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1. Introduction

The US Army’s status as the most technologically advanced fighting force in the
world is achieved by making the most out of what is generally available.
Americium-241 ([>*!Am], the isotope in smoke detectors) is one of the most widely
available and affordable sources of alpha radiation. *!Am has a half-life of
432 years, enabling long-lived power and high energy density for sensors and
communications devices located in remote or harsh environments. The regulations
for shipping and handling 2**Am are well documented and understood. In addition,
the activity levels that meet all of the Nuclear Regulatory Commission and
Department of Transportation regulations are large enough that it is practical to
develop a 10 mW/cm?® power source and handle units logistically through
commercial transport.! We then designed an energy converter using *!Am in a
diamond p—/p+ diode that achieved 10 mW/cm?®.

The US Army needs a power source for applications that addresses the need for
battlefield awareness, ubiquitous sensing in remote locations, and DARPA’s
Internet of Things low-draw sensor networks that increase soldier survivability
through omnipresent threat-detection capabilities. These sensors need to be
powered for decades with high enough energy densities for scalability. Alpha-
voltaic energy converters provide higher energy densities than any other power
source. Figure 1 is a Ragone plot? with energy density plotted against power density
and output time. “A” and “B” on the chart refer respectively to a 100-uW beta-
photovoltaic (BPV) that was developed and a 10-mW BPV that is currently being
developed.

The Ragone plot shows that alpha decay energy density is 3 orders of magnitude
greater than most beta decaying isotopes. It is expected that alpha-voltaics can be
designed to have greater than 100 times more output energy than beta-voltaics
assuming a 10% conversion efficiency. With a shorter range, a radiation with
energies under 10 MeV also avoid complicated scattering occurring with
interactions.® One consequence of the pursuit of a much higher energy radioisotope
is that its radiation damage to the energy conversion material must be investigated;
the radiation damage from 5-MeV a particles is greater than from the 20-keV
particles commonly used in beta-voltaics and BPVs.
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Fig.1  Alphaisotopes provide increased energy density over existing beta-voltaics

1.1 State of Art of Diamond Electronic Devices

Research into diamond growth and device manufacturability is not up to par with
current knowledge of silicon, gallium nitride, etc. devices. Interest in diamond is
being generated due to diamond’s wide band-gap, small lattice constant, radiation
hardness, high carrier mobility, and low leakage current among other factors. Other
wide band-gap materials have also demonstrated considerable radiation tolerance.
It is known, for example, that gallium nitride (GaN) can take at least 2 orders of
magnitude more dose than the maximum doses in gallium arsenide (GaAs).

Work has been done to determine diamond semiconductor characteristics such as
Schottky contact material, charge collection efficiency (CCE), and device
degradation. Some examples of this work include Tarelkin et al.> who found that,
for low-energy electrons, all popular configurations of Schottky regions
demonstrated at least 90% electron-hole pair (EHP) collection. This study also
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correlated higher efficiencies with higher radiation energy, reaching near 100%
collection efficiency.® Another study determined the theoretical maximum
efficiency of a silicon carbide alpha-voltaics energy converter to be 3.6%. It stated
that alpha-voltaics have a higher maximum efficiency than beta-voltaics because
alpha energy deposition scales well with all energy converter dimensions.®

1.2 Energy Conversion Devices

Previous research with energy conversion devices has led to multiple insights for
the optimization of output power efficiency, power density, and device
configuration. Michigan State University (MSU) designed several diamond energy
converters in vertical and pseudo-vertical configurations.” Pseudo-vertical, or
quasi-vertical, configurations consist of active semiconductor layers grown
vertically differing from vertical devices with the placement of both metal contacts
on the top side of each layer. MSU’s diamond energy converters used p—/p+ boron
doping with a Schottky contact. Kone et al.® modeled and developed a p-type
diamond Schottky diode quasi-vertical device citing the lack of efficiency of n-type
doping in diamond. The demonstrated device shown in Fig. 2 came with predicted
outputs of 1 200 A/cm?, but found evidence pointing to an excess of defects in the
bulk. It was suggested to improve the device by increasing the p— layer. Kone’s
team still awaits more precise measurements to match the modeling predictions.®

