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In brief

Betavoltaic energy conversion uses
semiconductors to convert beta radiation
from radioisotopes into electricity. Many
combinations of semiconductors and
radioisotopes can be used, resulting in
variations in conversion efficiency among
technologies. We introduce energy-
resolved figures of merit to standardize
characterization. These metrics are
technology independent, enabling cross-
platform comparisons.
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SUMMARY

Betavoltaic energy conversion is a specialized energy harvesting technology using a semiconductor to
convert beta radiation from a radiation source into continuous electricity. Many semiconductor materials
and radioactive isotopes are viable, making it challenging to benchmark technologies. To facilitate compar-
ison, modeling, and characterization, we introduce three figures of merit: capture efficiency, gain, and gain
efficiency. We showcase these metrics by numerically modeling the performance of GaAs, SiC, and GaN
p-n and p-i-n junctions under *H and ®Ni radioisotope irradiation. The capture efficiency describes the en-
ergy fraction that can be absorbed by the cell. The gain and gain efficiency quantify carrier multiplier effects
and carrier collection effectiveness. The figures of merit study indicates that (1) absorber materials with low
atomic numbers improve energy capture in the cell and (2) single-junction betavoltaics do not require com-
plete radiation absorption to obtain maximum operating efficiency.

INTRODUCTION

Betavoltaics is an energy harvesting technology that generates
electricity by converting beta emissions into an electric current.
Betavoltaic devices are comprised of a beta radiation source
and a semiconductor, as illustrated in Figure 1A. This process
produces electron-hole pairs inside the semiconductor, similar
to a photovoltaic cell when illuminated with light. These devices
can have very long lifetimes, depending on the half-life of the
radioisotope used as the beta radiation source. A long opera-
tional life is relevant to applications where battery recharging is
challenging, such as intracutaneous' (Figure 1B), deep sea
(Figure 1C), and outer space environments.

Commonly used radioactive isotopes in betavoltaics include
tritium (H)>° and ®Ni.>*"~'* To avoid problems with leakage
of tritium gas, it is preferred to store tritium as a metal tritide.">'®
Multiple semiconductors have been investigated for beta-
voltaics, including GaAs,>*7%1720 gjg 21417.1821=24  gnq
GaN.%817-20:25.26 Betayoltaic technology is limited to a theoret-
ical conversion efficiency ranging between 5% and 30%, de-
pending on the semiconductor used.*'®?” Loss mechanisms
in betavoltaics have been studied previously, and multiple fig-
ures of merit have been proposed, such as the coupling effi-
ciency and the semiconductor conversion efficiency, to quantify
performance.®'"'%?" Betavoltaic cells, like photovoltaic cells,
can also be characterized with performance metrics such as
the open circuit voltage (Voc), the short circuit current density
(Jsc), and the maximum power density (Pmax). These figures of
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merit provide rich information on each specific radioisotope-
semiconductor combination and the cell performance. However,
since established metrics describe the performance of a device
operating under the full radioisotope spectrum, they are inade-
quate to characterize properties that depend on the beta particle
energy. Different absorber materials and radioisotopes lead to
significant differences in performance, making direct compari-
sons across technologies challenging. Different isotopes emit
beta particles across distinct energy spectra, and these particles
interact with absorbers in ways that depend on both their energy
and the properties of the absorbing material. To ensure fair com-
parison, beta particle energy-resolved figures of merit are
required.

In this work, we propose three energy-dependent figures of
merit to assess betavoltaic cell performance: the capture effi-
ciency, the gain, and the gain efficiency. The capture efficiency
describes the energy fraction that can be absorbed by the cell
as a function of beta particle energy. The gain is the carrier gen-
eration amplification relative to incident particle flux, defined as
the ratio between Js. to absorbed beta particle flux. The gain ef-
ficiency quantifies carrier collection effectiveness as a function
of beta particle energy. Figure 1D presents the relationship be-
tween the three figures of merit. These performance parameters
facilitate comparison between technologies, device optimiza-
tion, and characterization. To demonstrate how these metrics
can elucidate power losses in betavoltaic devices, we model
GaAs, SiC, and GaN p-n and p-i-n betavoltaic cells under 3H
and %Niirradiation. The model includes Monte Carlo simulations
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Figure 1. Betavoltaic battery and its appli-
cations

(A) Schematic of the constituents of a betavoltaic
battery.

