will show the process of representing all of the involved phe-
nomena relating to betavoltaic batteries, including emission
from the radioactive source, losses through contact metals,
absorption into the semiconductor materials, and collection
of betacurrent through contacting pads while taking parasitic
resistances into account. This design procedure will allow us
to take any given PIN device and predict the real-world per-
formance of the device under beta particle bombardment
(Ni-63), given only the I-V characteristics and physical prop-
erties of the device (such as the p/i/n region widths and dop-
ing levels).

In the following sections, we will detail the process.
Section II will discuss the model, including specifications of
the physical device that we sought to mimic, a SEM model
detailing the behavior of injected electrons, and carrying this
SEM model into a device model to predict the real-world
electrical behavior and performance assuming the device

© 2015 AIP Publishing LLC
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was perfect (no defects or parasitic resistances). Section IIT
will then describe the modeling of device defects as an ideal
diode and series/shunt resistances and will discuss how this
final model matches up with the experimental data per-
formed with a real device under SEM current injection in
order to verify the accuracy of the model. Finally, in Section
IV, we will describe how to use the model in order to help
design a betavoltaic device and estimate the real-world per-
formance of such a device.

II. MODEL
A. Device structure

In order to create an accurate model, a real-life device
had to be emulated. In Figure 1, we can see the 4 mm x 4 mm
area PIN device used for experimental analysis. It includes a
40nm current spreading layer on top of the device (20 nm of
gold and 20nm of palladium). This is followed by a 150 nm
p-GaN region (carrier concentration of 5 x 10'"/cm ) and a
600nm i-GaN region (estimated to have an unintentionally
doped carrier concentration of around 3 x 10'%cm™?). The
rest of the device is n-type GaN with a carrier concentration
of around 3 x 10"¥/cm™>.

The inset shows a SEM image of the actual device from
the top view along with contacting probes touching the n-
contacts and p-contacts. The p-GaN mesa is also highlighted
and can clearly be seen in this image.

Figure 2 shows the experimental device under an optical
microscope. Clearly visible are the n-GaN contacts and large
p-GaN contact. The dark gray pad for the p-GaN contact is
also visible around the p-GaN contact, while the p-GaN
mesa shows the separation between the p-GaN and n-GaN
regions.

B. Ni-63-like beta particle emission

The first part of the model deals with mimicking Ni-63
emissions with an e-beam current. Since the e-beam can only
emit at a single electron energy, we had to choose which
energy would most accurately represent the energy of beta
particles coming from Ni-63. It is well known that the most

0o

p-GaN (5e17 cm?) 150 nm

i-GaN (3e16 cm™)

GaN - STN (3¢18 em?) |4
&
p-GaN
mesa

FIG. 1. Experimental device structure. Inset: SEM image of device with n-
GaN and p-GaN probes, as well as p-GaN mesa.
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FIG. 2. Photograph of experimental device.

probable energy released from Ni-63 is around 17 keV and
quickly declines in probability when the energies fall outside
the range of 5 keV and 50 keV.’

As can be seen in Figure 3, a Probability Density
Function (PDF) of the electron energy absorption profile was
calculated based on the CASINO 2 Monte Carlo simulations
for 17 keV.'® The integrated area under the curve for a given
depth range provides the percentage of electron energy that
is absorbed in that depth range, and the area under the entire
curve (including the 40 nm metal spreading layer, not shown)
will add up to 100%. Note that this does not take into
account backscattering of electrons off of the sample surface;
the e-beam source currents used in this paper are the speci-
men currents, which ignores the effects of backscattered,
secondary, and transmitted electrons.

Electron energies absorbed within the 40 nm of metal
spreading layer are assumed to be lost, and so are not
included in the absorption model (though they account for
8.6% of electron energy absorption). This absorption model
was then later used in the device simulations to determine
the electron-hole pairs that would be generated from such a
profile (and consequently the current that would be gener-
ated). We can see here that around 22% of the energy is lost
from penetration through the metal spreading layer (not
shown) and p-GaN regions (8.6% and 13.7%, respectively)
of the device, while 51.4% of the total energy will fall within
the intrinsic GaN region. The remaining 26.3% of the energy
is lost in the n-GaN region and substrate.

= 045y
& —MC Electron Abs PDF 1
%’ —=—Gaussian Fit 1
> 3 ]
gﬂ.?j:; En
% E % 1-GaN (51.4%) n-GaN (26.3%) E
5 |4 |
8 0.0sF ]
w e i i v = el o e A
0 500 1000 1500 2000
Depth (nm)

FIG. 3. Electron energy absorption PDF at 17 keV SEM, first 40 nm of
spreading layer not included.
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Figure 4 shows the distribution of beta particle energy
absorption in certain regions of the device versus electron
energy. As expected, lower electron energies are almost
completely absorbed by the current spreading layer, while
electron energies from around 10keV to 22 keV are predom-
inantly absorbed within the i-GaN region of the device.
Higher electron energies, above 22 keV, are lost to absorp-
tion mostly within the n-GaN region of the device. Note
again that this figure does not show losses due to backscatter-
ing from the device surface but is intended to show which
regions of the device are absorbing the most amounts of
energy at different electron energies.

