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Lay Abstract

Widely used batteries, such as lithium-polymer cells, are bulky and suffer from short

discharge times or temperature sensitivity. Betavoltaics – also known as “nuclear

batteries” – offer an opportunity to surpass these issues.

Beta particles, or energetic electrons, are the result of certain nuclear decay reac-

tions. Betavoltaic batteries create electricity from these particles, can remain active

for hundreds of years, and are insensitive to environmental conditions. In addition,

these particles are easy to shield, rendering them safe for users.

This work focuses on a new type of betavoltaic which uses nanowires to capture

more beta particles and ultimately improve performance. These devices have been

designed through a simulation-based approach that has maximized the total power

output as well as efficiency by fine-tuning different parameters. The designs described

in this work exhibit huge improvements over conventional devices and will allow

nanowire-based betavoltaics to compete with the top performing devices developed

to date.
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Abstract

In order to increase the efficiency of betavoltaic devices, an architecture utilizing

nanowires has been developed. In this architecture, a radioisotope is deposited be-

tween a nanowire array in order to increase the fraction of β particles captured by

the semiconductor converter and minimize the energy lost to self-shielding. Previous

work has prototyped such a design; however, performance was limited to an efficiency

of 0.5%. This thesis outlines the design and optimization of the nanowire-based be-

tavoltaic generator. Both the nanowire array geometry and the nanowire p-i-n diode

design are optimized for maximum radiation capture and conversion efficiency, re-

spectively.

First, a model was developed in the GEANT4 Monte Carlo toolkit in order to

investigate the radiation capture of various array geometries. Radioisotope sources

of elemental 3H, 63Ni, and 147Pm, as well as compounds of each were examined with

gallium phosphide nanowires. Overall, it was found that nanowires should be grown

as long as possible to accommodate the most source material while the ratio of the

diameter to array pitch can be optimized for maximum power capture. Optimized

arrays presented an improvement in energy capture of approximately 6 and 15 times

for 63Ni and 3H devices, respectively, while 147Pm devices indicated no improvement.

Optimized array geometry was extended to both silicon and gallium arsenide and the
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radiation capture simulations were coupled to drift-diffusion calculations in COM-

SOL Multiphysics for axial junction nanowires. Following the junction optimization,

devices were predicted to be between 4 and 10% efficient with power outputs ranging

from 2 to 6 µW cm−2. Despite the large improvement compared to experimental re-

sults, surface recombination was found to limit the performance of long gallium phos-

phide nanowires. Therefore, core-shell junctions were then investigated and found to

improve upon all axial designs.

Overall, it has been determined that the nanowire device design is advantageous

over planar betavoltaics due to the mitigation of self-shielding effects. Devices utiliz-

ing 10 µm long gallium phosphide core-shell nanowires with a 3H source are predicted

to achieve the top performance of 12% efficiency and a power density of 7 µW cm−2.

In addition, gallium phosphide and gallium arsenide devices with 63Ni are able to

achieve an energy density in excess of 1 Wh cm−2 due to the long half-life.
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Chapter 1

Introduction

1.1 Background

Despite the ubiquitous use of electrochemical cells, they continue to suffer from low en-

ergy densities, short discharge times, and environmental sensitivity. Betavoltaic (BV)

generators, on the other hand, have been developed to circumvent these issues for low-

power applications that require a long-lasting supply [1]. BVs function similarly to

photovoltaics: electron-hole pairs (EHPs) are excited in a semiconductor (SC) p-

n junction and collected to create electricity. However, unlike photovoltaics, BVs

harness the energy from β particles as opposed to photons [2]. These β particles,

products of some radioactive decay reactions, provide input energy to the device over

the half-life of the radioisotope in question. In addition, because the kinetic energy

of the β particles are on the order of keVs, thousands of EHPs can be generated from

a single decay reaction. The particle flux, however, is much lower than that of solar

photons so the overall device power output is on the order of nano/microwatts [3].

BVs remain useful for a variety of applications despite the lower power output.
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Due to the long half-life of common BV sources (tens to hundreds of years), the low

instantaneous power output is offset by the long discharge time, which results in an

energy density much higher than that of electrochemical cells [4]. Therefore, BVs

fill a unique niche in power supply technologies. Moreover, BVs are insensitive to

environmental conditions which allows them to function at extreme temperatures or

pressures without concern for malfunction or breakdown [5]. Such applications that

benefit from BVs include biomedical implants, remote sensors, mobile microelectron-

ics, and space exploration [1,6,7]. Challenges in these areas include infrequent access

for maintenance, inability to rely on renewable sources (solar, wind), or exposure to

conditions that would render electrochemical cells inoperable.

The design of BV generators can first be defined by the choice of radioisotope

source. In this sense, the half-life and β decay energy (average and maximum) are

important. The half-life of the material will define the overall lifetime of the generator

and therefore a half-life long enough for a substantial energy density must be selected

[8]. The decay energy, on the other hand, will determine the overall power density

as well as survivability of the BV device. A higher β energy is desired to excite

additional EHPs per reaction; however, above a certain energy threshold, β particles

will begin to damage the SC lattice. Although this threshold is dependant on the SC,

it is often quoted to be around 100 to 200 keV [1]. In addition to device functionality,

certain applications may require that the source material is safe for users. Therefore,

a pure β source (with no secondary reactions) is desired. β particles with energies

less than 100 keV are easily shielded and are safe for human use [7]. Given these

constraints, the most common radioisotopes used in BV applications are 3H/tritium,

63Ni, or 147Pm [4]. Details on each source will be discussed in subsequent chapters.

2
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In addition to the selection of the source, the SC converter must also be selected

with several principles in mind. Similar to photovoltaics, many of the device perfor-

mance metrics are governed by the SC material properties. The power conversion

efficiency, which relies on the ability of the SC to collect the excited EHPs, is de-

termined by characteristics such as carrier mobility, recombination effects, as well

as the bandgap [9]. It has been shown that the ideal efficiency of the generator is

proportional to the SC bandgap due to the higher open-circuit voltage possible with

wide bandgap materials [10]. This will be discussed further in subsequent chapters.

The SC must also be selected for radiation tolerance to mitigate the effects of lat-

tice damage for higher energy β sources as mentioned previously. Some common SC

materials include silicon (Si), silicon carbide (SiC), and gallium nitride (GaN) [4].

Lastly, the geometry of the generator plays a crucial role in the β collection effi-

ciency. Conventional BV generators utilize a thin film source deposited on a thick,

planar SC converter [11]. However, because β decay has an isotropic emission profile,

only 50% of the input energy can be harnessed in this configuration. In an effort to

surpass this drawback, a thicker radioisotope layer can be deposited on the SC or

sandwiched between two converter layers. However, this is also limited due to source

self-shielding (or the phenomena whereby radiation is shielded by the source itself),

preventing additional energy from reaching the SC [12]. For this reason, the radioac-

tivity (or input power) experienced by the SC saturates with a thicker source layer.

Unique structuring techniques have been examined to mitigate the losses associated

with self-shielding. Such structuring techniques exist to increase the surface area of

the coupling interface between the SC and source, ensuring that more β particles

interact with the active medium [3].
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1.2 Literature Review

The initial development of BV devices began in the 1950’s following the investigation

of the BV effect in p-n junctions bombarded with β radiation [13]. This first device

utilized a 90Sr– 90Y compound source and was capable of achieving an output of

800 nW, an efficiency of 0.4%, and a predicted lifetime of 20 years [11]. However,

the high decay energy of the radioisotope resulted in SC lattice damage, shifting

development to focus on low energy radioisotopes [14].

In an attempt to mitigate the degradation issues from lattice damage, 147Pm

was investigated as a new source material. This led to the development of the first

commercially available BV, Betacel, for use in pacemakers [2]. Betacel achieved a

power output up to 400 µW, an efficiency of 4%, and was implanted in over 100

patients before the industry shifted attention to lithium-ion cells [1]. This shift away

from the Betacel was mainly due to the high costs associated with shielding required

for secondary gamma-rays produced by 146Pm (a decay product of 147Pm) [7].

It was also around this time that research began to investigate the benefits of

wide and indirect bandgap SCs. It was determined that these SCs offered higher

open-circuit voltages, efficiency, and radiation tolerance [2]. Although research in

BVs became infrequent, the investigation into wide gap SCs and low-energy, pure β

sources (3H and 63Ni) resulted in a resurgence of commercial viability. To date, there

exists four main commercially available BV devices that are summarized in Table 1.1.

Currently, research into next-generation BV devices is focusing on micro- and

nanostructuring as well as material engineering to improve β coupling, reduce effects

of self-shielding, and further increase device efficiency. Research into porous SC me-

dia has been successful with Si and a gaseous tritium source whereby an order of
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Table 1.1: Commercially available betavoltaic devices. Note that BetaBatt is cur-
rently under development. Efficiency ranges from 1 to 3%.

Device SC Material Activity Source Output Power

NanoTritium [1,2] Si compound 100 Ci 3H 100 µW
BetaBatt [15–18] Porous Si 8 Ci Tritiated Butyl 6 µW
Firefli-T [19] Planar SiC 25 to 2500 mCi 3H 10 to 1000 nW
Firefli-N [19] Planar SiC 5 to 500 mCi 63Ni 5 to 500 nW

magnitude improvement in capture efficiency was observed [16–18]. Others have ex-

amined micro-pillar and inverted pyramid structures which have realized 50 to 100%

increases to total device performance [20]. In addition, careful engineering of new

materials has produced low-density and high activity sources that are promising for

the development of high energy density devices [21, 22].