Schottky contact

p- layer (~0,5 pm)—

pt layer (1,5 um)}— —
Ohmic contact —_

HPHT Ib (100) diamond
Substrate

Fig.2  Schottky barrier diode (Kone et al.)®

Bormashov et al.® fabricated a Schottky barrier diamond diode that achieved 120
W-hr/kg with a ®Ni beta source, but they only achieved a total efficiency of 0.6%.
When they applied a 2%Pu o source they achieved their maximum output power of
2.4 nWi/cm? before measuring a 50% power loss after 10 hours. To remedy this,
Bormashov suggested optimizing the diode dimensions to stop the alphas in non-
active substrate layer; the damage to the device occurs at the end of the o range.

Various researchers have approached the a-based isotope energy converter
challenge by employing a-photovoltaics. In a-photovoltaics, the ionizing radiation
interacts with a phosphor to release photons. Then, solar cells capture the photons
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and convert them into an electrical current. A 2®Pu a-photovoltaic power source
was developed using AlGaAs that achieved an 11% efficiency and a 21-uW power
output.!® The device only lost 19% of its radioluminescence from a dose of
26.3(107) J/kg corresponding to 411 h of continuous operation.

Other efforts in energy conversion were conducted by Cress et al.!! and Prelas et
al.1? Cress et al. extended the lifetime of an InGaP a-voltaic energy converter 10
times by growing an intrinsic layer in which the alphas were deposited.!* They
achieved 36.3% CCE with 0.141 mCi/cm? o decaying isotope. Prelas et al. predicted
44.2% of ionization energy going to EHP production and a 0.3% maximum
efficiency of diamond Schottky barrier energy converters. Prelas et al. said that the
limiting factors to nuclear batteries were getting a good match between the range
of the ionizing radiation in the material and the dimensions of the energy converter
and optimizing depletion region width.*2

1.3 Isotope Availability and Safety

Select a-emitting isotopes used in energy conversion devices are available and
ubiquitous. Isotopes that decay by a emission are used in a variety of industrial
applications. Pacemaker batteries made with plutonium-238, radon-226, palladium-
103, and cesium-131 are used in cancer treatments,' and 2*Am is used in smoke
detectors.

Smoke detectors are a very productive use of radiation in our homes. Americium-
241 a particles ionize the air between 2 charged plates, completing a circuit. Smoke
particles enter the ionization chamber and drop the current, which triggers an alarm.
This process is going on across the globe safely due to the short range and lack of
penetration from alpha particles.** Alphas propagate in air only approximately 4 cm
and only up to approximately 50 um in human tissue. While they are dangerous if
ingested, alpha particles cannot penetrate human skin.

2. Background of Alpha Interaction with Matter

Using a diamond wide band-gap semiconductor, alpha-voltaic batteries hurtle
contemporary power-weight ratio limitations and provide a long-term solution for
low-energy applications. Radiation (e.g., with a’s) affects the power source’s life
and conversion efficiency. Alpha particles are a heavy, doubly charged energetic
particle given off by isotopes to become more stable. With their double charge,
alphas interact primarily with electrons and stop at well-defined locations. After
transferring their energy to freeing electrons, alpha particles slow down enough to
bond with 2 electrons and become the neutral element helium.®®

Approved for public release; distribution is unlimited.
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2.1 Alpha Energy Loss

There has been research dealing with semiconductor radiation hardening for the
space environment, a cosmic cocktail of high-energy radiation.’®* The
magnetosphere contains 85% protons, 14% a particles, and 1% heavy ions radiating
in isotropic form. The van Allen belts consist of an inner belt of protons up to
600 MeV and an outer belt of electrons.* However, due to the earth’s magnetic and
atmospheric shielding, US Army terrestrial sensors using radioisotope batteries
would not be subjected to the high levels of radiation found in space. There is not
as much work on the damage effects of terrestrial, low-energy, long-term radiation.