(B and C) Applications of betavoltaic batteries
include (B) pacemakers and (C) deep-sea appli-
cations.

(D) Visual relationship between the three figures of
merit. The black arrow describes the interactions
between the radioisotope and the betavoltaic cell,
and the orange arrows describe the interactions
within the betavoltaic cell.
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to assess the electron-matter interactions between beta parti-
cles and semiconductor heterostructures. Drift-diffusion calcu-
lations evaluate the carrier collection and device performance.
The model is validated against experimental results (see details
under methods). A particle swarm algorithm finds the optimal
layer thicknesses and semiconductor doping levels for the p-n
and p-i-n structures under both radioisotopes.

RESULTS

Impact of the radioisotope spectrum on electron-hole
generation rates

The hydrogen radioisotope tritium (*H) and the nickel radioiso-
tope (®Ni) have different beta particle emission spectra. The
spectra are shown in Figure 2A for 3H and Figure 2B for ®Ni.
3H can emit beta particles between 0 and 18 keV, whereas
3Ni emits, on average, beta particles that are more energetic,
reaching 66 keV. When they arrive in a semiconductor, each par-
ticle creates a cascade of secondary electrons that can
contribute toward the generated current. After the secondary
electrons are produced, a p-n or p-i-n structure is used to collect
the carriers. The thickness of the layers must be chosen care-
fully, with a thick junction allowing absorption of all beta particles
and a thin junction increasing the collection of generated car-
riers. Figures 2C and 2D illustrate the electron-hole pair genera-
tion rate in a GaAs betavoltaic cell created under *H and %Ni,
respectively, as a function of the depth into the cell. The carrier
generation profiles were obtained by combining Monte Carlo
simulations of beta particle emission and a radiation ionization
conversion software, following the empirical relationship estab-
lished by Klein,?® as described under methods. Under 3H,
most of the carriers are generated within the first 2 um of the sur-
face. Since ®Ni emits, on average, more energetic beta parti-
cles, carriers are generated beyond 10 pm. Schematics of
optimal p-n heterostructures are shown in Figures 2C and 2D,
matching the depth on the horizontal axis.
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Under 3H, the optimal power genera-
tion occurs when 96% of the electron-
hole pairs are generated within the p
and n absorber layers; increasing the
thickness to increase this generation
further would hurt carrier collection. A
similar characteristic can be observed
for ®3Ni, as 98% of the electron-hole pairs
are generated within the junction. The remaining carriers are
generated deeper in the device and do not contribute toward
the device current. The generated carriers are limited by a diffu-
sion length of ~ 2.2 um in the optimal device for ®*Ni, meaning
that even if they are absorbed, they may not be collected. In
other words, due to the large beta particle penetration depths,
bulk recombination can hinder device performance. This finding
suggests that the tradeoff between thick junctions for maximal
radiation absorption versus thin junctions to limit bulk recombi-
nation is different depending on the radioisotope.

Betavoltaic and photovoltaic performance are both affected
by limiting physical phenomena, such as electron-hole pair
recombination. In photovoltaics, a well-known tradeoff is that
the thicker the absorber layer, the larger the number of photons
absorbed, but it limits carrier collection, as they have to travel
farther before finding the junction. The same tradeoff occurs in
betavoltaics, where carriers can only be collected if the beta par-
ticles are stopped in the p and n absorber layers. Increasing the
thickness of those layers increases carrier generation but de-
creases carrier collection, just as in photovoltaics. We show
that the optimal absorber thickness depends significantly on
the beta particle energies produced by the radioactive source.
The active-layer thicknesses and doping levels must therefore
be tailored to the nature of the isotope to maximize conversion
efficiency. For this purpose, we define figures of merit that aid
in understanding optimal betavoltaic absorber thicknesses.

