GaN Nuclear Batteries: Radiation Modelling for the
Accelerated Contact Exposure of Betavoltaics

Lance Hubbard'", Christian Cowles'*, Andrew Prichard?, Gary Sevigny?, Jesse Johns?,
Duriem Calderin Morales?, Libor Kovarik!, Erin Fuller!, Bethany Matthews!, and David
Schwellenbach

L. Hubbard, C. Cowles, A. Prichard, G. Sevigny, J. Johns, D. Calderin Morales, L. Kovarik, E. Fuller,
and B. Matthews

Pacific Northwest National Laboratory
902 Battelle Blvd. Richland WA, 99354, USA

MSIN: J4-60
E-mail: Lance.hubbard@pnnl.gov, Christian.cowles@pnnl.gov

D. Schwellenbach
Mission Support and Test Services, Contractor to US DOE, Los Alamos Office

2900 East Road, Los Alamos, NM, 87544, USA



Abstract

Betavoltaics (BV) cells (or nuclear batteries) have long-lasting power and high volumetric
energy densities that open a broad range of applications which are not currently available,
especially in low-power electronics for the internet-of-things, internal medical devices, and
harsh environments. The introduction of very low-power electronics has opened up a market
for the wide and accepted use of BV cells. As BVs have potentially decades-long useful
lifetimes and are anticipated to be used in harsh environments, a method to describe
accelerated contact aging has been developed. Monte Carlo radiation simulations show that
energy can be deposited in the interface 10-50 times faster than real-world applications.
Comparing these modeling results to accelerated aging experiments was used to develop
methods for predicting performance degradation in operating BV devices from radiation
damage over time.

1. INTRODUCTION

Gallium nitride (GaN) promises to be a vital semiconductor for applications requiring
radiation tolerance.[! Because many applications that involve radiation and
semiconductors, including betavoltaic (BV) cells, operate on decades time scales, an
understanding of the relationship between beta radiation, the GaN semiconductor, and
metal contact, needs to be gained to correctly predict and ensure operation for many
years.[12] Radiation has the potential to influence the growth of intermetallic compounds
at the metal/semiconductor contact junctions.?3! Such intermetallics are a source of late-
life failure of semiconductor devices.Bl The growth of intermetallic compounds at the
contact can alter the carrier path and extraction from the semiconductor influencing the
lifetime of the device.F!

Contact aging from beta radiation needs to be understood and accounted prior to
deployment of decade long power sources. Betawvoltacis (colloquially, “radioactive
batteries) offer an ideal testbed for contact aging from, as they are intended for a decade
or longer lifespan,i! and it is a requirement to have the radioactive source in direct
contact or nearly direct contactl! with the semiconductor. The study of radiation-induced
contact damage in betavoltaics is a good test-bed for a wider range of applications of
radiation-semiconductor modelling.

This work used a semiconductor structure made from a gold contact with a titanium
adhesion layer on an n-doped GaN layer. GaN was chosen as the semiconductor material
because of its improved radiation tolerance compared to many other semiconductor
materials, including silicon.

Gold was selected because many long-life applications use gold contacts to minimize
oxidation from environmental influences.B] Titanium was used as an interlayer for its
good Ohmic contact.l*: 31 Tritium was chosen as the radiation source based on cost and
availability.®*5! Prior work has shown that a Au-Ti-GaN structure with a tritium radiation
source is a good starting point for an initial look at accelerated contact aging. [*3-51



2. MODELING RADIATION ENERGY DEPOSITION AT THE CONTACT
INTERFACE

Two types of radiation modeling were used to determine the accelerated testing form
factor of the GaN contact. Monte Carlo N-Particle code (MCNP) and the electron
interaction code CASINO were used to determine the energy deposited and the
scatters/depth of the betas, respectively.l67]

Accelerated testing parameters are needed to determine the extent of contact damage
over decades of possible use. The baseline case for radiation-induced damage was the
corner of a linear contact (i.e. the point where a finger bar contact meets the
semiconductor). A 3D model used for CASINO computations is shown in Figure 1A.
The metal mass above the joint shields the contact — reducing the energy deposited by
radiation in the adhesive layer. Beta radiation typically only reaches the metal-
semiconductor junction at the bottom of the finger bar (the “Area of Comparison” in
Figure 1B). Although bremsstrahlung x-rays from beta interactions penetrate much
farther into the semiconductor, and beyond, that energy deposition has very low density
compared to the energy deposition density from betas near the joint area. This joint area
is the area where intermetallics induced from beta radiation are most likely to occur.

Accelerating the energy deposition relative to the finger bar case can be done by making
a planar thin film of metal (in the 10’s of nm thickness range) on a flat piece of GaN. A
computation model of this structure can be seen in Figure 1C. The betas will penetrate
the metal thin film and deposit in the interface layer, accelerating the formation of
intermetallic compounds.

