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ABSTRACT

COMPARATIVE STUDY OF RADIATION HARDNESS IN SEMICONDUCTOR MATERIALS (Si,
SiC, GaN, DIAMOND) FOR AMERICIUM-241 WASTE-BASED NUCLEAR BATTERIES. Using
Americium-241 (Am-241) radioactive waste from spent smoke detectors as an alpha-voltaic energy
source provides a long-term power solution for sensors in extreme environments. However,
high-energy alpha particles (5.48 MeV) are inherently destructive to semiconductor crystal
structures. This study aims to identify the optimal Wide Bandgap (WBG) material by analyzing
energy-loss mechanisms (stopping power), lattice damage, and device geometry design
parameters. SRIM 2013 simulations were performed on Si, SiC, GaN, and diamond targets. The
analysis includes ion distribution range, electronic and nuclear stopping profiles, the calculation of
a Radiation Tolerance Index, and the determination of minimum active thickness (Tmin) based on
projected-range statistics. The results show that diamond exhibits the highest tolerance index of
670, enabling the thinnest device design (~15 pum). In contrast, silicon requires nearly twice the
active thickness (~28 um) and suffers the most severe structural damage. Silicon carbide (SiC) is
recommended as a cost-effective alternative with a Radiation Tolerance Index of 593. While
diamond is the superior material for space-constrained applications, SiC offers the best balance
between radiation resistance and cost for terrestrial applications.
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INTRODUCTION

Management of spent nuclear fuel
waste is a significant challenge in the nuclear
fuel cycle, particularly in ensuring long-term
safety and minimizing radiological impacts on
the environment. Dry cask storage systems
are studied as solutions for this [1]. In the
Indonesian context, specific designs of dry
casks with air gaps have been analyzed to
ensure criticality safety for the storage of spent
fuel from the proposed Non-Commercial
Power Reactor (RDNK) [2]. Concurrently, the
management of Disused Sealed Radioactive
Sources (DSRS) is a critical priority. Global
empirical assessments highlight the Borehole
Disposal (BHD) system as a robust safety
solution for such waste [3]. This concept is
actively being evaluated for implementation in
the Serpong Nuclear Area, where site
characterization and safety assessments have
demonstrated its suitability for the secure
isolation of DSRS [4].

Americium-241 (Am-241) is a byproduct
of the nuclear fuel cycle, originating from the
radioactive decay of Plutonium-241. While
often viewed as a byproduct, its potential value
is significant; for instance, previous research
has demonstrated its capability to enhance the
performance of mixed-oxide nuclear fuels [5].
Beyond this application, Am-241 is widely
utilized commercially in ionization-type smoke
detectors. However, disposing of these
devices creates a significant inventory of
radioactive waste, with high handling costs.
Instead of mere disposal, this study proposes
valorizing Am-241 waste into long-life
micropower sources—a promising approach
that nonetheless presents significant material
challenges [6], [7].

These micropower sources, essentially
functioning as nuclear batteries, utilize alpha
particles with high kinetic energy (~5 MeV)
and significant mass, making them highly
destructive to converter materials [8]. If
conventional semiconductor materials such as
silicon, commonly used in computer chips, are
used as a medium for energy conversion, their
crystal structure will be damaged by
displacement damage before the alpha
energy potential can be utilized optimally [7],
[9]. Therefore, the development of alpha-
particle-based nuclear batteries requires
materials with high radiation hardness that
maintain structural stability and electronic
properties under intense radiation exposure,
as reported in recent studies [10], [11].

In response to the need for high-
radiation-hardness materials, wide-band-gap
(WBG) semiconductors are a promising
candidate for alpha-particle-based nuclear
batteries. Among various WBG materials,
silicon carbide (SiC) and gallium nitride (GaN)
are chosen [12], [13] because their
technologies are cost-effective and widely
used for fast charging of cell phones and
electric cars [14]. SiC not only excels
commercially but also offers greater radiation
hardness than conventional silicon, especially
in maintaining structural stability under heavy
particle irradiation [15]. On the other hand,
diamond is also an ideal comparison since it
excels in mechanical and electrical properties,
including its high atomic binding energy [16]
and its extraordinary radiation hardness, as
reported in [17].

The main challenge in utilizing alpha
particles lies in their large mass, which causes
their energy to be lost through two competing
stopping mechanisms: electronic stopping
(Se) and nuclear stopping (S;). Electronic
stopping involves interactions with the
electron cloud that produce ionization without
damaging the crystal lattice, while nuclear
stopping involves direct collision with atomic
nuclei that cause displacement damage in the
form of vacancies and other defects that
permanently damage the crystal structure
[18]. In the specific case of nuclear batteries,
these structural defects lead to a permanent
degradation of the device’'s conversion
efficiency and electrical output [19], [20].