lons are stopped in materials in 2 ways; ionizing and nonionizing energy loss
(NIEL) to the material. For alphas under 10 MeV, stopping power is primarily
through electron-screened Coulombic interactions, making for predictable damage
calculations.® In semiconductor materials, a particles released by **Am deposit
energy through the Coulombic attraction of electrons in the target material
(ionization). Giving off ionization energy slows down the alpha and creates
energetic electrons, or delta rays. The delta rays have more than enough energy to
leave the atom, so they leave and ionize clusters of electrons nearby.!” Through
ionization, a’s impart 99.8% of their energy to diamond and GaN (as shown in
Fig. 3). The alphas release the last 0.2% of their energy in phonons as NIEL.

NIEL occurs when an a particle or a displaced atom collides with a lattice atom.
Either collision will impart all or some of its energy to the target atom. If this energy
imparted (Eo) is equal to or greater than the lattice displacement energy (Eqd) (i.e., if
Eo > Eq), then the atom is displaced and the lattice binding energy goes into photon
creation. Otherwise, if Eo is less than Eq, the target atom vibrates in place and sends
a wave through the lattice. This wave is known as a phonon.*®

Energy
Interaction
Mechanisms
Non-lonizmg&
lonizing
Recoil \ o
Phonon Impact lonization
Vacancy (Coulombic

interactions)

Fig. 3  Alpha interactions with matter are divided into ionizing (99.8%) and nonionizing
(0.2%) events for a on diamond
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2.2 Materials Damage

lonizing energy promotes electrons to the conduction band of semiconductors and
does not damage the material. NIEL, however, causes damage to the material’s
lattice structure. NIEL consists of Coulombic elastic, nuclear elastic, and nuclear
inelastic interactions that have primary knock-on interactions and produce
phonons.!® These first nuclei to interact leave their place in the lattice and collide
with many more nuclei until their energy drops below the lattice displacement
energy threshold. At lattice defects sites, the charge carriers (electrons, holes) are
trapped and the charge collection efficiency is thus reduced.?

Alpha particle NIEL damage mechanisms are vacancy creation, displacements, and
creation of phonons in the target. Vacancies are empty locations in ordered lattice
structures causing inward relaxation stress, displacements are atoms displaced in a
lattice causing outward relaxation stress, and phonons are vibrations in the lattice
that can cause damage or help recombine defects. Frenkel pairs are formed by an
interstitial leaving its lattice location and leaving a corresponding vacancy.?:

Linear energy transfer (LET) by ionizing radiation is equivalent to the energy
deposition. The LET by ionizing radiation to the material is calculated by

= (@) T (@) @

where (dE/dx)col is Coulombic interaction energy transfer, and (dE/dX)rad is nuclear
interaction energy transfer.® Manipulation of SRIM vacancy data and range tables
showed most of the nuclear interactions (NIEL damage) occurring at the Bragg
peak. The atom displacements plotted alongside recoil energy in diamond and GaN
are in Fig. A-1 in Appendix A.

3. SRIM Results

Popular simulation software known as Stopping and Range of lons in Matter
(SRIM) generates energy deposition and collision details for ions in materials.
SRIM uses Monte Carlo collision probability distribution functions with empirical
data taken across thousands of histories to generate statistically relevant data.

3.1 Trajectory

The trajectories of the first 1,000 particles are shown in Fig. 4. More lateral
scattering is shown in the GaN irradiation. This is because of the higher atomic
number of gallium compared to carbon in diamond. The end of trajectory (ion
range) for the first 1000 particles calculated in the SRIM simulations is shown in
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Fig. 5. Because the largest energy deposition (and damage) occurs in the last 2 um
of ion range, the active diode region should end after 10 um.
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(atoms/cm?) the plot is directly converted to a target density (atoms/cm?3).

SRIM output files with binned data for the number of vacancies and Frenkel Pairs’
recombination and the ionizing energy given to each recoil as a function of depth.
It also calculates the ion trajectories and distribution in the target. SRIM calculates
NIEL effects including displacements, vacancies, interstitials, and replacement
collisions. Displacements are calculated as displacements = vacancies +
replacement collisions, while vacancies + replacements = interstitials + (atoms
which leave the target volume).*® Collision details were recorded only for collisions
that created at least 1 displacement. This fact affected the average number of
collisions per ion calculated since, at low energies, the ions collided but had Eo less
than Eq. Although it would have been possible, collision details of the recoil atoms
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were not recorded; only primary collision energy loss data was recorded for the
collision details data files.