1.3 Motivation

Nanowires (NWs) are a unique method for achieving improvements to BVs with the

next-generation techniques mentioned above. In addition to the high quality diodes

that are possible with NW growth, source materials can be loaded between the NWs,

potentially capturing more β particles. Previous work by McNamee investigated

a prototype design whereby a gel containing 63Ni was deposited between gallium

phosphide (GaP) NWs via spin-coating [23]. Although it has been confirmed that

these devices produced a β-generated current, the overall efficiency was less than

0.5%. This previous work highlighted that, although the fabrication method was

valid for BV devices, the NW array and junction design required optimization to

achieve competitive performance.
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1.4 Goal & Outline of Thesis

The purpose of this thesis – the overall goal of this work – is to determine the optimum

BV design of the NW architecture previously investigated by McNamee [23]. This

optimum design would include the material choice (SC and source), array geometry,

and junction design. Therefore, future experimental work on NW BVs can target

the optimum designs predicted by this work and assess additional designs using the

simulation methods developed herein.

This thesis is structured into three main chapters, besides the introduction and

conclusion. Each of the body chapters corresponds to a published article that is

self-contained with respect to the work described therein. Chapter 2 presents a verifi-

cation of the energy capture simulations and outlines the method for determining the

optimum NW array geometry. Chapter 3 expands the array optimization to several

potential device designs and couples the energy capture simulations to SC charge-

transport calculations in axial p-i-n NWs. The methods outlined in Chapter 3 are

the first established for the complete (fully-coupled) modeling of NW BVs. Lastly,

Chapter 4 highlights improvements to the results of Chapter 3 by utilizing core-shell

NWs and presents the best-case device performance for this architecture.

As mentioned, the body chapters are stand-alone works and therefore, there is

overlap in the introduction to BVs discussed for each. Particularly, the governing

equations for device efficiency as well as the fundamentals of BV design are discussed

throughout.
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Chapter 2

Optimization of Energy Capture

In order to combat the effects of self-shielding in BV devices, a device architecture

utilizing NWs is presented. Monte Carlo simulations are used to calculate the energy

capture of GaP devices to confirm the improvements that the NW geometry offers.

Also, it is determined that the NW array geometry (diameter and pitch) are significant

design parameters and can be optimized for maximum β capture. A method for

optimizing the array is presented and predicted improvement factors with various

radioisotopes are used to select promising sources for future investigation. In addition,

the array optimization is established as an important first step in determining the

best device configuration.
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abstract: The geometry of a gallium phosphide nanowire array has been optimized

for maximum current generation in a betavoltaic device. The energy capture efficiency

for various device geometries with different radioisotope source compounds was calculated

in GEANT4. A validation of GEANT4 for betavoltaic device simulation was performed

by comparing a model output with the available bulk SC betavoltaic performance data,

followed by predictions of the performance of nanowire-based devices. The pitch and the

diameter of the nanowires were found to have the most significant impact on the β-generated

current density, with the optimum diameter-to-pitch ratios ranging from 0.55 to 0.8, de-

pending on the source. The energy capture efficiency improved when low energy β emitters

were used. For devices utilizing 63Ni source compounds, the β-generated current densities

approached 0.95 µA cm−2, representing an improvement by a factor as high as 5.8 compared

to planar devices. In the case of 3H source compounds, the generated current density was

3.05 µA cm−2, a factor of 15.5 larger than comparable planar devices. However, nanowire

devices utilizing sources with a higher decay energy, such as 147Pm, did not demonstrate

any improvements over planar geometries. Using the results for optimum nanowire geome-

tries, nanowire-based or other nanostructured devices could be made to surpass the present

commercial betavoltaic batteries.
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2.1 Introduction

Despite the ubiquitous use of electrochemical batteries, they suffer from limited life-

times, high sensitivity to environmental conditions, and low specific energy. BV

batteries have therefore been developed for micro-/nano-applications, which provide

a long-lasting (up to hundreds of years), steady supply of power that cannot be

provided by conventional energy storage devices [1]. BVs provide electrical energy

through the production of EHPs in a semiconducting material, similar to the oper-

ation of photovoltaic devices. However, in a BV generator, the EHPs are excited

through impact ionization from β-particles originating in the nuclear decay of some

radioactive isotopes [2]. These β-particles can have energies in the range of several

keV and, therefore, a single β-particle can excite thousands of EHPs as it thermalizes

through the SC lattice. Unfortunately, the long half-life (low decay rate) results in a

particle flux that is orders of magnitude lower than that of solar photons. Therefore,

BVs demonstrate low (ranges on the order of nW cm−2 to µA cm−2) power densi-

ties [3]. Despite the low power output of these devices, they are able to operate

autonomously across a wide range of conditions, making them ideal for applications

in mobile electronics, space exploration, remote sensing, and implantable biomedical

devices [4]. As discussed below, the efficiency of BV cells could be further improved

by implementing SC NWs in place of thin film or bulk SCs, thereby improving the

energy output or device life as compared to conventional BV cells. The goal of this

work is the validation of GEANT4 code for the simulation of BV devices, and the

determination of the limiting performance of NW-based versus bulk SC BV devices.

Conventional BV devices are designed with a layer of radioisotope deposited on

a thick planar SC substrate. However, because the radioactive emission is isotropic,
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approximately half of all β-particles do not contribute to energy conversion. This

design also limits the flux of incident particles on the SC surface due to a combination

of shielding from the device contacts and the self-shielding from the source material

itself [5]. These limitations can be mitigated by the utilization of higher energy

(≈100s of keV) β sources to increase transmission through the shielding materials,

although this has also been shown to limit device lifetime as this energy is on the

order of the lattice damage threshold for most SCs [3]. It is therefore important to

select radioisotopes whose maximum and average energies (Emax and Ē, respectively)

are of the correct range. For this reason, practical radioisotope sources consist mainly

of 63Ni (Emax = 65.90 keV, Ē = 17.43 keV), or tritium/3H (Emax = 18.60 keV, Ē =

5.70 keV) compounds. Some devices also utilize 147Pm; however, the higher β energies

(Emax = 230.0 keV, Ē = 62.0 keV) result in higher lattice damage within the SC and

hence shorter device lifetimes [6].

BV performance is governed by two quantities: the energy capture efficiency, ηec,

which quantifies the amount of radioisotope energy deposited into the SC material,

and the SC efficiency, ηs, which is a combination of diode performance and material

parameters [7]. The overall energy conversion efficiency is given by:

η = ηecηs. (2.1)

Here, ηs can be calculated as:

ηs =
q · FF · Voc ·Q

ε
, (2.2)
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where q is the elementary charge, FF is the fill-factor of the diode, Voc is the open-

circuit voltage, Q is the EHP collection efficiency, and ε is the ionization energy (or

the average energy required to produce a single EHP). With ideal device operation,

Equation 2.2 approaches Eg/ε, which is often quoted as the limiting BV device effi-

ciency for a given SC material [4]. It is therefore evident that high bandgap SCs are

ideal for highly efficient devices.

In addition to utilizing high bandgap materials, devices can be structured to

surround the radioisotope to improve the energy capture efficiency in Equation 2.1.

The technique of nanostructuring has been demonstrated with porous silicon utilizing

a tritium source, and has exhibited performance improvements by up to a factor of

ten over planar devices [8–10]. However, this could be further improved through the

utilization of higher bandgap materials such as GaP, corresponding to higher BV

cell voltage as per Equation 2.2. The growth of Group III-V compound SC NWs to

surround radioisotopes introduces an opportunity for significant improvement to BV

performance by simultaneously increasing energy capture and SC efficiencies with

high bandgap materials. A comparison of conventional, planar BV geometry and

the proposed NW geometry is shown in Figure 2.1, highlighting the various loss

mechanisms and absorption paths for β-particles discussed below.
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Figure 2.1: Cross-sectional view of BV geometry for (a) planar devices and (b) NW
devices. Not to scale. The β-particles are shown 1) escaping, 2) shielded by the
contact, 3) shielded by the radioisotope (self-shielding), 4) absorbed in the active
device volume, 5) transmitted through the active device volume, and 6) absorbed by
the substrate. The relative magnitude of each is depicted by the thickness of the
corresponding arrows.

GaP (ε = 7.8 eV [11]) is a good candidate material for BV devices due to its large

bandgap (corresponding to a large output voltage), and GaP NWs are easily grown

using the vapor-liquid-solid method [12,13]. However, prototype efficiencies for these

NW devices have only reached approximately 0.5% [13]. In the present work, we

demonstrate the use of GEANT4 as a method for simulating the energy capture in

BV devices to improve future BV performance.
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2.2 Modeling Energy Capture

The energy capture efficiency as outlined in Equation 2.1 can be determined through

Monte-Carlo simulations. These simulations model the tracks of β-particles and

their interaction (energy deposition) with various materials within the device. The

GEANT4 nuclear particle interaction toolkit [14] was utilized for these simulations.

The initial energy of each primary particle (β) was sampled from the specified ra-

dioisotope emission spectrum and initiated at a random location within the source

material and with random direction. It is then tracked through various scattering

interactions, the probabilities of which are governed by the Livermore low energy

dataset [15]. The energy deposited in each interaction is distributed between each

domain, effectively calculating the linear energy deposition within any given volume.

The energy deposition profiles for common BV SCs (SiC, Si, and GaN) are calcu-

lated for the energy spectra of the three radioisotopes mentioned above (63Ni, 3H,

and 147Pm). The results, as compared to examples from literature, are shown in Fig-

ure 2.2. The agreement between our simulations (circles) and literature [16–18] (solid

lines) were within 5%, indicating that the method within GEANT4 and the selection

of the material dataset are both justified.