C. Mapping beta particles to photons

Now that a model of the behavior of beta particle-like
absorption into the GaN PIN had been created using Monte
Carlo simulations, detailed device model simulations had to
be done.

For the device simulations, we used Silvaco TCAD soft-
ware. Parameters to use in the simulation for the GaN mate-
rials involved were taken from Mnatsakanov et al.'” and
Vurgaftman and Meyer.'® All other parameters for the simu-
lated device were taken from measurements made directly
from the experimental device (minority carrier concentra-
tions, region thicknesses, etc.).

Based on literature,19 it has been shown that for GaN-
based materials, the maximum betavoltaic current efficiency
is approximately 27%. Because the device simulations do
not take this into account (it assumes the particles are pho-
tons, whose frequency we have chosen to be optimal for
absorption in GaN), we multiply the efficiency of the device
by 0.27.

Finally, an absorption profile for the SEM electrons
needed to be imported into Silvaco software for device simu-
lation. Because this software does not support beta particles
but only photons, the absorption model of the electrons had
to be accurately mapped to the photon model in Atlas. In
order to achieve this, a PDF was fitted to the Monte Carlo
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FIG. 4. Distribution of electron energy absorption versus electron energy
across various device regions.
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simulation data from Figure 3, represented mathematically
in the following equation:

1 N2
Absorptionrate ~ A X e (— %) ;D

where y is the vertical depth down into the GaN material in
nanometers, u is the mean value for our PDF (256.53 nm),
and o is the standard deviation (576 nm). Note that this equa-
tion gives us the shape of absorption and an arbitrary magni-
tude. The magnitude is determined based on the expected
device efficiency (for a perfect device) with losses due to the
current spreading layer (already taken into account previ-
ously, ~8% loss), beta particle efficiency, and losses in the
p-GaN and n-GaN regions (whose electron-hole pairs will
predominantly not be successfully collected).

lll. MATCHING MODEL TO EXPERIMENT

In order to calibrate the simulator, the simulations need
to be matched against real-world experimental results. We
can estimate the power efficiency of a perfect PIN device
with e-beam penetration at 17 keV at this point

Max. power efficiency = 0.514 x 0.27 — 0.1388, (2)

where 51.4% is the amount of electron energy falling within
the i-GaN region (which has the potential to be collected, as
described in Section IIB) and 27% is the maximum betavol-
taic current efficiency for GaN (as described in Section 11 C).
This leads to a highest possible PCE of around 14%, not tak-
ing into account device defects/traps and contacting deficien-
cies (which will be taken into account later).

The device simulations are run with perfect, defect-less
device materials, while scaling the magnitude of the absorp-
tion rate given in Eq. (1), until the simulation results give the
device efficiency predicted in Eq. (2). At this point, defects
and traps can then be added to the model (if they are known)
in order to better calibrate the expected device performance.
The corresponding dark and illuminated I-V curves from the
simulated device will next be used for our series and shunt
resistance model, allowing us to model the effects related to
contact inefficiencies.

A. Series and shunt resistance model

In order to better take into account defects introduced
into the device by recombination and issues introduced by
the contacts, the ideality of the real-world version needs to
be matched to the simulated device. We used this informa-
tion to scale the simulated dark I-V curve to more accurately
mimic the experimental device using the following ideal
diode equation:

q xVvd
Id =1Is x — | =1/, 3
g {eXp<nxk><T) } ®)
where Is is the saturation current, q is the electron charge, n

the ideality factor, k is Boltzmann’s constant, and T is the
temperature (300 K).
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FIG. 5. Single diode series and shunt resistance model.

Additional defects are introduced by the contacts that
can be modeled as shunt and series resistances that were not
already taken into account with the ideality factor (n), as can
be seen in Egs. (4) and (5) and Figure 5

Vd
I=1Id+—, 4
+Rsh @
Rs
_ i . 5
Vv (1+Rsh>><Vd+Id><Rs o)

Here, Rs represents the total series resistance of the de-
vice, Rsh is the total shunt resistance, and Id and Vd are the
ideal IV-curve current and voltage, respectively.

The results of this model match up well with effects
previously described in literature,”® where the shunt resist-
ance has a large impact in the lower voltage range, while
effects due to series resistance dominate in the higher vol-
tages (although we obtained the model by first modeling the
device as an ideal diode with measured ideality and then
applied the series and shunt resistance models). The thresh-
old voltage drop with increasing series resistance also
matches up well with literature studying the effects of these
resistances.”!