The data in Fig. 6 demonstrate the non-Gaussian final distribution of the ions. The
Bragg peak, due to the double charge of the o particles, is where the maximum
amount of ionization energy is deposited. The alphas drop below the displacement
energy level and quickly absorb electrons to become neutral and settle in a finite
region.

180

'Y
160 ..’ .
N .
140 o R ¢ Diamond
*
* GaN

— 120 o*
2 0".
> 100 oe22e
==, AAAA‘.. *
% 80 11
5 0000
c
<60

40

.

20

0 *e

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Depth [pm]

Fig.6  Alpha particle energy deposition in diamond and GaN. Energy deposition defines
optimum location of depletion region.

3.2 Range

The range of the alpha ions calculated by SRIM in diamond and GaN is given in
Table 1. The range was 11.8 and 12.8 um in diamond and GaN, respectively. The
ions travel in relatively straight paths, in comparison to electrons, and they are
deposited in very close proximity as compared to 5-MeV electron (900 pm range).
The range of 5-MeV alphas is much less than 5-MeV betas. Because depletion
region in diamond is approximately 1 um in width, a large fraction of alpha energy
goes into EHP production.*?
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Table 1 Range of ion statistics

lon stoppin Target lon lon lon
bpIng 9 average Range Range lateral  radial
range table  density K K : d d
(SRIM) (glem?) range  skewness Kkurtosis  sprea sprea
(Lm) (um) (Hm)
Diamond 3.54 11.77 -1.5364 129318 0.1530 0.2435
GaN 6.15 12.82 -2.6573  20.3821  0.4554 0.7340

Crystal ZnS 4.09 18.15 -6.8602  139.129  0.6123  0.9626

Powder ZnS 1.50 49.47 -11.8059 273.8109 1.6770 2.6520
Note: Bragg peak is not Gaussian.

3.3 Energy Deposition

SRIM outputs a file of the ionization energy loss in the target material as a function
of depth. The energy deposited with respect to depth is binned in units of eV/ion.
Multiplying the data by the bin length gave energy per depth. This data was
instrumental for determining the optimum location of the depletion region in the
semiconductor energy conversion material. The location where half the alpha
energy has been deposited is 7.25 pm in diamond (3.5 g/cm?®) and 7.5 pm in GaN
(6.1 glcm?3).

The o particles ionize the semiconductor constituent atoms and create electron-hole
pairs (EHPs). The EHPs recombine except at the depletion region, such as a p—/p+
junction, which has an electrical potential. The depletion region is usually up to
approximately 1 um in width. The fraction of ionization energy in these regions
versus the range of the particles determines the amount of EHPs collected. Thus,
a’s, with 12 um range in diamond, have potential for higher efficiency than B’s.1%®

SRIM only calculated the a particle collisions that displaced at least 1 atom. The
average number of these collisions for a’s in diamond was 36 times per individual
ion trajectory and was 58 times per ion in GaN. One note in the SRIM manual
related that the results are consistent with measurement data at a temperature of
0 K; there are no accommodations for annealing. Annealing at room temperature
(300 K) would affect an experiment by assisting in the recombination of defects.

4. Device Design

4.1 Diode Structures for Energy Conversion

Two popular energy converter device configurations are quasi-vertical and vertical
devices. A recent study combined the benefits of both while avoiding their pitfalls
by making a “corner” architecture device.

Approved for public release; distribution is unlimited.
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4.1.1 Quasi-vertical

Quasi-vertical devices take advantage of the stability and ease of manufacturing
given by growing the active diode layers on a thick substrate material. The top
active layer is grown in strips on top of the bottom layer, leaving strips of exposed
active bottom layer. In the case of diamond Schottky barrier diodes, ohmic contacts
are applied to the exposed bottom layer, and Schottky contacts are applied to the
top layer.