In addition to the energy deposition, GEANT4 can also be used to calculate the

total β-generated current density, Jβ, from ηec. The two are related through

Jβ =
q ·N · E

ε
ηec, (2.3)

whereN is the total activity density of the source deposited on the device (in Bq cm−2)

and E is the energy of the incident β-particles [19]. With a sufficiently large number
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of particle histories, the value of E will approach the mean source energy, Ē. For an

ideal diode (i.e. Q = 1), Equation 2.3 approximates the short-circuit current density,

Jsc, of the device. Table 2.1 compares the value of the β-generated current density

calculated in GEANT4 (Jsimβ ) to measurements reported in literature (Jβ) for the case

of planar devices using GaN, Si, and 4H-SiC (where the value of ε is taken from the

associated reference). Our simulations show excellent agreement with the literature

values.

Given that the method outlined above has been validated for several planar de-

vices, it can also be extended to non-conventional geometries such as the GaP NW

array shown in Figure 2.3.

Figure 2.2: Simulated (circles) linear deposition profiles compared to results in lit-
erature (solid lines) for (a) 63Ni on SiC [16], (b) 3H on Si [17] and (c) 147Pm on
GaN [18].
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Table 2.1: β-generated current density calculation compared to literature values

Device Activity Density ηec Jsimβ Jβ
(mCi cm−2) (%) (nA cm−2) (nA cm−2)

63Ni on GaN [20] 25.0 4.74 11.9 12.0
147Pm2O3 on Si [21] 1200 28.3 34603 35000
Si3H1.66 on 4H-SiC [22] 93.8 17.2 74.9 75.5

The array geometry is modeled as a single, non-primitive hexagonal unit cell

with the radioisotope source filling the voided area between the NWs. A 25 µm

thick Si substrate (sufficiently thick for 100% β absorption) and 25/50/225 nm thick

nickel/germanium/gold top contact (a typical n-type contact for Group III-V com-

pounds) were also included in the model. The NWs extend 200 nm deep into the

top contact material, which is typical for NW devices (hence, the constraint in Equa-

tion 2.4 below). Periodic boundary conditions are set on the sidewalls of the unit cell

to simulate the semi-infinite behaviour of the NW array. This geometry has also been

used to verify the energy capture efficiency of our previous devices [13].

Figure 2.3: The NW unit cell geometry modeled in GEANT4 shown from (a) the top
and (b) the side. Dashed lines indicate periodic boundary conditions. Not to scale.
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2.3 Nanowire Geometry Optimization

To optimize the geometry of the GaP NW arrays, the β-generated current density

was investigated as the objective (maximization) function. This was chosen as the

objective over solely the energy capture efficiency, as maximizing both the energy

deposition and source volume is desirable to produce a device with the highest output

power. The four geometric parameters to be optimized, as shown in Figure 2.3, are

the pitch, diameter, and height of the NWs as well as the thickness of the source

material (p, d, h and s, respectively). The range of parameter values considered were:

100 nm ≤ h ≤ 10 µm (2.4)

100 nm ≤ p ≤ 1 µm (2.5)

50 nm ≤ d ≤ 1 µm (2.6)

100 nm ≤ s ≤ 10 µm (2.7)

d ≤ p− 100 nm (2.8)

s ≤ h− 200 nm (2.9)

These bounds were set by the practical limitations of NW growth and device

fabrication techniques. For cases where the NW height was larger than the source

thickness, a bisbenzocyclobutene polymer encapsulation was used to fill the remaining

void [13]. It should also be noted that the geometries modeled here assume negligi-

ble GaP thin film thickness at the base of the NWs, which would absorb additional

β energy while not contributing to overall device performance [23]. Negligible thin

film growth is achievable in certain growth modes, such as axial vapour-liquid-solid

growth of NWs [24]. Such NWs have also demonstrated superior diode performance
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in photovoltaic applications [24]. The DAKOTA optimization toolkit [25] was used to

perform parameter sweeps across the entire feasible range of inputs for the three ra-

dioisotope spectra of interest. A partial correlation analysis [26] was then performed

to assess the individual contribution of each parameter to the overall objective func-

tion while holding the other three fixed. These results are shown in Figure 2.4. From

this analysis, the NW height alone (while keeping the source thickness, s, constant)

had little impact on the overall current density generated in the device, with its con-

tribution being directly proportional to the β particle energy of the source isotope

in question. In addition, the generated current density is nearly directly correlated

with source thickness as expected due to the higher activity present in the device.

Therefore, it is apparent that an optimum device would utilize NWs grown as tall

as possible only to accommodate the most source material. This is consistent with

previous simulation results [13]. However, the NW pitch and diameter exhibited a

competing contribution with almost equal and opposite correlations. Again, this is

expected due to the inverse relationship between absorber and source volumes. The

array should therefore be optimized for the NW pitch and diameter while setting the

height and source thickness to 10 µm and 9.8 µm, respectively (within the constraints

of Equation 2.5 and Equation 2.7). By maximizing the source volume as per Equa-

tion 2.9, device current density should continue to scale linearly for arbitrarily long

NWs (ignoring carrier recombination) because of the additional device activity and

minimum self-shielding effects between NWs.

Given the feasible range for the pitch and diameter of the NWs outlined above,

the geometry was optimized using two source compounds for each of the radioiso-

topes previously outlined. Pure sources (tritium gas as well as elemental 63Ni and
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Figure 2.4: Results of the partial correlation analysis between β-generated current
density and nanowire array geometric parameters.

147Pm) were used to provide a reference for common compounds containing the ra-

dioactive isotopes. These compounds include tritiated butyl [27], trinickel-dicitrate

(Ni-Cit) [13], and promethium-oxide [22]. For each source material, an optimum d : p

ratio was found (Figure 2.5a to c) with a clear Gaussian relationship evident. The

Gaussian relationships in Figure 2.5 were found using a Nelder-Mead simplex search

minimization routine [28]. An optimum d : p ratio for each source material implies

that the radiation length (the β-particle range of a given energy in a given material)

is crucial when designing the NW arrays. This is also consistent with the principle

of length scale matching for BV battery design; i.e. energy capture efficiency will be

maximized when the range of β-particles is comparable to the length scale of the de-

vice [29]. Figure 2.5d shows the optimum device power densities and energy densities
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assuming ideal diode conditions (Q = 1, FF = 1, qVoc = Eg). Although the 147Pm

devices seem to perform well, this is merely due to the high decay energies. However,

147Pm yields a device with a much shorter half-life of 2.6 y as compared to 63Ni or 3H

devices (whose half-lives are 101.3 y and 12.3 y, respectively). As mentioned earlier,

the high beta energies of 147Pm are also near the lattice damage threshold of most

SCs and therefore may result in SC deterioration.

Figure 2.5: Optimization results for GaP NW arrays filled with (a) tritium, (b) 63Ni
and (c) 147Pm sources. Gaussian fits are shown. (d) The resulting power and energy
densities.
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Table 2.2: β-generated current density for the optimum NW geometries compared to
a planar device with the same input power

Source
Material

Optimized
Geometry (nm)

Input Power
(µW cm−2)

ηec (%) Jsimβ (µA cm−2) Improvement
Factor

Pitch Diameter Wires Planar Wires Planar

63Ni 500 400 21.2 35.0 5.16 0.95 0.14 5.8
63Ni-Cit 333 233 1.95 44.8 13.5 0.11 0.03 2.3
3H2 222 122 57.0 69.2 10.9 5.06 0.81 5.3
Tritiated Butyl 294 194 47.6 50.0 3.03 3.05 0.18 15.5
147Pm 370 270 1255 21.0 23.3 33.7 37.5 -0.10
147Pm2O3 455 355 881 17.4 20.4 19.6 23.0 -0.15

Optimum d and p values were determined by using the optimum d : p ratios

outlined in Figure 2.5 and the constraint in Equation 2.8. A comparison between the

NW array devices and planar devices is made in Table 2.2. The thickness of the source

used in the planar devices was varied such that the power input was equivalent to that

in the corresponding optimum NW device. This allowed for a direct assessment of

the improvement in device performance that the NW geometries are able to provide.

For lower energy sources (63Ni and 3H), the improvement is large (5.8- or 15.5-fold,

respectively), illustrating the benefit of nanostructuring for energy capture and the

mitigation of shielding effects. This is made clear by examining the low energy capture

efficiencies for the planar cases; to achieve a high input power, the radioisotope layer

must have a thickness on the order of microns which results in large shielding losses in

addition to the 50% loss due to isotropic emission. However, in higher energy regimes

such as with the 147Pm sources, transmission loss of the β-particles dominates and

hence, there are no performance improvements obtained by utilizing nanostructured

SCs.
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2.4 Conclusions

The potential for high performance NW BV devices has been demonstrated through

the optimization of β-generated current density calculated via GEANT4 Monte-Carlo

simulations. For devices utilizing 63Ni and 3H sources, length-matching of the NW

diameter and pitch to the path length of the β-particles provides an opportunity for

increased energy capture efficiency. The β-generated current densities for devices

utilizing 63Ni, 63Ni-Cit, 3H2 gas, and tritiated butyl, demonstrate an improvement

factor of 5.8, 2.3, 5.3, and 15.5, respectively, over the planar device counterparts.

However, devices based on 147Pm sources did not demonstrate any improvements

which is due largely to the high energy β-particles not being absorbed on the length

scale of the NWs.

Future work will couple the energy deposition simulation results to SC charge

transport models to provide an accurate estimate for overall device performance and

power generation. Various aspects such as SC dopant profiles and NW growth mor-

phologies (axial versus radial p-n junctions) can be examined as an additional param-

eter for optimization. In addition, other candidate SC materials (Si, SiC, GaN, etc.)

will be investigated.
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[26] B. Iooss and P. Lemâıtre, “A review on global sensitivity analysis methods,”

Operations Research/ Computer Science Interfaces Series, vol. 59, no. around

30, pp. 101–122, 2015.