The competition between these two
mechanisms depends on the particle’s kinetic
energy and the properties of the target
medium. For example, simulation studies for
Am-241 alpha particles with energies of
approximately 5.48 MeV in GaN show that
most of the energy is deposited through
electronic  stopping, while the direct
contribution to the lattice through nuclear
collisions is much smaller, although defects
remain if the atomic recoil energy exceeds the
material's displacement energy [21]. However,
literature  quantitatively  describing the
contribution ratio between these two stopping
mechanisms (Se/S;) specifically at an alpha
energy of 5.48 MeV in WBG materials remains
relatively scarce, which is the focus and
novelty of this study.

In  this study, a computational
evaluation of alpha-particle interactions with
Si, SiC, GaN, and Diamond was conducted
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using energy-loss analysis and particle-
penetration profiles. The evaluation results
were used to determine the optimal device
thickness, enabling the device design to
minimize material usage without sacrificing
radiation shielding capabilities or performance
stability under alpha particle exposure.

METHODOLOGY
a. Simulation Configuration

The ion simulation transport was
performed by using the SRIM 2013 code [22].
In this simulation, we used the ion distribution
and the calculation damage method. This
method utilizes the Modified Kinchin-Pease
formalism model to estimate lattice vacancies
and displacement [23]. This approach was
chosen to optimize computational efficiency
while maintaining statistical accuracy for
crystalline materials, compared to the
Cascade mode.

High-energy ions, 5.48 MeV, were
chosen as the radiation source from Helium-4
(an alpha emitter). This energy was selected
due to the characteristics of the primary alpha
decay peak of the isotope Am-241, which has
a high probability of transition of 85.2% [24].
The incident angle was to be 0° toward the
target surface. For each material, the
simulation was conducted using 5,000
incident ions.

Four target materials were selected: Si,
SiC, GaN, and diamond. Table 1 presents the
density of each material. The thickness of the
target material layer was set to 30 um to
capture the entire ion track.

Table 1. Density of target material

Name Density (g/cm?3)
Si 2.32
SiC 3.21
GaN 6.15
Diamond (C) 3.52

b. Data Analysis Method

Four output files were extracted from
the SRIM 2013 simulation results: RANGE.txt,
IONIZ.txt, PHONON.txt, and VACCANCY..txt.
For the comparison of ion distribution data, we
plotted the penetration range and the ion
distribution from the file RANGE.txt.

To quantify the inherent resistance of
each material to alpha-particle-induced
damage, we introduced a Radiation Tolerance
Index (R), defined as the ratio of the total
electronic energy loss Se to the total nuclear

energy loss S, over the entire ion trajectory.
We extracted the electronic stopping power Se
from the IONIZ.txt output file and the nuclear
stopping power S, from the PHONON.txt file.
Then, the radiation tolerance index (R) was
calculated by using equation (1). To evaluate
structural damage, we calculated the total
vacancies/ion for each material using data
from VACCANY.txt. Finally, to design the
geometry with the safety margin, the minimum
thickness Tmin can be determined by using
equation (2). Where R, is the projected range
extracted from the lon Average Range in the
RANGE.txt file, this data refers to the
penetration distance (depth) and determines
how thick the battery must be designed to be.
In a normal distribution, 30 encompasses
99.7% of the population. This means that, with
this thickness, we ensure that 99.7% of alpha
particles are completely stopped within the
material.

[S,dx
= (1
[S,dx
Tonin = Ry + 30 (2)

RESULTS AND DISCUSSION
a. Comparison of Projected Range

Figure 1 shows the comparison of the
ion distribution range (Bragg Peak) between
Si, SiC, GaN, and Diamond. From the graph,
we can see that Diamond and GaN have a
shorter penetration depth than the other two
materials. The shorter penetration depth
means better stopping power. Diamond and
GaN have a range for stopping alpha radiation
around 14-15 um, whereas Si has a more
extended range around 28 pym.

This penetration depth represents the
projected range R,. High-density materials
generally have higher stopping power;
therefore, an ion can stop over a shorter
range. Si has a lower density compared to
diamond. Since diamond is denser than Si,
diamond can stop ions faster than Si.
However, an inverse relationship is observed
between penetration depth and peak height.
Diamond has the highest peak, more than
25,000 ions/cm3, while Si has the lowest peak,
around 13,000 ions/cm3. This phenomenon
arises because the stopping volume is
narrower in denser materials. Consequently,
when ions are confined to a very short
stopping range (as in diamond), the ion
concentration per unit volume becomes
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significantly higher. Conversely, in silicon, ions
are distributed over a larger depth, leading to
a reduced peak concentration.