4.1.2 Vertical

Vertical device structures have both active semiconductor layers sandwiched
between the 2 metal contacts. In vertical energy converters, the charge carriers have
a shorter distance to travel, and thus higher charge collection efficiency. However,
research into vertical devices was stunted by issues of reliably manufacturing the
heavily doped, free-standing diamond devices necessary for vertical structures.?

4.1.3 Corner Cut

Innovative Schottky barrier diode (SBD) structures using “corner” architecture
were designed, grown, and evaluated.?? The corner device (as shown in Fig. 7)
incorporates the efficiency of a vertical current path while avoiding the use of
unreliable free-standing p-type doped diamond. The corner design also minimizes
the growth of threading dislocations in the epitaxial direction by growing the layers
of p— and p+ diamond perpendicular to each other.

Fig. 7  The growth steps for the fabrication of a corner architecture SBD: 1) Heavily boron-
doped diamond is deposited on a type Ib HPHT seed. 2) The sample is then laser-cut
lengthwise and both sides of a resulting slab are polished. 3) Lightly boron-doped diamond is
grown perpendicular to the direction of the previous CVD growth. 4) Schottky and ohmic
contacts are deposited to form a vertically oriented SBD structure.?

4.2 Example Power Source

Two example device designs are calculated and compared. A diamond device
containing 2 charge collection regions (Schottky and p+/p-) is compared to a GaN
(P-i-N) device.
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4.2.1 Diamond %*!Am

A 221Am powered o direct energy converter in diamond, expected to achieve a
power density of 10 mW/cm?, was proposed. To simplify manufacturing, the proof
of concept device would use a quasi-vertical p—/p+ architecture with Schottky and
ohmic contacts as shown in Fig. 8. The depletion region was placed at a location
depth with optimum energy deposition and collection.

2 um 241Am foil

2nm Ni contact layer

9 um p-

contact contact

9 um p+

10 um Si base

Fig. 8  Quasi-vertical diamond device designed to match energy deposition

4.2.2 Details of Alpha Source Dimensions

The active layers of the energy converter are grown on a substrate of diamond or
silicon about 300 um thick. Nine um of p+ doped diamond is epitaxially grown on
the substrate, and 9 um of p— diamond is homoepitaxially grown on the previous
layer in strips. Ohmic contacts are deposited on the p+ layer between the strips of
the top layer, and a Ni Schottky contact is deposited on the top p— layer.

One 1- x 1-cm? device had 1 Ci of #**Am deposited over the Schottky contact. The
theoretical efficiency of the alpha-voltaic energy converter was calculated.
Depletion regions are where an internal electric field exists. Depletion regions were
1-um thick at the p—/p+ junction (containing 13% of Egep at 10.25 um) and 1 um at
the Schottky barrier (6% of Eqep). Total power is characterized as Pt = A*E, with
A being the decay rate of the isotope and E, being the o particle energy.® One Ci of
241Am with a 5 MeV output was converted to total nuclear power:

3.7*101()%
s

P = 1Ci *

5 M 160221073 = 00206 W.  (2)
1Ci decay Mev

From the equation above 1 Ci of 2*1Am decay results in output of approximately 30
mW of power. The 5-MeV a range in diamond was numerically calculated to be
11.8 um. SRIM diamond data (Fig. 6) show that 6% of energy was deposited in the
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1-um region at the Schottky barrier, and 13% of total nuclear kinetic energy from
alphas is deposited at the 1-um region from 10.25 to 11.25 pum.

Paepositea = 30 mW * (0.06 + 0.13) = 5.6 mW. ?)