[27] P. E. Sims, L. C. Dinetta, and A. M. Barnett, “High efficiency GaP power conver-

sion for betavoltaic Applications,” NASA. Lewis Research Center, Proceedings

of the 13th Space Photovoltaic Research and Technology Conference, vol. 13,

pp. 373–382, 1994.

[28] J. C. Lagarias, J. A. Reeds, M. H. Wright, and P. E. Wright, “Convergence

properties of the nelder–mead simplex method in low dimensions,” SIAM Journal

on optimization, vol. 9, no. 1, pp. 112–147, 1998.

[29] J. Dixon, A. Rajan, S. Bohlemann, D. Coso, A. D. Upadhyaya, A. Rohatgi,

S. Chu, A. Majumdar, and S. Yee, “Evaluation of a Silicon 90 Sr Betavoltaic

Power Source,” Scientific Reports, vol. 6, pp. 4–9, 2016.

28



Chapter 3

Coupled Simulation for Total

Power Optimization

The radiation capture simulations presented in Chapter 2 are coupled to drift-diffusion

calculations in order to optimize junction design and determine total device power

for axial p-i-n devices. Furthermore, the method previously presented is expanded to

additional design combinations in order to examine the energy capture performance

for a range of SCs and the corresponding optimum array geometry. By highlighting

the energy capture for the NW devices, it is determined that self-shielding does not

impact performance as seen with planar devices. Due to this increased energy capture

efficiency, total device performance of NW BVs is predicted to compete with top-

performing devices in literature. However, performance of long NWs (specifically

GaP) is limited due to surface recombination. Therefore, there exists the opportunity

to still further improve the NW device architecture.
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abstract: A model used to simulate and optimize the performance of nanowire-based be-

tavoltaic generators is developed. The optimum nanowire array geometry is established for

devices made of silicon, gallium arsenide, and gallium phosphide for both nickel-63 and tri-

tium sources by computing the energy capture efficiency for each case. The captured power

for nanowire devices is shown to be drastically greater compared to planar betavoltaic gener-

ators with maximum improvement factors of approximately 7, 3, 5 and 9 for devices utilizing

radioisotope sources of nickel-63, nickel citrate, tritium and tritiated butyl, respectively. In

addition, nanowire devices do not suffer from self-shielding effects, a large limitation in

conventional, planar betavoltaics. By coupling the spatial distribution of electron-hole pair

generation rate calculated from Monte Carlo simulations and a SC charge-transport model,

the diode design is optimized for maximum power output. The top performing devices,

utilizing a tritium source, exhibited an output power of approximately 4, 6 and 2 µW cm−2

for silicon, gallium arsenide and gallium phosphide, respectively. Overall device efficien-

cies were found to range from 4 to 10%, surpassing several betavoltaic devices reported

in literature. It was also found that, contrary to traditional betavoltaic design, SCs with

higher bandgaps do not necessarily result in the best device performance due to additional

material parameters, such as surface recombination velocity. Potential improvements for

nanowire-based betavoltaic generators are suggested for additional investigation.
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3.1 Introduction

Mobile applications, which require a low power and long-lasting source, suffer from

limitations with conventional electrochemical cells due to challenges with scalability,

stability, and lifetimes [1]. Such requirements exist in the fields of space exploration,

remote sensing, personal electronics and biomedical implants, or other instances where

frequent power source replacement and the utilization of other sources is not feasi-

ble [2]. BV generators, or nuclear batteries, are potential power supplies for such

applications. These BV devices are composed of a SC converter and a radioisotope

source, which decays and emits β particles [3, 4]. The energy conversion mechanism

is similar to that in photovoltaic devices, where the electrical work provided by the

device is delivered by excited EHPs in the SC medium; however, the kinetic energy

of emitted β particles is harnessed in BV devices, as compared to the harvesting of

solar photon energy in photovoltaic devices. The β particles, with energy on the order

of keV, inelastically collide with the SC lattice which can create thousands of EHPs

through impact ionization. The resulting output current from these interactions is

on the order of nA cm−2 to µA cm−2 [5, 6].

The performance of BV devices is a function of radioisotope source characteristics,

device geometry, and properties of the SC converter. Where the radioisotope half-life

alone determines the ultimate device lifetime, both the activity (the rate of decay

multiplied by the number of radioactive atoms present) and the average β-decay

energy dictates the total power input driving the generator. Additionally, to maximize

the coupling (deposition) of β-energy into the SC, the β particle penetration depth

should be on the same scale as the SC dimensions. This is known as the principle of

length scale matching [7]. Energy coupling into the converter can also be improved
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with an increased interfacial area between the SC and radioisotope. Lastly, the same

considerations for photovoltaic performance, such as charge carrier mobility, bandgap,

or recombination effects, must be examined for candidate SC materials.

The above considerations for device performance can be formalized for the total

device efficiency, η:

η ≡ Pout
Pin

= ηec · ηsc

= ηec

(
Q
q · Voc
ε

FF

)
,

(3.1)

where ηec is the energy capture efficiency, or the fraction of β-energy that is deposited

in the SC converter and ηsc is the efficiency of the SC converter [8]. The former

encompasses all geometry and energy coupling effects mentioned above, whereas the

latter includes the open-circuit voltage (Voc), internal quantum efficiency (IQE, Q),

fill-factor (FF ), and the energy required to produce a single EHP through impact

ionization (ε). ε has been shown to increase linearly with converter bandgap, Eg, and

is related to the upper limit of BV efficiency (ηL = Eg/ε ≈ Eg/(2.8Eg + 0.5)) [4].

From this well-established relationship for the limiting efficiency, it is apparent that

wide bandgap SCs result in the best performance [6].

Performance limitations in BV devices can be understood in terms of energy depo-

sition. BVs are traditionally designed as a thick, planar SC converter with a thin film

of radioisotope deposited on the surface, usually above the top contact. This limits

the number of β particles which couple to the SC volume (ηec) in two regards. First,

β particles are emitted isotopically and, therefore, approximately 50% of all decay

events will not result in any EHP generation, since half of all emitted β particles are

transmitted away from the converter. Second, the top metal contact, with a high
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density and stopping power, shields the converter from the majority of β particles.

Both losses are compounded by the self-shielding effect of the source layer. A thick

source layer is required for a high activity or power input; however, β particles will be

absorbed throughout the radioisotope before being emitted out of the source volume.

The shielding of the contact and source can be mitigated by using radioisotopes with

high β-decay energies, but energies above approximately 100 keV will begin to cause

lattice damage within the SC, significantly decreasing device lifetime [9]. Therefore,

BVs tend to utilize either nickel-63 or tritium sources since their maximum β-energies

are 65.9 and 18.6 keV, respectively, while their average energies are 17.4 and 5.7 keV,

respectively [5]. At these energies, self-shielding and contact shielding are significant

effects and, therefore, efforts have been made to create BV devices with micro- and

nano-structuring to improve energy capture [10–12].

Designing BVs with NW arrays as the converting medium has been shown to be

a feasible strategy for increasing ηec [13]. The proposed devices, shown in Figure 3.1,

are composed of a hexagonal array of axial NW p-i-n junction diodes grown on a Si

substrate. Radial (core-shell) NW structures are also possible. However, it has been

found that axial NWs currently out-perform radial NWs in photovoltaic applications.

Therefore, axial NWs will be the focus of this study [14]. The space between the NW

array is filled with the radioisotope source which can be deposited via electroplating or

spin-coating, for example. The radioisotope source thickness is equal to the full height

of the NWs, less 200 nm required for embedding the NWs into the top contact [15].

With this design, energy capture can be increased by up to an order of magnitude

over planar devices with an equivalent power input. This large increase in ηec is

realized because the NW array surrounds the radioisotope, taking advantage of the
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isotropic β particle emission, while the short path-length any β particle must travel

to some SC converter volume significantly reduces the self-shielding effect regardless

of source activity [15]. In addition, the multiple SC NWs provide β particles with

multiple opportunities to deposit their energy within the converting medium as they

travel through the device.

Figure 3.1: Schematic (not to scale) of a nanowire betavoltaic device, showing a
portion of the hexagonal array. The dashed box outlines the non-primitive unit cell
used to examine radiation interactions, while the dotted circle indicates the outline
of a single nanowire unit cell used in SC charge transport simulations. The single
nanowire on the right shows the various regions of the nanowire p-i-n diode, while
indicating the relative energy deposition distribution within the device.
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Previous work has shown that an optimum NW array diameter-to-pitch ratio

exists for GaP devices which maximizes β-power capture for several source materi-

als [16]. In the present paper, a fully coupled model is developed that also considers

SC charge transport and performance for a range of candidate SCs. A fully coupled

model, combining energy deposition and charge transport, allows the overall device

performance and power generation to be fully optimized. This provides insight into

practical BV power outputs which are attainable with NW devices for comparison

with conventional planar designs. In the work discussed herein, we present an ap-

proach to fully quantify the performance of BV devices through the determination

of energy capture via Monte Carlo calculations in GEANT4 and the resulting diode

behaviour via drift-diffusion calculations in COMSOL Multiphysics.
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3.2 Monte Carlo Simulations and Array Geometry

Optimization

The first step in a fully coupled BV model is the calculation of the radiation in-

teraction and energy capture. Monte Carlo simulations performed in the GEANT4

nuclear particle interaction toolkit [17] was used to determine both the energy cap-

ture efficiency and the spatial distribution of energy deposited throughout the NW

array. This Monte Carlo modeling tallies the energy deposition within the NWs by

tracking many individual β particles through a simulated volume, while calculating

interaction probabilities and subsequent energy loss or scattering based on empirical

datasets and material properties (density and atomic composition). The Livermore

low energy dataset within GEANT4 was used [18]. Following these calculations, the

spatial distribution of EHP generation rate within the NWs can be calculated and

used in subsequent charge transport simulations.