Note that this model can be further refined by using a
two- or three-diode version instead of only one diode (as in
Figure 5), depending on the level of accuracy needed for the
IV-curves. Additionally, an illuminated model can be made
even more accurate by matching it to experimental IV-
curves under similar-power illumination (such as SEM illu-
mination to improve the quality of a Ni-63 model).
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FIG. 6. Dark I-V fitting curves—simulated vs experimental data.
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B. Experimental data and model comparison

In Figure 6, we see the original, device simulation IV-
curve as the dashed blue line. The red, dashed line is the ex-
perimental dark I'V-curve with the device undergoing no beta
particle bombardment, while the solid red line is the ideal
diode equation scaled to take series and shunt resistances (of
9.4 Q and 1.1 MQ, respectively) into account. These values
were specifically chosen to best fit the experimental results.

Now that we have created a model that also reflects the
inefficiencies introduced by the contacts, we can model the
beta-illuminated conditions of the device. The simplest way
to do this is to take the predicted Isc by the device simula-
tions for a given input power and combine it with the series
and shunt resistance model’s dark I-V curve, as described
previously.

These simulation results can then be compared to results
obtained experimentally. For the following experiments, the
sample was mounted onto a commercial holder with two
probes for the e-beam bombardment measurements. The
probes on the sample were connected to an output circuit
with a Keithley 4200 for measuring the I-V behavior of the
device during bombardment. Several beam energies were
tested and the ones with values close to Ni-63 were then
selected, as presented in Figure 7.

Here, we can see the green dashed line is the experimen-
tal IV-curve with 7.3 uW of energy introduced via e-beam
(at 17 keV), the blue dashed line is experimental with 29
uW, and the purple dashed line is experimental with 80 uW.
The solid, colored lines are the final, simulated approxima-
tions of the device for each respective input energy. The
dashed gray line shows the raw device simulation data for 80
uW of power introduced, which assumes a near-perfect de-
vice, before the resistance model is added—compare this
with the solid, purple line, which additionally adds the series
and shunt resistance model.

We can also see this expressed numerically in Table I.
In the ideal simulated diode (directly from the device simula-
tions), we have a high open-circuit voltage mainly because it
has no defects at all, not even from parasitic resistances in

T I T T T T I_I I_ T I_I T T T
ice simulation - 80 uWW+
~®-Experimental - 7.3 uW_ ]
-=-Experimental - 29 uW d
~e-Experimental - 80 uwW = |
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FIG. 7. Comparison of modeled illuminated curves and experimental illumi-
nated curves. Device simulation illuminated curve at 80 uW provided for
comparison to resistance model.
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the contacts. We can see the difference after adding the
ideality and resistance models to the ideal simulated diode,
where the open-circuit voltage drops from 3 V to 1.3 V. Both
the experimental and simulated resistance models expect
around 4 pA at 0 V applied to the device and 80 uW of
power from the e-beam. With an open-circuit voltage of
around 1.3 V, the model and experiments show a device
power expected to be over 2 uW (and thus an efficiency of
around 3%).

IV. USAGE OF MODEL IN PRACTICE

Now that we have shown all of the simulated pieces
from electron emission to betacurrent collection from the de-
vice, we will now describe the process of using this full
model to aid in the designing of a betavoltaic device.

A. Choose illumination/absorption model

Using Monte Carlo simulations, a good estimate of the
electron absorption behavior can be determined for a given
material. In this paper, we discussed SEM injection of 17
keV electrons straight down into GaN material and provided
an absorption profile from these simulations (see Eq. (1)).
This process can be repeated for other materials (e.g., silicon
or SiC) to obtain their respective profiles, depending on
which materials are to be used for the desired device. In this
paper, we also mention usage of a Ni-63 model, which will
be discussed in detail in a future paper. Using this Ni-63
model, for instance, a good estimate for Ni-63 absorption
into a device can be determined without needing to perform
expensive and burdensome Ni-63 tests experimentally.

B. Build device model

Now that an absorption model has been chosen, this
model can be put into device simulation software. A pro-
posed device can be constructed in Silvaco with a desired
material and dimensions and, when coupled with this beta
absorption profile and material efficiency (as discussed in
Eq. (2)), an accurate Isc value can be obtained. Note that this
will not give an accurate device Voc (and thus the I-V curve
will also not be accurate) because this model assumes a near-
perfect device with no major defects or parasitic resistances
(though they can be included if an even more accurate Isc
value is desired). If a full I-V curve and Voc are required, we
must continue to the next step.

TABLE I. Illuminated electrical characteristics at 80 uW power deposited in
the sample. “Sim—Ideal” shows the expected performance based on device
simulations, “Sim—Res” is after the resistance model has been applied to the
device simulation model, and “Exp” is the experimental results.