We did not account for electron capture in the diamond or losses in the circuit since
diamond has long carrier lifetimes. Thus, the theoretical efficiency of maximum
EHP production in diamond is 44.2%.? The electrical output power would then be
the result of 1) nuclear kinetic energy into the device, 2) the energy deposited in the
regions of interest, followed by 3) the charge collection efficiency in the device. A
device design encompassing these ideals is illustrated in Fig. 9. The net result,
Petectrical, Would be 2.48 mW electrical output from this layered diamond device. Ten
1-cm? diamond ?**Am devices 1 mm thick each create an ideal power density of 25
mW/cm?. This power density exceeded our goal of 10 mW/cm?®,

Fig.9  Three-dimensional quasi-vertical device layout extrapolated from Fig. 8. Built on the
bulk diamond base layer (red) is p+ layer (green) and p- layer (orange). Aluminum ohmic
contacts are fabricated on top (yellow) as Schottky diode.

The Klein equation suggests 3 to 4 times the band-gap energy is required to create
EHPs.Z Since the diamond band-gap is 5.5 eV, the energy to produce EHPs is Egrp
is approximately equal to 19 eV. The SRIM data showed a energy deposition of
660 keV in 1-um diamond depletion region and 290 keV in 1-um Schottky region.
The rate of EHP production is #EHP = Ein/EHPay, where EHPayg is the average
energy required to create an EHPand Ein is the energy deposited in the depletion
region (units of eV/s). Therefore, the #EHP created in the charge collection regions
by a particle from this approach is theoretically as high as 50. In comparison, the
numerical calculation from following o particle trajectories in SRIM resulted in 36
EHPs per o particle.

We have previously built GaN beta-voltaic devices.?* The depletion region was
measured using electron beam on 750 nm i-layer GaN device. This represents an
alternative design approach to an alpha energy converter using a previously
fabricated beta-voltaic device in GaN. The effective electrical power output from
alphas can be calculated. The initial nuclear power input from 1 Ci ?*!Am in the
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first 750 nm of GaN is approximately 1.35 mW (reference Fig. 6). If the charge
collection efficiency of 30% is used, then the electrical power output expected from
a GaN device would be 405 pW, approximately one-sixth of the diamond device.

5. Conclusions

This work describes numerical and analytical calculations toward meeting a goal
of 10 mW/cm? electrical energy output from an o source. Five MeV a particle
ranges are calculated in materials of interest. The availability of 2*!Am and the
energy deposition as a function of depth in diamond allows for flexibility in scaling
device charge collection regions to an ionization profile. Consideration for the
localized nature of the o radiation NIEL damage near the Bragg peak in diamond
would suggest that the active charge collection region should be moved before the
Bragg peak in diamond to avoid damage. The Bragg peak, though high-energy
deposition, will degrade before the remaining regions.

Future work will determine the electron transport in the energy converter through
modeling. SILVACO is an example of a privately owned provider of electron
transport modeling in semiconductor materials. This form of computer-aided
design will be used to develop and characterize an optimized depletion region width
and diffusion lengths from material electrical characteristics. The modeling will
aim to match the electric field to the a particle energy deposition for a maximum
amount of electron/hole mobility.

The next step will be to fabricate a diamond vertical or quasi-vertical diode and
irradiate it. This experiment will give important insights for the future development
of alpha-voltaics in the Army. These results will be compared to the modeling data
to ensure validity. Additionally, interest in a photovoltaics has recently been
aroused. A discussion of recent findings in o photovoltaics is discussed in
Appendix B.
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Appendix A. Alpha Particle Cross Section
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Some mention should be made of a stopping cross sections. Figures A-1 and A-2
show the effect that Coulombic screening has on energetic ions. At high ion
velocities, the probability of ion interaction with electrons is much higher than with
nuclei. The electrons effectively “screen” the nuclei from repelling away from the
charged particles.

250
— GalM dE/dx Electric

Gah dE/dx Muclear
Diamond dE/dx Electric

Diamaond dE/dx Nuclear

g Power [MeV/(mgfcm2]]
(=1
L
=]

Stoppin

1 10 100 1000 10000
lon Energy [keV]

Fig. A-1 Electronic and nuclear stopping vs. ion energy in diamond and gallium nitride (GaN)
as calculated in Stopping and Range of lons in Matter (SRIM)
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Fig. A-2 Electronic and nuclear stopping probability vs. ion energy