The NW array was simulated by the non-primitive unit cell geometry in Figure 3.1

with periodic boundary conditions. The general approach for energy deposition cal-

culations is equivalent to the model discussed in [16]; a volumetric source between the

NWs was implemented where each β particle was initialized at a random point, with

a random initial trajectory, and with an energy governed by the theoretical spectrum

of the given radioactive isotope source (see Appendix A). Inelastic collisions and

other interactions that transfer energy to the converter volume determine the overall

energy deposition distribution function, Edep (r, z), with spatial coordinates r and z.

With many such simulated β particles (107 in this work), the total power captured
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by NWs, Pcap, is calculated (see Appendix A) as:

Pcap = 2π (qVsρsa)nA

R∫
r=0

H∫
z=0

Edep (r, z) r dz dr, (3.2)

where Vs, ρs and a are the volume, density and specific activity of the radioisotope, nA

is the NW areal number density, and q is the elementary charge. The EHP generation

rate within a NW is:

G (r, z) =
Edep (r, z)

ε
Vsρsa. (3.3)

By varying geometric parameters of the NW array, we can maximize Equation 3.2

and therefore the EHP generation and BV device performance. A qualitative depic-

tion of this distribution in three dimensions is shown in Figure 3.1.

As shown in previous work [16], for a given combination of NW material, length,

and radioisotope source, an optimum NW diameter-to-pitch ratio exists, which results

in the maximum captured power, and therefore the maximum EHP generation rate.

Only GaP NWs with a height of 10 µm were previously investigated [19]. Additional

SCs are therefore examined herein over a wide range of NWs height. Si, gallium

arsenide (GaAs), and GaP were chosen for this study due to their feasibility in NW

growth as well as to provide a comparison over a range of bandgaps and surface

recombination effects. The surface recombination velocity used for passivated Si,

GaAs, and GaP was 10 [20], 103 [21], and 104 cm s−1 [22], respectively. The ionization

energies (ε) for Si, GaAs, and GaP are 3.8, 4.6 and 7.8 eV, respectively [23].

Optimum diameter-to-pitch ratios have been calculated, with the resulting NW

diameter maximizing the total captured power shown in Figure 3.2. For NW devices

with these geometries, captured power (and therefore EHP generation rate) is greatly
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increased over equivalent planar devices, as discussed below. As discussed in pre-

vious work, the captured power exhibits a maximum when examined as a function

of the diameter-to-pitch ratio. This optimum ratio exists due to a trade-off between

increased absorption in the NWs or decreased self-absorption (larger diameter), and a

larger power input/source activity (increased pitch). To determine a physical dimen-

sion from the optimum ratio, the array geometry is constrained by setting the NW

array pitch to be 100 nm greater than the NW diameter; this satisfies fabrication con-

straints while minimizing self-absorption in the radioisotope [16]. The radioisotope

sources simulated include elemental nickel-63, tritium (at atmospheric pressure and

with a density of 0.25 g cm−3), as well as two compounds of nickel citrate or tritiated

butyl both of which are viable choices for spin-coating fabrication methods for NW

BV devices [15, 24]. The optimum diameter as a function of NW height is related

to the source self-shielding effect as well as the relative differences in stopping power

between the NW and source materials (see Appendix A).
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Figure 3.2: Nanowire diameter which maximizes power capture for each SC and ra-
dioisotope source across a range of nanowire height. The data markers are scaled
relative to the magnitude of optimized power captured. See Appendix A for corre-
sponding values of energy capture efficiency.

The EHP generation rate as defined in Equation 3.3 is shown in Figure 3.3 for the

optimum array geometry of 3 µm long GaAs NWs with a tritium source. This design

combination is used as a representative example to illustrate the energy deposition

throughout the device. The total integrated captured power within the NWs and sub-

strate for this device is 10.55 and 1.24 µW cm−2, respectively (for the captured power

of other device combinations, see Appendix A). As shown, the energy deposition in

the substrate decays exponentially away from the source material which is similar to

that seen with planar BVs [1]. However, it is clear that for NW devices, there is a

strong EHP generation rate along the entire length of the NW which is expected to

lead to improvements in both the collection efficiency in addition to radiation capture.
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Figure 3.3: The electron-hole pair generation rate for a device composed of 3 µm
long GaAs nanowires and a tritium source. The axial (top) and radial (bottom)
dependence are shown separately such that integrating across either yields the total
captured power (i.e. the axial distribution is radially averaged and the radial distri-
bution is axially averaged). Note that for the single nanowire case shown here, the
substrate is modeled with a diameter equal to the pitch of the given nanowire array.
An axial and radial position of 0 corresponds to the center of the nanowire at the
base where it meets the substrate.

To determine the resultant performance improvements, a comparison between the

optimum NW geometry and conventional planar BVs was made. The objective func-

tion for optimization, Pcap, was directly compared between each design architecture.

The planar cases were defined by calculating the activity present in each NW device

and simulating a 1 cm2 sheet of converter with a source layer thick enough to provide

an equivalent activity (power input). Figure 3.4 shows this comparison for devices

containing nickel-63 (see Appendix A for additional radioisotope sources). As shown,

it is clear that NW devices are able to achieve large improvements in power capture
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efficiency. Although the captured power for planar devices quickly saturates with

increasing power input, the NW devices do not suffer from the same impacts of self-

shielding. With increasing NW height, a larger radioisotope and hence power input

can be deposited and, because this increased radioisotope dimension is orthogonal to

the coupling direction into the NW, a saturation of power capture is not observed

as seen with planar geometries. Although the radioisotope between the NWs will

still absorb a fraction of the energy, the maximum thickness in the energy coupling

direction is on the order of 100 nm, regardless of NW height and source thickness.

The observed self-shielding is more impactful for shorter NWs or a smaller power

input as well as for sources with a relatively large stopping power compared to the

SC. Additionally, a fraction of β particles is emitted towards the substrate and top

contact, which also contributes to a capture efficiency below 100%.

Figure 3.4: A comparison of the captured power for optimized nanowire devices using
nickel-63 and corresponding planar devices with the same power input. The grey lines
indicate the energy capture efficiency.
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3.3 Charge Transport Modeling

With the optimum NW array geometry now defined to maximize power capture, the

p-i-n junction design can be examined to fully establish device performance. The

SC module in COMSOL Multiphysics was used to solve the drift-diffusion equations

in a single NW model [25]. The resulting current-voltage (I-V) characteristics and

maximum power point were obtained for devices with various region lengths (p, i,

n) and doping levels. In the single NW model, as shown in Figure 3.1, the unit cell

dimensions correspond to the pitch of the NW array, while only a fraction of the p-type

Si substrate thickness (several minority carrier diffusion lengths) was modeled due to

computational limitations. This provides a sufficient approximation for the charge

carrier transport through the substrate [26]. The COMSOL calculations utilized the

spatial distribution of the EHP generation rate from the Monte Carlo simulations as

an input, and used the optimum diameter for each case as shown in Figure 3.2.

In addition to the EHP generation rate input for the COMSOL model, several

material properties of the candidate SCs were used to define additional components

of the drift-diffusion model. Such components included background (impurity) con-

centrations, trapped surface-charge densities, as well as various recombination effects.

For the materials examined, trap-assisted surface and bulk recombination is defined

using the Shockley-Read-Hall model, with additional components for Auger and ra-

diative recombination [27, 28]. In addition, minority carrier mobility as a function

of doping was calculated using the Arora model, accounting for both impurity and

phonon scattering effects [29]. All quantities and drift-diffusion calculations used

a reference temperature of 300 K. See Appendix A for the list of various material

parameters used for each candidate SC.
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To maximize the power output and determine the optimum diode design, the

DAKOTA optimization toolkit [30] was coupled to the COMSOL model and used

to tune the design variables through numerical optimization. In this approach, the

NCSU DIRECT global optimization algorithm [31] was used to search the feasible

design space using a coarse discretization. The output of the DIRECT optimization

was used as the initial condition in a local pattern-search [32] to determine the final

optimum set of design variables. The feasible design space, provided by practical lim-

itations in NW growth, limits the range of values for the p- and n-region thicknesses

and doping levels. The feasible n-region dopant concentration ranged from 1 × 1016

to 5× 1018 cm−3, and the feasible thickness ranged from 50 to 600 nm. The feasible

p-region dopant concentration ranged from 1 × 1016 to 1× 1019 cm−3 and the feasi-

ble thickness ranged from 50 nm to the full height of the NWs, less 50 nm required

for a sufficiently thick intrinsic region. A homogenous doping profile was used for

all regions and the substrate dopant concentration was set to 1× 1019 cm−3. The

resulting optimum diode designs for each candidate device are given in Figure 3.5.

Each design combination (NW height, NW material, and source material) utilized

the corresponding optimized array diameter/pitch, as previously discussed and pre-

sented in Figure 3.2. In general, with an increasing NW length, the thicknesses of the

p- and n-regions must also be increased while maintaining high doping levels. The

diode performance is drift-dominated, and a larger built-in electric field dominates

the improvement in open-circuit voltages [33,34].
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Figure 3.5: SC design variables which optimize the power output for each SC and
radioisotope material combination. For a given plot, the data markers are scaled
relative to the magnitude of optimized power output.