Qualitatively, the increase in energy deposition can be seen by comparing the two “Areas
for Comparison” in Figures 1B and 1D. As can been seen by comparing the two figures
there is significantly more energy deposition at the interface in the accelerated testing
structure (Figure 1D) than in the baseline case (Figure 1B). Using a thin film to mimic
the contact interface region with regard to radiation damage can be done to accelerate the
radiation testing of contacts.



Area for

Comparison
Relative lMax

Energy
Deposition: =

Area for
Comparison

Relative Il Max
Energy
Deposition: [ |
position: g
||
Min




Figure 1. A) 3D model of a metal finger bar contact on a GaN semiconductor. B) Relative energy deposition graph of
the finger bar with the comparison area marked out. C) 3D model of a thin metal film used for accelerated testing. D)
Relative energy deposition graph of the accelerated thin-film stack with the comparison area marked out.

Accelerated testing of this interface may also be influenced by the energy of the particles.
As can be seen in Figure 2, the blue box contains the comparative energy of the beta
strikes in the baseline case. The red box shows the next most likely location where there
is a similar energy distribution of betas. The location of the red box in Figure 2 was
selected for the interface region of the accelerated testing structure, which is a metal film
depth of 60-70 nm on top of the GaN. The contact was made of 50 nm of Au on 10-20
nm of Ti, this was done based on a likely adhesion layer of Ti and the balance of gold.
The metal film thicknesses were selected in order to best ensure a similar energy
spectrum while maximizing the energy deposition of the radiation relative to the baseline
case. The metal thicknesses were then used in MCNP to quantitatively model the energy
deposition based on structure.
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Figure 2. Particle hits vs. depth into Semiconductor

Energy absorption modeling determined the increased energy deposition of the
accelerated structure vs the baseline case. Table 1, shows the energy values of the
interface regions (+ 10 nm from the interface) of both cases as well as the ratio of their
energy deposition. The energy deposition values are given for two cases: that of
exposure to 50% tritiated water, and a 10 keV accelerator beam. Two likely
experimental cases of radiation exposure were simulated with MCNP and their energy
deposition results reported in Table 1.

As can be seen in Table 1, the accelerated case with tritiated water accumulates about
eleven times more energy per disintegration than the baseline. Using a monoenergetic
source (i.e. from an electron beamline) of 10 keV, a more than fifty-fold increase in the
energy absorbed can be achieved. These two values can then be used to “speed up” the
energy deposition onto proposed metal contacts, leading to increased radiation-induced
effects (i.e. increased aging).



Table 1. The deposition of energy in the interface by 2 types of beta radiation, the full energy spectrum from
tritium and from an average 10 keV electron beam

Interface Energy

Interface Energy Deposition from 10 keV

Model Case Deposition from Tritium electron
[keV/g/disintegration] [keV/g/disintegration]
0.00579 £ 0.00479 £

Baseline 0.00006 0.00005
0.0649 + 0.260 +

Accelerated 0.0007 0.003

The ratio of 112402 543+12

Energy

Deposition

3. CONCLUSION

Monte Carlo modeling has been used to determine the acceleration of energy deposition
between two contact structures. The modeling can be used to help determine the energy
and duration of accelerated contact experimental exposures. A likely materials stack was
selected for modeling, as well as the most cost-effective isotope.B! Two likely
experimental cases have been shown to have drastically different accelerated energy
depositions into the contact interface region. Application of this modeling strategy
allows for the determination and experimental design of accelerated contact aging by
radiation dose, specifically the formation of intermetallic compounds at the contacts.
The modeling strategy is a first step in understanding the design of semiconductor
devices that will operate on decade’s time-scales, helping to ensure the successful
deployment of betavoltaic systems.

4. MODELING METHODS

Casino code:

The model structure was built on a 10-micron square slab of GaN with a set of metal
contacts placed on the top surface (incident to the radiation). The thickness of the metal
layers varied from 20 nm to 50 microns depending on the simulation. The composition
of the contact was gold with a 20 nm thin Ti interlayer. The built-in meshing tool was
used to create the meshes and the radiation was then added.

The electron radiation was set in the millions of particles (1e6 particles, typically), with
energy varying from 1-18 keV (the spectral range of tritium). Interaction data was
conserved for each particle and the shine was set to a circle covering the entire top
surface of the mesh. The radiation was set to come in at an angle of 40° based on MCNP
results for the tritium beta source. The simulations were then run and compared to each
other and MCNP results.

MCNP code:



The MCNP models of the GaN BV cell were composed of many thin layers (10 nm to
1,000 nm) of gold, titanium, and GaN on an aluminide backing with a water source
material. The source included 40 layers of 250 nm thick water to account for
contributions from different distances from the device. The final layer of water was
reflective to approximate the radiation source beyond the 40 layers. The source particle
were betas with a tritium energy distribution and isotropic directional distribution. Betas
and photons were tracked through the entire simulations. The F1 tally was used to track
radiation currents, and the F6 tally was used to track energy deposition. Models were
built and simulations performed for both the bulk and edge regions of the BC cell.

The MCNP results were summed over the regions of interest (near the titanium layer) for
each of the 40 source term cases to calculate the total energy deposition and particle
currents with fine resolution within the regions of interest.
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