Capture efficiency in betavoltaic cells

The capture efficiency describes the energy fraction that can be
absorbed by the betavoltaic cell as a function of beta particle en-
ergy (see details under methods). Figure 2E depicts the capture
efficiency for SiC, GaN, and GaAs as absorber materials as a
function of beta particle energy. Energy loss mechanisms
limiting the capture efficiency can be attributed to backscat-
tering, secondary electrons escaping the cell, and photon emis-
sion. The energy dependence of the capture efficiency reveals
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Figure 2. Radioisotope emission probability spectrum, capture efficiency, and electron-hole pair generation rates

(A and B) Radioisotope emission probability spectrum for (A) *H and (B) ®*Ni.

(C and D) The electron-hole pair generation rate as a function of the depth into the heterostructure for 3H and ®3Ni. Each color represents the generation rate
created by beta particles summed within a 1 keV window, matching the color bar at the top. The black line corresponds to the total generation rate summed over

the full radioisotope spectrum.

(E) The capture efficiency of the energy in the betavoltaic device as a function of beta particle energy. The beta particle energy for 3H reaches 18 keV, as indicated
by the purple vertical dashed line, and it reaches 66 keV for ®Ni, as indicated by the dark red vertical dashed line.

that losses occur at lower beta particle energy. This phenome-
non is explained by a larger number of secondary electrons
escaping the cell at low energy.”® Furthermore, the electron
mean free path increases with energy, meaning that the back-
scattering coefficient is expected to be higher at low beta parti-
cle energy (1-10 keV).*°

These mechanisms have an impact on the radioisotope
choice. For example, ®Ni enables capture efficiencies 3%—-4%
higher on average than 3H, depending on the cell material. *H
has a lower average capture efficiency than %Ni because the
reduction at low beta particle energy (1-10 keV) is more signifi-
cant on the narrow (up to 18 keV) ®H spectrum than it is on the
large (up to 66 keV) 83Ni spectrum. This behavior is consistent
with coupling efficiencies reported previously.®

The capture efficiency can also identify promising absorber
materials. The capture efficiency is larger for SiC than GaN or
GaAs due to the lower effective atomic number and material den-
sity, as indicated in Figure 2E. This behavior is consistent with
previous studies reporting that the backscattering coefficients
increase with atomic number.®' Therefore, using semiconduc-
tors with low effective atomic numbers and low densities can
improve capture efficiency. This suggests that engineering
metamaterials to artificially reduce the density could increase
the capture efficiency. This figure of merit enables benchmarking
these future improvements. However, engineering material

properties may adversely affect other key performance indica-
tors, such as gain and gain efficiency. Therefore, a careful opti-
mization process that balances all relevant figures of merit is
essential. GaAs is chosen as the absorber material for the subse-
quent gain and gain efficiency analysis, as it is an established
benchmarking technology for energy conversion systems such
as photovoltaics.

Gain and gain efficiency in betavoltaic cells

The gain is the carrier generation amplification relative to incident
particle flux, defined as the ratio between Js. to absorbed beta
particle flux. The gain efficiency quantifies carrier collection
effectiveness as a function of beta particle energy. The detailed
calculations can be found under methods. Figure 3 presents the
gain of the optimized p-n and p-i-n GaAs betavoltaic cells under
3H (Figure 3A) and ®3Ni (Figure 3B) compared to Klein’s limit. The
gain efficiency is illustrated in Figures 3C and 3D for ®H and %Ni,
respectively. Under SH, the gain follows Klein’s limit up to = 14
keV, after which it strays away for both p-n and p-i-n junctions
(Figure 3A). This whole behavior is explained by the fact that
many carriers created by high-energy beta particles are gener-
ated beyond the junction, in the substrate. The energy depen-
dence of the gain reveals that absorption occurs beyond the
junction. The p-i-n junction slightly outperforms the p-n structure
on both the gain and gain efficiency. It improves the collection of
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carriers generated farther away from the junction. This is shown
by the larger gain efficiency at low energy (< 3 keV) and at high
energy (>7 keV), as the carriers are generated closer to the sur-
face and deeper in the heterostructure, respectively. The figures
of merit reveal that adding an intrinsic GaAs layer in a betavoltaic
cell operating under tritium improves carrier collection in these
regions.