The optimum n-type segment height is, on average, less than the p-type segment

height because of the relative differences in minority carrier mobility. This effect

is similar to that observed in the design of solar photovoltaic cells, where carrier

collection is optimized by a thick p-type base and a thin n-type emitter. Carrier

collection from the undoped (i) region is favored by a large electric field, which is

produced by a large doping in the n-type and p-type regions. However, for short

NWs, carrier collection from the n and p regions also contribute a substantial fraction

of the current due to carriers within a minority carrier diffusion length of the top and

bottom of the NW. In this case, carrier collection favors low doping to minimize

carrier recombination and increase the minority carrier mobility and diffusion length
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(which are dopant-dependent; see Equation A.5 to Equation A.7 in Appendix A). In

summary, for short NWs, a substantial built-in field can be established with lower

doping while also maintaining a high mobility. Conversely, with longer NWs, the

larger segment regions require additional dopants to increase the built-in electric field

at the detriment of a lower mobility. We see this behaviour specifically for Si and

not the III-V materials because of differences in the limits of mobility as a function

of doping, and the much lower surface recombination velocity of Si compared to the

III-V SCs. The high surface recombination velocity of III-V SC favors consistently

high doping, regardless of NW height, to reduce surface band bending.

The diode performance (the open-circuit voltage and short-circuit current) of the

optimized junction designs is shown in Figure 3.6. Here, it is shown that the open-

circuit voltage of each simulated device increases with increasing bandgap, as ex-

pected. This behaviour reinforces the common practice of selecting a large bandgap

material for BV designs. When examining the short-circuit current of the optimized

devices, another crucial observation can be made regarding SC material selection:

with increasing NW length, a saturating effect in short-circuit current is observed for

GaP devices. This is due to the high surface recombination velocity of GaP which

is detrimental to device IQE (shown in Appendix A). Therefore, a trade-off exists

between selecting candidate SC materials which exhibit a wide bandgap and those

which will not be dominated by recombination effects for devices with long NWs.
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Figure 3.6: Performance of the optimized nanowire devices, showing (a) open-circuit
voltage and (b) short-circuit current. The inset in (b) shows the behaviour and scale
for GaP devices.
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3.4 Optimized Device Performance

With the coupled BV model fully established and optimization performed on both

the NW array geometry and the junction design, overall device performance can be

examined. The maximum power point and BV efficiency as per Equation 3.1 is shown

in Figure 3.7. Here, it is observed that modest power outputs (in excess of 1 µW cm−2)

can be achieved for tall NWs containing tritium-based sources. In addition, and

contrary to expectations, GaAs devices out-perform those made with GaP NWs. Due

to the wider bandgap of GaAs compared to Si, the increased open-circuit voltage

correlates to a higher power output. However, this same improvement is not seen

between GaAs and GaP due to the poor surface recombination properties of the latter.

With increased NW height, surface recombination begins to dominate performance,

which severely limits the device current characteristics despite the increased voltage.

This observation is crucial in the design of NW BVs as well as the practical assessment

of limiting device efficiencies for various SC converters.
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Figure 3.7: Final optimized betavoltaic performance for each SC and radioisotope
material combination. The shaded regions indicate the simulation uncertainty.

As compared to the power output and total power conversion efficiency of planar

designs in literature, the NW BVs exhibit large performance enhancements. Table 3.1

indicates the performance of representative devices in literature which are compared

to that of the optimized NW designs in Figure 3.7. It is observed that a high-power

output is achievable for the NW devices due to the ability to load high levels of activity

between the tall NW structures. Therefore, additional source activity is not wasted

due to excessive self-shielding as observed for planar devices with thick radioisotope

layers [1].
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Table 3.1: Performance of various BV devices in literature as compared to the top NW
device (tritium:10 µm GaAs) simulated herein. Values omitted where not available or
applicable.

Device Power Output
(nW cm−2)

Energy Capture
Efficiency (%)

Total
Efficiency (%)

Tritium:GaP [2] - - 4.0
Tritium:Porous Si [10,12,35]1 1.0 <44.5 0.2
Nickel-63:4H-Si [36] 100 - 6.0
Nickel-63:GaN [37] 2.7 30.5 2.7
Nickel-63:Diamond [38]1 3.5 <14.3 1.3
Phosphorous-33:SiC [39] 2100 12.4 4.5
Tritiated Nitroxide:4H-SiC [40] 2 - 1.5 to 48.2 <9.0
Beryllium tritide:SiC [41]2 - 60 <10.4
Tritium:10 µm GaAs NWs 5605 72.4 9.7

1 Experimental results which did not calculate the energy capture efficiency. The upper limit based
on source activity and measured short-circuit current was inferred.

2 Simulated device which does not account for complete SC physics coupling. Therefore it is expected
that the total efficiency reported above is an overestimation.

Despite the exceptional performance of the NW BV designs, there still exists

areas of improvement that should be investigated. In this work, only axial pin-

junction NWs were assessed, which explains the poor performance of GaP devices

with longer NWs. By performing similar optimizations for radial (core-shell) junc-

tion NWs, it is expected that surface recombination losses could be minimized. In

addition, gradient-based dopant profiles, multijunction devices, or carrier-selective

contacts may be considered for increased performance [42–44]. Therefore, an im-

proved model which includes such additional design considerations could lead to im-

provements in open-circuit voltage or IQE. Although a portion of this model has been

used to validate previous, unoptimized experimental results and examples from liter-

ature [15, 16], future work will also focus on the rigorous validation of the complete

model through further device fabrication and testing.
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3.5 Conclusions

As shown through coupled BV device modeling, NW arrays are excellent converters

for simultaneously improving energy capture efficiency while achieving competitive

overall performance. The model presented herein is useful for both simulating and

optimizing the performance of BVs while considering the complete coupling of radia-

tion interactions as well as SC charge transport something that has never been done

for NW BV devices.

By first examining the NW array geometry, the energy capture efficiency and

hence the EHP generation within the SC converters were shown to be increased by

approximately an order of magnitude when compared to equivalent, planar devices.

This improvement was physically explained with regards to material stopping power

and the reduction in source self-shielding effects seen with the NW array architecture.

The benefit of the NW devices becomes apparent when considering the addition of a

thicker radioisotope (and therefore more input power); in this case, the NWs can be

grown to match the source thickness and harness the added power, whereas planar

devices realize a saturation in captured power due to self-shielding. Coupling these

results into a SC charge-transport model allowed for the numerical optimization of

junction design which provided insight into the impacts of surface recombination

effects on device power output for NWs made of Si, GaAs, and GaP. Optimum pin-

junction design variables were observed to provide increasing internal electric fields

with increasing NW height, a trend consistent with expectations due to the drift-

dominated designs.

Overall BV performance and efficiencies that are comparable or in excess of the

state-of-the-art were predicted for all devices examined. Although high overall power
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outputs were predicted for Si and GaAs devices (from 2 to 6 µW cm−2, respectively),

lower efficiencies than expected were observed for GaP NW arrays. This resulting

from the large surface recombination velocity of GaP when compared to other SCs.

This challenges the well-established heuristic for BV efficiency which suggests perfor-

mance is maximized with an increasing converter bandgap.

In order to fully refine the model and NW devices, additional design aspects will

be examined in future work. First, radial (core-shell) junction NWs can be simulated

to investigate potential avenues for combating surface recombination effects for long

wires. It is expected that with these structures, wider bandgap materials such as GaP

or GaN could remain competitive when compared to lower bandgap SCs with well-

established surface passivation techniques or naturally low recombination velocity.

In addition, there remains the opportunity to investigate complex doping profiles to

further improve charge collection or open-circuit voltage behaviour. Lastly, future

work will focus on validating this model through device fabrication. This work has

shown that NW arrays are capable of drastically improving BV performance and are

a promising architecture for nuclear battery design.
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Chapter 4

Core-shell Structures

Core-shell p-i-n junctions are investigated to extend the results presented in Chap-

ter 3 and examine an approach to surpass the limitations of axial junction devices.

By implementing core-shell junctions, it is predicted that the losses due to surface

recombination will be reduced and the resulting SC efficiency will be improved. The

devices presented in this chapter represent the highest performance possible given the

current architecture and material choice and thus, will provide a benchmark for NW

BVs moving forward.

The results indicate that core-shell junctions do in fact have increased performance

over the devices presented in Chapter 3. Additionally, it is predicted that the per-

formance of core-shell devices closely approach the ideal limit determined specifically

for NW BVs.
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abstract: Numerical optimization has been used to determine the optimum junction

design for core-shell nanowires used in betavoltaic generators. A genetic algorithm has

been used to calculate the relative thickness, height, and doping of each segment within

silicon, gallium arsenide, and gallium phosphide nanowires. Using the simulated spectra

and energy deposition of nickel-63, nickel citrate, tritium, and tritiated butyl, devices with

power output and overall efficiency up to 8 µW cm−2 and 12%, respectively, have been

predicted. Compared to previously investigated axial nanowires, the core-shell structures

simulated here have realized drastic improvements by reducing surface recombination for

longer nanowires. In addition, core-shell nanowires are shown to be capable of nearly

matching the ideal performance predicted for this device structure. A new approach for

calculating the practical upper limit of betavoltaic performance is presented and additional

methods for improvement are discussed.
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4.1 Introduction

BV generators convert the kinetic energy of β-particles into electrical energy within a

SC, analogous to the photovoltaic effect in solar cells. The output of such devices will

persist for a duration on the order of the half-life of the radioisotope source, making

BVs a long-lasting power supply that is insensitive to environmental conditions [1].

However, the rate of β decay and the resulting particle flux is limited. This results in

a device power output on the order of nano/microwatts [2]. Applications that benefit

from BVs include remote sensors, biomedical implants, or space probes [3].