The silicon curve (blue line) exhibits the
widest distribution, while the diamond curve
(red line) is sharp and narrow, a phenomenon
referred to as straggling. As ions propagate
farther within a material (e.g., silicon), they
experience more random collisions, leading to
greater statistical variation in their stopping
positions and a broader distribution. In
contrast, the shorter penetration distance in

diamond results in reduced variation and a
correspondingly sharper peak.

This Figure 1 graph highlights the
contrast between conventional silicon and
WBG materials, including SiC, GaN, and
diamond. Diamond and GaN provide more
effective radiation shielding per unit thickness
than silicon due to their shorter ion stopping
ranges. These results have important
implications for engineering design. The use
of diamond or GaN enables a thinner, more
compact battery design compared with silicon.
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Figure 1. Comparison of the ion distribution range

b. Energy Loss Mechanism

Figure 2 illustrates the ion energy loss
rate (dE/dx) during ion penetration through the
four materials. Across all four graphs, the
solid-line curve (Se) clearly dominates the
dashed-line curve (S;). The Se value
increases with penetration depth, reaching a
maximum at the Bragg peak, before sharply
decreasing to zero. This occurs because, at
high energies, ion energy loss is dominated by
inelastic interactions with the target electron
cloud (excitation and ionization), rather than
by nuclear collisions.

Diamond has the highest stopping
power, with a peak energy loss of around 68
eV/A. Materials with higher electron density
(such as diamond) provide greater resistance
or braking force to ions as they traverse.
Because diamond dissipates ion energy much
more rapidly, the ions come to rest over a
shorter distance (~13um) than in silicon,
which dissipates only 34 eV/A and stops the
ions at approximately 28 um.

The dashed-line curve S, in Figure 2
remains close to zero throughout most of the
ion trajectory and exhibits only a minor rise
near the end of the track, at the maximum
penetration depth. This occurs because
nuclear stopping, elastic collisions with target
atomic nuclei, becomes dominant only when
the ion velocity is very low. As a result, crystal
structural damage caused by nuclear
collisions is concentrated near the end of the
ion trajectory. Along the initial path, the
damage is predominantly electronic in nature
(ionization and heating), whereas physical
crystal damage accumulates in the Bragg

peak region.
The solid-line curve S in Figure 2
exhibits a non-linear curve, increasing

gradually and peaking near the end of the ion
path. This behaviour represents a classic
Bragg curve characteristic. As ions
decelerate, their interaction cross-section with
electrons increases, resulting in a higher
energy transfer rate (dE/dx) near the end of
the path.
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Figure 2. Comparison of the ion distribution range

c. Radiation hardness

This bar chart in Figure 3 presents the
Radiation Tolerance Index. A higher ratio
(taller bars) indicates that electronic
interactions dominate ion energy loss,
minimizing energy transfer to lattice damage.
As a result, diamond (value of 670)
theoretically exhibits the lowest structural
damage per unit of deposited energy among
the materials studied. Based on the graph,
diamond exhibits the highest index value
(670), significantly exceeding silicon (546) and
GaN (430). This confirms the diamond's status
as a radiation-hard material. Because the
constituent carbon atoms in diamond are very
light (Z =6). The probability of nuclear
scattering, S,, is relatively small compared
with its powerful electronic interaction, Se, as
shown in Figure 2. This makes diamond highly

700
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Radiation Tolerance Index (S,/S, Ratio)

100

Silicon (Si)

Silicon Carbide (SiC)

suitable for radiation detectors operating in
extreme environments, as the sensor is less
prone to rapid degradation

However, GaN shows the lowest ratio
(430), even lower than silicon (546), which
presents an interesting discussion point.
Despite being known as a radiation-hard
material due to its strong bonding, the low
Se/Sy ratio arises from the presence of heavy
gallium atoms (Z=31), which have a larger
nuclear collision cross-section and thus
increase S,. While GaN absorbs more atomic
energy, its practical radiation resistance is
often mitigated by a high displacement
threshold energy. However, this analysis
shows that GaN statistically receives the most
significant proportion of damaging nuclear
energy.

670

Gallium Nitride (GaN) Diamond (C)

Figure 3. Radiation Tolerance Index between Si, SiC, GaN, and Diamond
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Meanwhile, SiC shows a well-balanced
performance. it exhibits better radiation
resistance than conventional silicon (higher
ratio), supporting the use of SiC in power
electronics for satellites or nuclear reactors,
where component lifetime is strongly
dependent on the accumulation of atomic
damage.

d. Total Vacancies

The bar chartin Figure 4 shows the total
vacancies per ion, defined as the average
number of vacancy defects produced by a
single ion as it traverses the material. This
parameter serves as a direct indicator of
radiation damage.