Figure 3C reveals a gain efficiency loss associated with low-
energy beta particles. Low-energy beta particles generate car-
riers within the first tens of nanometers from the surface. They
are therefore more susceptible to surface recombination,
reducing the gain efficiency. Unlike in photovoltaics, it is chal-
lenging to design a high-band-gap window layer that reduces
surface recombination while simultaneously being highly trans-
parent to beta particles. This low gain efficiency at the front sur-
face is also observed under ®Ni (Figure 3D), as the challenge re-
mains the same. This effect underlines the importance of the gain
efficiency, as the energy dependence of the figure of merit can
identify recombination losses on the front side of the device.
The gain can not identify this loss mechanism.

4 Cell Reports Physical Science 6, 102789, September 17, 2025
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are presented in Figure 3E. The efficiency
is defined here as the ratio between the
power density of the beta particles inci-
dent to the cell and the electrical power
density generated by the device. The
small improvement in current density
generated by the p-i-n structure is re-
flected in the deviation of gain efficiencies
(Figure 3C). However, due to a higher Vi,
the p-n structures slightly outperform the
p-i-n devices in terms of power and effi-
ciency. The figures of merit reveal that
maximizing carrier collection does not
result in maximizing the efficiency; the
Voc must be considered jointly.

Under %Ni, the gain closely follows
Klein’s limit at low energy, and it strays
away at ~ 45 keV for the p-n junction
and at ~ 60 keV for the p-i-n junction.
As carriers can be generated over 10 um deep under 5Ni, effi-
cient carrier collection represents a challenge. Therefore, p-i-n
structures can improve carrier collection under this radioisotope,
as they have a larger depletion region. This characteristic is also
showcased in the gain efficiency, as the p-i-n device outper-
forms the p-n design over the full spectrum (Figure 3D).

Due to the deeper penetration of beta particles from ®Ni than
3H, devices must be designed more carefully to ensure carrier
collection. Figure 3F presents the main performance metrics of
the best devices operating under ®*Ni. Devices optimized for
83Ni are an order of magnitude thicker than those optimized
for ®H. The design rules for ®Ni are thus different than those for
3H, as maximizing the current density is important. In other words,
the figures of merit reveal that the current collection is important
for Ni betavoltaics, and the junction type has a larger impact
than for °H. However, even if p-i-n structures maximize carrier
collection, the p-n junction outperforms its p-i-n counterpart.
This tradeoff between carrier collection and voltage is common
for p-i-n architecture in photovoltaics, as well. The electric field
that helps collect carriers also reduces the attainable V.. In the
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Table 1. Betavoltaic figures of merit ranges, typical values, and
their photovoltaic equivalent

Betavoltaic Photovoltaic
figures of merit Valuerange  Typical values  equivalent
Capture 0%-100% 50%-90% absorption
efficiency factor
(”capture (6))

Gain 0 — Twein (€) 0-9,000 CH) N/A

(T(e)) 0-35,000 (**Ni)

Gain efficiency 0%-100%
(nr(¢))

50%-99% internal quantum

efficiency

photovoltaic field, once material quality becomes large enough
that diffusion lengths exceed absorption lengths, the best devices
are p-n rather than p-i-n structures. Last, heterostructures ap-
proaching 10 um can represent a challenge in epitaxy due to
long deposition times. Therefore, a thinner structure represents
an appealing choice from a fabrication standpoint. While p-n
structures seem appealing for GaAs cells under *H and ®3Ni, it
is worth pointing out that it may not be the case for all radioiso-
tope-semiconductor combinations. Semiconductors with a
different density, combined with radioisotopes with more ener-
getic beta particles, could require a p-i-n structure to maximize
power output. Furthermore, the edge of the betavoltaic cell can in-
fluence carrier recombination dynamics, thereby affecting overall
device performance. These considerations underscore the impor-
tance of using energy-dependent figures of merit to accurately
identify and quantify the sources of performance losses.

DISCUSSION

The capture efficiency, gain, and gain efficiency reveal many
important design considerations for betavoltaics. The capture
efficiency provides information on radioisotope and absorber
material choice for maximizing energy transfer. Tritium is more
affected by low energy (1-10 keV) backscattering and secondary
electron losses than 83Ni. Absorber materials with lower atomic
numbers and lower densities enable a higher capture efficiency.
This opens the path to metamaterial engineering to further mini-
mize capture efficiency losses.