Figure A-3 compares ionization energy deposition in GaN from betas and alphas.
Not only do alpha ranges match up well with direct energy converter dimensions,
but they provide energy several orders of magnitude higher than alphas.
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Fig. A-3 Alpha radiation induced vacancies per ion and recoil energy by depth in gallium
nitride (top) and diamond (bottom)

Calculation of required ?**Am activity for 10 mW/cm?® power density:

For a 1- x 1-cm? device, the output power parameter, Pout, is 1 mW. Using this
constraint, the required activity, Areq, Wwas found. The depletion region and Schottky
region of 1-um width in diamond collect 19% of the total o ionization energy, Ptot
and have maximum charge collection efficiency of 44.2%.% Now, 19% of Py is
Pout; Ptot = 0.005263 W.

3.7+1010[42422| Mev
—l
1 [ci] decay

Prot = Ayeq [Ci] * |+ 1.6022 5 10713 [-L]  44.29% = 0.005263. (A-1)

Areq = 0. 0.4017 Ci. Thus, 10 1- x 1-cm? devices with thickness of 0.1 cm would
achieve 10 mW/cm? power density with 4 Ci of 2*1Am.

Prelas worries about Schottky devices®:

The surface interface between the metal and semiconductor forms a
depletion region that is effectively 100s of nanometers thick. Thus the
effective size of the energy conversion region is thin and not well matched
to the ranges of ionizing radiation. The theoretical maximum efficiency
for Schottky barrier structures is approximately 0.3% for alphas and
approximately 0.1% for low-energy betas. Schottky barriers are less
susceptible to radiation damage since the atomic layer bonding the metal
to the semiconductor is thin and is thus less prone to displacements caused
by the radiation.

1 Prelas M, Weaver C, Watermann M, Lukosi E, Schott R, Wisniewski D. A review of nuclear batteries. Prog
Nucl Energy. 2014;75:117-148.
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Appendix B. Alpha Photovoltaics
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Alpha photovoltaics are inherently less efficient than alpha-voltaics approaches
because they involve a 2-step energy conversion process. However, instead of only
collecting energy in depletion regions the full 50-um energy deposition generates
photons. The optical self-attenuation of zinc sulfide (ZnS) is on the order of
300 um. Therefore, the entire o energy deposition range in ZnS (approximately
50 um) would become active conversion volume.

An experiment documenting the radiation effects in ZnS from both 2*!Am and
147’Pm would be useful. The energy deposition from 5-MeV alpha particles is shown
in comparison for diamond, gallium nitride (GaN), and ZnS (both crystalline and
powder density). The 50-um o energy deposition in ZnS powder is comparable to
the energy deposition of **’Pm in ZnS phosphor powder. Figure B-1 shows that the
point at which 50% of the energy is deposited is 7.25 um in diamond, 7.5 pm in
GaN, 10.75 um in crystalline ZnS, and 29.25 pm in powdered ZnS.
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Fig. B-1 lonization from 5 MeV alpha particles in diamond, GaN, and ZnS (crystalline and
powder form)

Stopping and Range of lons in Matter (SRIM) data was used for alpha energy
deposition. Alpha energy curves do not fit well to equations because of the abrupt
Bragg peak. Casino MonteCarlo software was used to model energetic electron
deposition in diamond, GaN, and ZnS. The equations of the beta energy deposition
curves were approximated from curves of best fit. Error in the fit was minimized
using sixth-order polynomials.
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Equations of Best Fit for Beta Energy Deposition in Diamond, GaN, and ZnS
(6th order)

The results of both o and B exposure to diamond are shown in Fig. B-2. The
resulting polynomial fits are documented below. Units are x [nm] and y [keV/bin
resolution]. The data for 6, 16, and 62 keV betas was binned in 50 rows with lengths
of 10, 60, and 400 nm for diamond and GaN, and 30, 100, and 800 nm for ZnS,
respectively.