Si exhibits the most severe damage,
generating approximately 241 vacancies per
ion, which confirms its relatively low resistance

300
250 241
200 A
150 -

1001

Total Vacancies / lon

50 A

Silicon (Si) Silicon Carbide (SiC)
Target Material

to high-energy alpha-particle bombardment. In
contrast, diamond shows the lowest level of
structural degradation, producing only 87
vacancies per ion. This represents nearly a
threefold reduction in defect formation
compared with silicon. The significantly lower
vacancy production in diamond is consistent
with its high Radiation Tolerance Index, in
which ion energy loss is predominantly
governed by electronic interactions rather than
by damaging nuclear collisions. These results
clearly demonstrate that the crystal structure
of silicon is substantially more susceptible to
permanent displacement damage. In contrast,
diamond offers superior intrinsic radiation
hardness, making it a highly promising
material for long-lived nuclear battery and
radiation-tolerant device applications.

Gallium Nitride (GaN) Diamond (C)

Figure 4. Total Vacancies/ion between Si, SiC, GaN, and Diamond.

To create a single vacancy, the energy
transferred from the incident ion to a target
atom must exceed the Displacement
Threshold Energy (Es). Diamond possesses
powerful and short sp® covalent bonds,
resulting in a very high displacement threshold
energy, typically in the range of 40-50 eV [25],
[26], [27]. This indicates that carbon atoms are
highly resistant to being displaced from their
lattice sites. In contrast, silicon has weaker
atomic bonding with a much lower Ey value,
approximately 15-20eV [28]. Consequently,
ion collisions with the same energy are more
likely to displace silicon atoms, leading to a
significantly higher number of vacancy
defects.

SiC (176) and GaN (161) occupy an
intermediate  position. They generate

significantly fewer vacancies than silicon, yet
still produce approximately twice as many
vacancies as diamond. This indicates that
although WBG materials such as SiC and GaN
offer superior radiation resistance compared
with conventional silicon technology, diamond
remains the best material for extreme
applications where crystal integrity is the
primary priority.

e. Design Geometry

Figure 5 presents the recommended
minimum substrate thickness required to
ensure that the entire ion energy is fully
absorbed within the active material. This
thickness is calculated from the mean
projected range (Rp) combined with a safety
margin of 30.
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Si requires the thickest substrate,
approximately 29.8 um. This is attributed to its
lower stopping density and broader straggling
effect, which necessitate a thicker safety
margin to prevent ion escape. In contrast,
materials such as diamond and GaN exhibit
superior  stopping capability. Diamond
requires a total thickness of only 14.1 uym,
while GaN requires 15.6 ym. From a practical
perspective, this indicates that using WBG
materials such as diamond or GaN results in
approximately 45-50% reduction in material
volume for the same energy absorption
function. This volumetric efficiency is
particularly critical given the high fabrication
cost of high-quality single-crystal materials.

Compared with Si, the use of diamond
enables a reduction in device thickness of

Diamond (C)

Gallium Nitride (GaN)

Silicon Carbide (SiC)

Silicon (Si)

more than 50%, from approximately 30 ym to
around 14 pym. The thinner device geometries
achievable with diamond and GaN enable
more efficient implementation of multi-layer or
stacked architectures. Within the same
physical space occupied by a single silicon cell
(~30 um thick), engineers can stack two
diamond cells (2% 14 uym). By stacking two
cells in series within the same volume, the
output voltage (open-circuit voltage) can be
effectively doubled without increasing the
overall packaging dimensions. Therefore,
Figure 5 recommends transitioning to WBG
materials not only for enhanced radiation
tolerance but also to maximize energy density
per unit volume.

I Min. Device Thickness
14.1 ym I Mean Range (R,)
/7 Safety Margin (30)

29.8 um

0 5 10

15 20 25 30

Depth / Thickness (um)

Figure 5. Design the material thickness with a safety margin.

CONCLUSIONS

This study confirms that Am-241 waste
is feasible for micro-scale nuclear energy
applications, with substrate material selection
being a critical factor. Diamond demonstrates
the best technical performance, exhibiting the
highest Radiation Tolerance Index (670) and
the lowest structural damage, making it the
most radiation-hard material. However, for
large-scale and cost-sensitive applications,
SiC is recommended as the optimal
compromise due to its high radiation tolerance
and mature fabrication technology. In contrast,
GaN shows the lowest tolerance ratio,
primarily due to enhanced nuclear stopping
caused by heavy gallium atoms, which should
be carefully considered in GaN-based

designs. For practical deployment in
Indonesia, particularly for reutilizing detector
waste, SiC substrates with an active thickness
of around 20 ym are recommended to ensure
safe and reliable operation.
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