Gain and gain efficiency reveal that maximizing carrier collec-
tion is more important under ®Ni. The lower gain efficiency at low
beta particle energies reveals that the window layer must be de-
signed so that it will limit parasitic absorption while providing
good surface passivation. The optimization process tried to miti-
gate these losses by minimizing the thickness of the window
layer down to 10 nm, matching the lower bound we allowed.
The lower gain efficiency at high beta particle energy reveals
two important mechanisms: (1) maximizing the V.. requires
omitting the absorption of carriers generated deeper under H,
and (2) bulk recombination limits carrier collections under B3N,

Optimizing designs for betavoltaic cells requires careful
consideration of the radioactive isotope, the junction structure,
and the semiconductor materials. The capture efficiency, gain,
and gain efficiency analyses untangle multiple complex relation-
ships between these design considerations to identify the impor-
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tant parameters under specific conditions. Table 1 summarizes
all three figures of merit, their minimum and maximum values,
their typical values, and their photovoltaic equivalent. The cap-
ture efficiency and gain efficiency are analogous to the absorp-
tion factor and the internal quantum efficiency in photovoltaics.
The absorption factor and internal quantum efficiency being
ubiquitous in many photovoltaic technologies suggests that
these figures of merit will be useful in betavoltaics. The gain
does not have a photovoltaic equivalent, as the multiplier effect
is unique to betavoltaics. These figures of merit use physical
characteristics universal to many technologies, enabling bench-
marking between different betavoltaic system designs. The three
figures of merit can be obtained experimentally with electron-
beam-induced current measurements, facilitating design cycles
between modeling and experimental work. While this work was
performed on GaAs, GaN, and SiC semiconductors, it can
readily be applied to other materials, such as perovskites,
wide-band-gap oxides, diamond, or dye-sensitized cells.**°

METHODS

Numerical model

The betavoltaic device simulations were performed by
combining three pieces of software: Monte Carlo simulation of
electron trajectory in solids (CASINO), Radiation lonization Con-
verter to Carriers (RICC), and Sentaurus, described hereafter.
Figure 4A shows the simulation process and its software as
well as the associated schematic to illustrate the purpose of
each software. The software CASINO*%*” performs Monte Carlo
simulation of high-energy electron (>50 eV) trajectories in solids.
CASINO is used to assess the energy density deposited
(ewransmitted (€,2)) by beta radiation in the betavoltaic cell as a
function of the beta particle energy (£) and the depth (z) into
the heterostructure. All simulated beta particles have a normal
incidence. 108 electron trajectories are simulated for each beta
particle energy to limit the relative error in energy deposition to
4.5%.°® Simulations are performed in increments of 1 keV for
the full H and ®Ni spectra, as illustrated in Figure 2.

The energy transfer from the beta particles to the betavoltaic
cell leverages multiple mechanisms, as depicted in Figure 4B.
Each beta particle has a gain effect, creating a cascade of sec-
ondary electrons through impact ionization. The secondary elec-
trons can thermalize, becoming the carriers that will be collected
by the device. The interaction between the beta particles and the
betavoltaic cell will generate high-energy photons that can also
generate electron-hole pairs. These stochastic events happen
in succession until each beta particle or secondary electron es-
capes the device or thermalizes. Considering the randomness of
the process, one can define an average energy for which an elec-
tron-hole pair is generated through beta particle impact ioniza-
tion. Previous work by Klein”® proposed the following empirical
relationship (Equation 1):

e = 28E5+0.5 (eV) (Equation 1)

In Equation 1, ¢ is the radiation-ionization energy, or the average
energy required to form an electron-hole pair from a beta particle
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Figure 4. Simulation methods, betavoltaic conversion mechanism, and model validation
(A) Schematics depicting the numerical methods used here to model betavoltaic cells.
(B) Schematic illustrating energy transfer from beta particles in GaAs. Beta particles can generate secondary electrons, photons, and phonons. Beta particles can

also be backscattered.