The total efficiency, ηtot, of a BV device can be defined as the product of the

energy capture efficiency, ηec, and the SC conversion efficiency, ηsc [4]. The former

describes the fraction of β energy that is deposited in the SC whereas the latter is

given by:

ηsc =
q · FF · Voc ·Q

ε
, (4.1)

where q is the elementary charge, FF is the fill-factor, Voc is the open-circuit voltage,

Q is the internal quantum efficiency, and ε is the average energy required to produce

an electron-hole pair in the SC material. For an ideal device, Equation 4.1 approaches

the ratio of the SC bandgap, Eg, to ε [4]. However, this assumes that the β-generated

current is large enough such that Voc approaches Eg/q.
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4.1.1 Energy Capture of Nanowire Arrays

Recent work has examined nanostructuring to maximize ηec. The shielding of β en-

ergy within the radioisotope source has been minimized and BV device performance

has been improved [5–7]. We have shown that a hexagonal NW array with a radioiso-

tope source deposited between the NWs is an effective form of nanostructuring for

increasing ηec [8]. Previous work [9] used Monte Carlo simulations in GEANT4 [10]

to optimize the NW array geometry (diameter and pitch) for maximum power cap-

ture. This was done across a range of NW lengths for Si, GaAs, and GaP, all well

established materials for NW growth. Common BV sources (63Ni and 3H/tritium) as

well as those viable for spin-coating deposition [11] (63Ni-citrate or tritiated butyl)

were considered. Source material properties are given in Appendix B.

NW arrays are an attractive medium for BV devices as they are able to overcome

the fundamental limitation of self-shielding inherent in a planar SC geometry. Self-

shielding occurs when additional source volume is loaded onto the device in an effort

to increase power output; although power input is increased, the relative number

of β-particles shielded by the source also increases. Ultimately, this results in a

saturation of the device power output as the radioisotope layer thickness increases [12].

Moreover, this implies that ηec approaches zero with increasing power input for a

planar SC geometry. As shown by the optimized energy capture for various NW

device designs in Figure 4.1, this is not the case for NW BV devices. For the results

of Figure 4.1, the array geometry was optimized as previously reported in [8].
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Figure 4.1: Optimized energy capture of nanowire arrays. Power law fits are shown
for GaP devices to guide the eye.

As shown in Figure 4.1, ηec for the NW devices continues to increase with NW

height, H, because the β-source thickness between the NWs is relatively constant

regardless of the NW/source height (i.e. the self-shielding is limited) [9]. Therefore,

by growing longer NWs and increasing the source loading in the device, the power

output continues to increase and the source efficiency saturates to a non-zero value.

This behaviour was fit to an inverse power law equation in the form of ηec(H) =

a/bH + c using a subspace trust-region method [13] (illustrated for GaP in Figure 4.1

with remaining fits in Appendix B). By assuming infinitely long NWs (H →∞),

this allows us to extract the best-case capture efficiency for each design combination

(given in Table 4.1). It is clear from this behaviour that, unlike conventional planar

BV devices, the effects of self-shielding do not diminish overall performance and the

captured power in final devices is unbounded with increasing NW length and power

input. The performance of infinitely long NWs is almost reached for a NW length of

only 10 µm, as seen in Figure 4.1.
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Table 4.1: Best-case energy capture for NWs with H →∞.

SC Source lim
H→∞

ηec (%)

Silicon

63Ni 37.23
63Ni-Cit 52.42
3H 71.53
Trit-Butyl 47.62

Gallium
Arsenide

63Ni 38.64
63Ni-Cit 56.12
3H 73.23
Trit-Butyl 50.60

Gallium
Phosphide

63Ni 42.77
63Ni-Cit 58.82
3H 77.12
Trit-Butyl 50.10

4.2 Methods

The radiation capture of the optimum NW arrays has been coupled to SC charge

transport calculations in the COMSOL Multiphysics toolkit [14]. This approach op-

timized the design of axial p-i-n junction NWs, for a given diameter and pitch, to

maximize ηsc [9]. However, it has been shown that for these axial junctions, longer

NWs begin to suffer due to surface recombination effects (a reduced Q and Voc in

Equation 4.1). This is especially the case for the wider bandgap SC,GaP, considered

here. Overall, despite the improvements in energy capture that NW arrays provide,

surface recombination remains a key limitation in the device design. Therefore, the

present paper considers core-shell p-i-n junction designs to mitigate surface recombi-

nation and further improve device performance [15]. The structure of a single NW in

such a design is shown in Figure 4.2.
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Figure 4.2: A single nanowire representation of a core-shell BV device.

Here, the design variables of the junction are the height and radius of the p-type

core, the height of the n-type cap, the thickness of the n-type shell, and the respective

dopant concentrations. The length and thickness of the intrinsic (unintentionally

doped) shell are determined by default as the remainder of the NW. The overall

diameter for a given combination of SC, source, and NW height, is held constant

according to the optimum array geometry defined in previous work [9]. The n-type

portion is embedded 200 nm into the top-contact and the p-type silicon substrate

extends 300 µm to the back contact of the device. A 30 nm thick silicon oxide layer,

hexagonally patterned with 100 nm holes, prevents the shell of the NWs from shorting

the device while providing a current path between the substrate and NW core.
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The previous axial p-i-n junctions [9] were numerically optimized using a direction-

based search algorithm [16]. This approach sufficed when only the individual p- and n-

type lengths were varied. However, for larger design-space problems, this approach is

too computationally intensive [17]. Therefore, a single-objective genetic algorithm [18]

in the DAKOTA toolkit [19] was employed for the core-shell structures examined

here. With the exception of the optimization routine and the diode structure, the

model presented here is identical to previous work [8]. This includes the energy

deposition and electron-hole pair generation rate for the optimum NW diameter and

array pitch, as well as components of the drift-diffusion model (recombination and

transport properties).

Each design variable was constrained to remain practical for fabrication. The

genetic algorithm enforced a minimum segment dimension of 10 nm in both radial

and axial directions. The upper bound for each segment was determined by the

total NW height or optimum NW diameter for a given design (less the lower limit

for the other two segments). In addition, the n- and p-type dopant concentrations

were limited to 5× 1018 and 1× 1019 cm−3, respectively, both with a lower bound of

1× 1016 cm−3. The intrinsic region was assumed to have an unintentional doping of

1× 1015 cm−3 for all SCs. These doping ranges represent the practical limitations of

self-assisted vapour-liquid-solid growth of NWs via molecular beam epitaxy [20].

The generation size for the genetic algorithm was 100 samples. The initial genera-

tion was set to the 64 simplex points of the design space plus 36 random points. This

initialization ensured that the extremities of the design space would be explored. Con-

vergence was met when the average power output for an entire population changed

no less than 1% over the previous 10 generations.
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4.3 Results & Discussion

4.3.1 Optimized Designs

The optimized junction designs are given in Figure 4.3. Not shown are the dopant

concentrations for each design, as the optimum values were constant across all devices

for a given SC. The optimum n-type doping was determined to be 5× 1018 cm−3 for

all cases while the optimum p-type doping was 1 × 1019 and 1× 1016 cm−3 for III-V

NWs and Si, respectively.

Figure 4.3: Optimum junction designs. Markers are scaled relative to the power
output for the corresponding design. The shaded region indicates the 95% confidence
interval.
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Optimum performance for the core-shell designs is given in Figure 4.4, which

shows the output power, Pout, the total simulated efficiency, ηtot = Pout/Pin, and the

improvement over axial structures. The power input, Pin, used for each design is a

function of source volume and provided in Appendix B. Efficiencies are competitive

with the highest performance BVs described in literature, [5, 12, 21] with ηtot > 10%

predicted for lower density source (tritium-based) designs. Additionally, as expected,

the overall power output increases linearly with NW height. Although all design

combinations realize an improvement over the axial junctions, this factor is only on

the order of 1 to 1.5 for Si and GaAs . On the other hand, the improvement was

significant for GaP , which suffered the most from surface recombination. Therefore,

because ηec is only dependent on array geometry and is constant for both axial and

core-shell designs, it is clear that the improvements are due entirely to an increase

in ηsc. This improvement in ηsc indicates that core-shell structures are effective at

reducing recombination losses in long NWs.
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Figure 4.4: Performance of optimum designs (power output, Pout and total efficiency,
ηtot) and comparison to axial NWs in previous work. The shaded region indicates the
overall simulation uncertainty.
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4.3.2 Best-Case Device Performance

Now that the NW BV devices have been optimized within practical fabrication lim-

its, it would be useful to quantify their performance relative to the best-case device

efficiencies possible. As mentioned earlier, the limiting BV efficiency is:

ηlim =
Eg
ε

(4.2)

and is listed in Table 4.2. Values of ε for Si, GaAs, and GaP, were (3.8± 0.01),

(4.6± 0.06), and (7.8± 0.8) eV, respectively [22,23]. However, ηlim is not a practical

quantity. As mentioned previously, the limiting efficiency assumes that qVoc = Eg.

This is often not achievable for BVs where the short-circuit current, Jsc, is on the

order of nA cm−2 to µA cm−2. The limiting BV efficiency also assumes ηec = 100%

which is impractical due to the non-zero energy loss in any finite volume of source

material [24]. However, high-performance NWs have been shown to achieve a fill-

factor and internal quantum efficiency close to unity and therefore this assumption

will hold [25, 26]. Therefore, the best-case device efficiency, η∞, for the NW BVs

presented here will be calculated with the upper bound for ηec, as given in Table 4.1,

as well as Voc as calculated below. See Appendix B for details on this method. With

these assumptions, the best-case NW device efficiency is:

η∞ =
(

0.99 · lim
H→∞

ηec

)(q · Voc
ε

)
. (4.3)

As per the well-known solar cell equation, [4] Voc can be calculated as:

Voc =
kT

q
ln

(
Jsc
J0

+ 1

)
, (4.4)
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where J0 is the reverse saturation current density of the diode and kT/q is the thermal

voltage, 0.026 eV. In order to constrain the device to a finite size, the best-case Jsc is

calculated for NWs that achieve 99% the value of ηec given in Table 4.1. Using the

carrier transport properties from previous work [9], J0 for each SC is calculated from:

J0 = q · n2
i

(
1

ND

√
Dp

τp
+

1

NA

√
Dn

τn

)
, (4.5)

where ni is the intrinsic carrier concentration and ND and NA are the donor and

acceptor concentrations, respectively. Additionally, Dp and Dn are the diffusion co-

efficients of holes and electrons, respectively, and τp and τn are the minority carrier

lifetimes of the holes and electrons, respectively – all of which vary with dopant con-

centration [27]. A simplex search method was used to optimize dopant concentrations

for a minimum J0 (given in Appendix B). The dopant concentrations are limited to

the same ranges as in the genetic algorithm by using a sine variable transform [28].