6 keV Diamond

Y = 6.53665734e-15*x6 — 4.65238219e-12*x5 + 1.23441182e-09*x4 -
1.91210138e-07*x3 + 1.55647350e—-05*x2 + 5.88740888e—04*x + 1.34077954e-
01

16 keV Diamond

Y = 8.96919349e-19*x6 — 4.15533358e-15*x5 + 7.46487794e-12*x4 -
7.13710970e-09*x3 + 3.40791321e-06*x2 — 8.08433353e-05*x + 3.78807896e—
01

62 keV Diamond

Y = 1.86927178e-24*x6 - 9.04886259e-20*x5 + 1.68461304e-15*x4 -
1.64399530e-11*x3 + 8.10035963e—-08*x2 — 4.00480095e—-05*x + 9.16403322¢—-
01

1000
—— 6 keV
Betas
100 16 keV
Betas
10 62 keV
Betas
5 MeV
1 Alphas

0.1

Energy [keV]

0.01
0.001
0.0001

0.00001
0.01 0.1 1 10 100

Depth [um]

Fig. B-2 Energy deposition in diamond from alphas and betas
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The results of both o and B exposure to GaN are shown in Fig. B-3. The resulting
polynomial fits are documented as follows:

6 keV GaN

Y = 4.72994855e-15*x6 — 5.22856553e-12*x5 + 1.71652302e-09*x4 -
5.38495442e-08*x3 — 5.65357075e-05*x2 + 5.40988353e-03*x + 2.68898374e—
01

16 keV GaN

Y = -1.01586031e-18*x6 + 3.680167/66e-15*x5 — 7.39146675e-12*x4 +
1.29819142e-08*x3 — 1.36947046e—-05*Xx2 + 4.75685514e-03*x + 7.90436254¢e—
01

62 keV GaN
Y = -7.95513290e-24*x6 + 3.20772785e-19*x5 - 5.96773805e-15*x4 +
7.33876160e-11*x3 — 5.60818854e—-07*x2 + 1.62557425e-03*x + 2.13081118

1000

0.000001
0.0000001
1E-08
1E-09
1E-10
1E11 5 MeV Alphas

—i— G keV Betas
16 keV Betas
62 keV Betas

Depth [qu"n]

Fig. B-3 Energy deposition in GaN from alphas and betas
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The results of both a and B exposure to ZnS are shown in Fig. B-4. The resulting
polynomial fits are documented as follows:

6 keV ZnS

Y = -1.70075884e-19*x® — 3.79113115e-16*x> + 5.13216595e-13*x* +
2.30430430e—09*x3 — 3.57287072e-06*x? + 1.09656646e—03*x + 2.08602288¢e—
01

16 keV ZnS

Y = -2.63598526e-22*x® + 4.05783412e-18*x° - 2.80869319e-14*x* +
1.34021049e-10*x® — 4.27129158e-07*x? + 5.13251918e-04*x + 3.51838580e—
01

62 keV ZnS

Y = -7.49152936e-28*x® + 1.56740887e-22*x> — 1.29004348e-17*x* +
6.21145060e-13*x3 — 1.78947376e-08*x? + 1.96593691e—-04*x + 1.11933084

1000
100
10

01

Energy [keV]

001

0.001

0.0001 —ar— & ke Betas

16 keV Betas
62 keV Betas
5 MeV Alphas

0.00001

0.000001
0.01 01 1 10 100

Depth [pm]

Fig. B-4 Energy deposition in ZnS from alphas and betas

*The file for alpha radiation deposition is listed as “Alpha lonization in diamond,
GaN, and ZnS SRIM.xIsx”.

Approved for public release; distribution is unlimited.

27



INTENTIONALLY LEFT BLANK.

Approved for public release; distribution is unlimited.

28



List of Symbols, Abbreviations, and Acronyms

ARL
BPV
CCE
DARPA
Eo

Eqd
EHP
GaA
GaN
LET
MSU
NIEL
SBD
SRIM
ZnS

US Army Research Laboratory

beta photovoltaic

charge collection efficiency

Defense Advanced Research Projects Agency
energy imparted

lattice displacement energy
electron-hole pair

gallium arsenide

gallium nitride

linear energy transfer

Michigan State University
nonionizing energy loss

Schottky barrier diode

Stopping and Range of lons in Matter

zinc sulfide
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