(C) Dark |-V characteristics of experimental data obtained by Schmieder et al.*°

parameters.

and reproduced numerically in this work to validate and calibrate the material

(D) I-V characteristics of a betavoltaic cell operating under beta radiation. The experimental data were obtained by Chen et al.“ and were reproduced numerically
in this work to validate and calibrate the models used to calculate betavoltaic conversion.

impact ionization; E, is the band gap of the semiconductor ma-
terial constituting the betavoltaic cell.

The next calculation step consists of converting the energy
density profile (€tansmitted (€,2)) into an electron-hole pair gener-
ation rate profile (G(&,z)). A custom software, RICC, performs
this calculation using the empirical Equation 1. The electron-
hole pair generation rate then depends on the energy density
transmitted to the heterostructure (etansmitted (£,2)) as a function

6 Cell Reports Physical Science 6, 102789, September 17, 2025

of the beta particle energy (£) and the depth (z). The generation
rate can therefore be written as
&,z)

G((E.7 Z) _ etransmitted(

. , (Equation 2)

where G(€&,z) is the generation rate created by an electron of en-
ergy £ at a depth z. By weighting the energy with the beta energy



Cell Rerrts .
Physical Science

probability density (%) and integrating the product over the fitted
radioisotope emission spectrum, for each 1 keV increment, the
electron-hole pair generation rate created by a radioisotope is

dN(g) €transmitted (67 Z)

de,
ae € ’

Gradioisotope (Z) = /

radioisotope spectrum

(Equation 3)

Additional losses are considered to complete the model, such
as radioisotope self absorption®® and air absorption if the radio-
isotope is not in direct contact with the betavoltaic cell.

The electron-hole generation rate profiles are sent to the com-
mercial software Synopsys technology computer-aided design
(TCAD) Sentaurus (S-2021.06). The electrical properties of the
betavoltaic devices are assessed by solving Poisson, drift, and
diffusion equations in 1 dimension with the carrier generation
rate as calculated from RICC. The minimal mesh size is 1 nm.
As shown in Figure 4A, the studied betavoltaic cells are GaAs
p-n and p-i-n junctions. They are cladded with an InGaP window
and an InGaP back surface field. A GaAs substrate is assumed.
Doping-dependent mobilities were calculated using values re-
ported in the literature.*’ Parameters for band gap, effective
masses, radiative recombination, and Auger recombinations
were obtained from the literature.*?

The betavoltaic cell modeling platform combining CASINO,
RICC, and Sentaurus was calibrated and validated using exper-
imental data from the literature. The first step of the validation
consists of reproducing a dark current-voltage (I-V) measure-
ment taken from the literature®® to validate the material proper-
ties. Figure 4C compares the experimental results of two sam-
ples by Schmieder et al.>* and our simulation results. A
Shockley-Read-Hall (SRH) lifetime of 30 ns was considered to
validate the model, which is in agreement with the values re-
ported by the authors.®® Our model agrees well with the experi-
mental data, which suggests that the material parameters used
in the Poisson, drift, and diffusion calculations are well defined.
The second validation step consists of numerically reproducing
the experimental results of a betavoltaic cell operating under
beta radiation to validate the models of CASINO and RICC.
Figure 4D illustrates the experimental results from Chen et al.*°
obtained under a ®*Ni source with an activity of 10 ™% and the re-
sults reproduced by the numerical model. The experimental data
could be reproduced within 1% with our model by assuming that
the beta radiation source had an empirical self-absorption coef-
ficient of 89% and was placed 1 mm away from the cell. The
agreement between the experimental data and our model sug-
gests that the CASINO and RICC models reproduce the betavol-
taic conversion mechanisms numerically with high fidelity. The
same source activity (10 Q“FCZ‘) was used for this work.