J. Appl. Phys. 118, 105101 (2015)

C. Get I-V curve experimentally from similar device

To get accurate Voc and I-V curve shape, we first need
an experimental dark I-V curve from a similar device to
what was obtained in the device simulation design. This can
be done by custom-growth of the simulated device or by pur-
chasing an already-prepared device commercially. The im-
portant factor is that the device will have the same material
and contact properties as the final betavoltaic device. The
model can be even further refined if light or SEM bombard-
ment is done on this device and experimental I-V curves are
taken for various power levels, allowing various types of
absorption models to match even more closely for the model.

D. Use resistance transformation

In order to aid in better fitting the experimental and simu-
lated curves to each other, the I-V curve data can be modeled
using the ideal diode model described in Eq. (3)) via a best-fit
method. This step will allow us to take into account device
inefficiencies via the ideality parameter. Finally, using the re-
sistance transformation provided in Eq. (4), convert the dark
Silvaco-based I-V curve diode model into the dark experimen-
tal I-V curve diode model, resulting in Rs/Rsh value estimates
and a good estimation of the I-V curve for the device under
the chosen illumination/absorption model. The end result here
is that we now have an I-V curve that matches a particular de-
vice and can also accurately predict the Voc and Isc values for
the chosen illumination/absorption.

E. Ni-63 absorption model example

Using the Ni-63 absorption profile—to be released in
more detail in a future publication—under 13.6 uW of power
(5 GBq of activity) instead of the SEM profile, we get the
results seen in Table II. This model assumes a stacked PIN
design with energy collected in both a top and bottom PIN
device; it was created by compiling various Monte Carlo
simulations of differing electron emission angles and ener-
gies in order to best match the emission profile and behavior
of Ni-63 as possible. This model takes into account backscat-
ter off of the sample surface, as well as the self-absorption of
electrons within the Ni-63 source. With an ideal diode (no
defects or parasitic resistances), we expect a high open-
circuit voltage of 2.95 V, while this drops to only 0.44 V
when we add in defects due to ideality and parasitic resistan-
ces. This is responsible for dropping the efficiency from
5.7% to only 0.5%, resulting in an output power of around
68 nW.

TABLE II. Illuminated electrical characteristics with simulated Ni-63
source at 13.6 uW power.

Sim-Ideal Sim—Res Exp Sim-Ideal Sim-Res
Isc (nA) 4.34 4.34 4.03 Isc (1nA) 0.28 0.28
Voc (V) 3.03 1.3 1.3 Voc (V) 2.95 0.44
Device power (uW) 12.43 2.34 2.33 Device power (£W) 0.78 0.068
Fill factor (%) 94.5 415 444 Fill factor (%) 94.3 54.7
PCE (%) 15.54 2.93 291 PCE (%) 5.7 0.5
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TABLE III. Illuminated electrical characteristics with Ni-63 source at 50
nW power.

13

Sim—Ideal Sim—Res Exp
Isc (pA) 617.6 617.6 568
Voc (V) 2.58 1.7 1.64
Device power (nW) 1.59 1.05 0.93
Fill factor (%) 54.8 54.3 53
PCE (%) 1.74 1.14 0.98

Next, the model was matched to an experiment done by
Cheng et al."? in order to test its accuracy with a device that
experimentally underwent Ni-63 bombardment. This experi-
ment was chosen in particular, because it matches closely to
the specifications of the project that we are working on and
developing a device for and is taken as state-of-the-art for
GaN-based, Ni-63-sourced betavoltaic batteries.

In Table III, we see that, after our resistance model is
applied to the device simulations of their device, the model’s
expected efficiency is 1.14%—only 0.16% higher than the
experimental efficiency of 0.98%. Note that, since the mate-
rial properties related to the iron doping of their intrinsic
region were not fully detailed, values from literature®>*
were used instead. The electron mobility of their iron-doped
material was also assumed to be state-of-the-art quality,
which explains why the model overestimated the expected
short-circuit current and thus device power.

V. CONCLUSION

In conclusion, we have demonstrated a betavoltaic
model that involves emission of the most probable beta parti-
cle energy from Ni-63 (17 keV) directly into a GaN-based
PIN device. The model takes into account losses through
contacting metals, losses by energy absorption efficiency of
electrons into GaN-like materials, losses due to electron-hole
pairs that are created outside of the intrinsic region of the de-
vice, and defects due to recombination and parasitic resistan-
ces (ideality factor and series-shunt resistances).

We have demonstrated that the model matches well with
experimental results of a fabricated device in dark conditions
and under SEM-illumination. We have also demonstrated
that the model matches well with Ni-63 bombardment results
from literature. In the end, we expect that the device could
operate with an efficiency and short-circuit current that are
within a 10% margin of error.
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