From the simulation results, we calculate the V¢, Jsc, Pmaxs
and efficiency. The Vo corresponds to the voltage generated
by the device under open-circuit conditions. The Jg is the cur-
rent density generated by the cell while it is under short-circuit
conditions. The Pmax corresponds to the product of the voltage
and current density combination for which their product is
maximal. The efficiency is the ratio between the Pn.x generated
by the cell to the incident power density from the radioisotope
onto the device.
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An in-house high-dimensionality particle swarm algorithm was
used to find the optimal layer thicknesses and doping levels. The
objective function has one goal, which is to maximize the power
density generated by the cell. The algorithm is adapted from the
particle swarm optimization algorithm,*® with the main modifica-
tion being repositioning of the particles after a specific number of
iterations** to improve robustness in high-dimension calcula-
tions. The emitter and base thickness lower bounds were set
to 10 and 200 nm, respectively. The lower bounds for the non-
intentionally doped layer were set to 10 nm and 1 xm for 3H
and %Ni, respectively. For all three layers (n, i, and p), the thick-
ness upper bounds were 3 and 20 um for *H and ®*Ni, respec-
tively. The emitter and base doping level bounds were set to
10'% and 7 x 10'8. These values were chosen based on the gen-
eration rate profile of each radioisotope (Figures 2C and 2D) as
well as epitaxial growth limitations. The initial parameters were
obtained randomly within the bounds. We used 120 starting
parameter sets, and the optimizer investigated the parameter
space over 50 iterations. 50 iterations were enough to obtain
convergence, as the optimal structure was typically found
upon reaching the = 40th iteration.

Figures of merit

The generation rate is affected by the device’s efficacy in
capturing beta particle energy. We define the first figure of merit,
the capture efficiency, as the ratio between the energy trans-
mitted to the cell and the energy incident to the betavoltaic cell
as a function of beta particle energy:

_ fdepthetransmmed (5, Z) dz

Noapture(E) = -~ (Equation 4)

In this equation, ¢, (€) is the capture efficiency (unitless) for a
beta particle of energy &, euansmitted (€,2) is the energy density
(eVnm™") transmitted to the betavoltaic cell, and Eincident(£) is
the energy (eV) incident to the betavoltaic cell. While it is similar
to the coupling efficiency,® the figure of merit proposed here
identifies losses in different regions of the radioisotope spec-
trum. It is analogous to the absorption factor in photovoltaics.*®

A single radioisotopic beta particle can generate many elec-
tron-hole pairs through impact ionization, since beta decay
emission energies are orders of magnitude higher than the radi-
ation ionization energy. Betavoltaic devices present a gain ef-
fect, or the carrier generation amplification relative to incident
particle flux, when converting high-energy beta particles into
electron-hole pairs. The current density that the device can
collect is much higher than the beta particle flux. We define the
second figure of merit, the device gain (I'(£)), as the ratio be-
tween the short-circuit current density (Jsc(€)) to absorbed
beta particle flux:

Jsc(€)

'®) = A& — RE)

(Equation 5)

In Equation 5, T'(€) is the gain (unitless) created by a beta particle
of energy &, Jsc(€) is the short-circuit current density (Acm™2)
generated by beta particles of energy &, g is the elementary
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charge (C), Araq(€) is the beta particle flux cm~2s~ ') of energy €
emitted by the radioisotope, and R(€) is the fraction of beta par-
ticles of energy £ that was not transmitted to the betavoltaic cell
(unitless). The gain (I') has a theoretical limit when all of the
generated carriers are collected. We call this limit Klein’s limit
(FKlein(g))y which is

/. epth G(&,2)dz

Pen(€) = 2 (@0 —RE)

(Equation 6)

In this equation, G(&,z) is the generation rate created by beta
particles of energy € at a depth z.

We define the third figure of merit, the gain efficiency (7-(£)),
as the ratio between the gain and Klein’s limit:

ne(e) = L)

= —— Equation 7
1—‘Klein(‘g) ( q )

This performance parameter is unitless and is analogous to the
internal quantum efficiency for solar cells. A hypothetical gain ef-
ficiency of 100% means that all electron-hole pairs generated
from beta particles with energy € are collected. A gain efficiency
of less than 100% means that some electron-hole pairs are
generated but not successfully collected due to radiative, Auger,
or SRH recombination. The gain efficiency parameter identifies
the origin of current losses in betavoltaic cells as a function of
the beta particle energy. It indicates the depth where carriers
are generated in the heterostructure but not successfully
collected.
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