Table 4.2 compares ηtot for the 10 µm NWs given in Figure 4.4, the results of

Equation 4.3, as well as the limiting BV efficiency (Equation 4.2) for a given SC.

All trends in η∞ are as expected. For example, an increased device performance is

seen for SCs with a wider bandgap due to the increased Voc. Additionally, because

tritium-based sources have a lower mass density compared to nickel-based sources, the

resulting value of ηec is also higher, and ηtot is nearly equal to η∞. This also provides

insight to the large discrepancy between η∞ and ηlim. Although NW BVs exhibit a

drastic improvement in ηec compared to the planar SC geometry, the non-zero loss

due to absorption in the source impacts performance. For devices with 63Ni, 63Ni-

Cit, 3H, and Trit-Butyl, the averge factor of reduction in ηec from unity is 2.54, 1.80,

1.35, and 2.02, respectively. The performance of the tritium-based devices highlights
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the importance of engineering the source material for maximum activity density and

minimum self-absorption. The discrepancy between η∞ and ηlim is also caused by

limitations in Jsc, which prevent BVs from achieving high values of Voc. For NWs

made of Si, GaAs, and GaP, the average factor of reduction in ηsc from unity is 2.02,

1.57, and 1.34, respectively. In order to increase Voc further, a β-generated current

would need to be orders of magnitude higher than those presented in this work, which

is infeasible for practical β sources.

Table 4.2: Comparison of optimum device efficiencies. All values of ηtot exhibit a
relative uncertainty of 6%.

SC Source ηtot (%) η∞(%) ηlim(%)

Silicon

63Ni 2.94 5.70 ± 0.38

29.47 ± 0.08
63Ni-Cit 3.07 7.54 ± 0.38
3H 7.62 10.41 ± 0.03
Trit-Butyl 4.93 6.48 ± 0.02

Gallium
Arsenide

63Ni 5.08 7.59 ± 0.10

30.96 ± 0.40
63Ni-Cit 5.57 11.10 ± 0.17
3H 10.53 14.22 ± 0.19
Trit-Butyl 7.18 9.52 ± 0.12

Gallium
Phosphide

63Ni 5.57 9.47 ± 0.99

28.97 ± 2.97
63Ni-Cit 7.21 12.83 ± 1.34
3H 12.16 16.60 ± 1.72
Trit-Butyl 8.53 10.28 ± 1.07

Although they approach the best-case NW efficiencies, the designs presented

herein could be improved upon. Rigorous optimization of the materials for the ra-

dioisotope should be investigated. Much work has been done on synthesizing com-

pounds that minimize source self-shielding [12, 29, 30] and, when coupled with the

geometry of the NW arrays, could lead to further increases in ηec. Future work will

additionally focus on validating the model for BV performance and the associated

optimization through device fabrication and testing.
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4.4 Conclusion

In conclusion, we have predicted that high-performance BV generators are achievable

with NW arrays. In addition to the high potential energy capture efficiency, the higher

quality NW diodes offered by core-shell structures allow for increased SC conversion

efficiency. Core-shell structures are able to reduce the impact of recombination in

longer NWs, making wider bandgap devices feasible. Nearly all device combinations

achieve a predicted total power output in excess of 1 µW cm−2 and the total device

efficiency of tritium-based designs are capable of surpassing 10%. By specifically

examining quantities such as the reverse saturation current, maximum achievable

energy capture efficiency, and open-circuit voltage, we have also shown that the core-

shell NW BVs simulated here approach the best-case device performances. Overall,

we have shown that NW BVs exhibit impressive efficiency as well as output power and

are therefore a feasible architecture for producing devices with near ideal performance.
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Chapter 5

Discussion & Conclusion

5.1 Summary & Discussion

Overall, the goal of this thesis – to determine the optimum NW BV device design

– has been achieved. The top performing devices all utilize core-shell NWs that are

grown as long as possible (10 µm) to accommodate the most source loading. It should

be noted that longer NWs would realize improvements upon the devices reported here.

Table 5.1 summarizes the performance of the top devices in terms of total efficiency,

power density and energy density. Despite the lower total efficiency, devices with 63Ni

remain useful for long term applications due to the drastically longer half-life when

compared to tritium. An additional figure of merit for energy storage devices is the

specific energy (or energy per mass). This figure has been estimated by approximating

the device as 1 cm2 which is mostly made up of the Si substrate with an additional

factor of safety of 1.5 (for a total device mass of 105 mg). This calculation of device

mass does not account for additional components such as shielding and packaging

which will need to be considered for practical device fabrication.
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Table 5.1: Summary of best performing devices. All utilize core-shell NWs at a height
of 10 µm.

Device
Efficiency

(%)
Power Density

(µW cm−2)
Energy Density

(Wh cm−2)
Specific Energy

(Wh g−1)

GaP & 3H 12.16 6.93 0.75 7.14
GaAs & 63Ni 5.08 1.15 1.02 9.71
GaP & 63Ni 5.57 1.18 1.04 9.90

Ultimately, the high performance predicted here for NW BVs is attributed to the

large energy capture efficiency and minimal self-shielding, as originally predicted for

this device architecture. The predicted performance of the NW BVs is competitive

with top devices reported in literature. Additionally, compared to the best-case effi-

ciency as calculated in Chapter 4, the optimized devices nearly approach their upper

limit. This is especially the case for devices that utilize tritium-based sources due

to the reduced self-absorption of the β particles. Therefore, the engineering of the

source material in addition to structuring, is a key aspect of optimizing BV perfor-

mance. Low density (low stopping power) sources are necessary to maximize energy

capture efficiency and realize devices closer to the best-case predicted performance [1].

Moreover, the original heuristic of increased BV performance with increased bandgap

remains valid so long as SC device losses (such as surface recombination) are mini-

mized.

In addition to determining the optimum design, this work has also developed the

first fully-coupled model for predicting the performance of NW BVs. Upon validation

against experimental work, the model can continue to be expanded upon or extended

to new device architectures which will be discussed below.
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5.2 Future Work

First and foremost, the model presented here should be validated via experimental

work. This validation would require the fabrication and testing of the optimum

designs predicted here as well as intermediate designs for a more rigorous validation

across a range of design variables. However, additional methods of validation/analysis

can still be continued on the model presented herein. Sensitivity analysis on the

model parameters should be performed to understand the effects of various practical

characteristics on the overall device performance. Special attention should be placed

on the effect of interaction probabilities in the Monte Carlo simulations as well as the

semiconductor material properties used as parameters in the COMSOL model.

Following proper validation, the simulation tools can be expanded upon to con-

struct a more robust and realistic model. For example, the Monte Carlo simulations

can be utilized to examine the effects of thin films that accumulate at the base of

the NWs as well as different passivisation thicknesses [2]. Some potential improve-

ments that can be investigated are specifically related to the drift-diffusion model in

COMSOL Multiphysics. These improvements include multi-junction architectures to

utilize additional energy deposited in the substrate [3] and non-homogeneous doping

profiles [4] or charge-selective contacts [5], both for increased SC performance.

Beyond the future simulation work, there exist recommendations for future inves-

tigation of the BV design in general. As highlighted in Chapter 4, the engineering of

the source material and chemistry is of vital importance for BV optimization. Mate-

rials engineered specifically for maximum activity loading, minimum stopping power,

and practical deposition techniques are believed to be the main method for further

improving performance. These source materials can be assessed via the radiation
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capture simulations as GEANT4 is already equipped to simulate any arbitrary ma-

terial. In addition to source deposition via spin-coating, there exists techniques such

as electro- and electroless plating that have been established for printed circuit board

manufacturing and would be tailored to nickel-based sources [6]. Conformal coating

or plating of the NWs is of particular interest for the combination of core-shell designs

with pure metal source materials as it could improve charge collection by contacting

at all interfaces between the NWs and source. Overall, an understanding of source

deposition and activity loading within practical devices is imperative to ensure that

simulation models are able to accurately predict the device performance. That is to

say that the predictions of the model established for this thesis require that deposited

source composition is known with confidence. Lastly, to achieve NWs grown to suit-

able lengths or beyond those presented here, techniques such as hydride vapor phase

epitaxy should be investigated [7].

5.3 Conclusion

NW BVs have been modelled and rigorously optimized for several common SCs and

sources. In addition to the optimization, this work outlines the first fully coupled

model for the assessment of NW BV devices. Therefore, by following the methods

established here, future devices can be assessed before fabrication.

Monte Carlo simulations were used to investigate the radiation capture, and it

was discovered that the NW array diameter and pitch can be optimized. The energy

deposition profile within NWs was coupled to drift-diffusion calculations and used to

predict the device output. Through various optimization techniques such as direct-

search and genetic algorithms, the p-i-n junction was also optimized. Both axial and
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core-shell NW structures were investigated while the latter devices are predicted to

outperform the former due to the mitigation of surface recombination.

The top performance predicted by the devices simulated here are competitive with

devices reported in literature which confirms the benefits of NWs for BV applications.

Not only has a drastic improvement in energy capture efficiency been predicted for all

devices when compared to planar BVs, but it has been determined that self-shielding

does not limit the NW devices. Overall, this work has predicted that NWs are capable

of impressive BV performance and should continue to be studied as long-term power

sources with close-to-ideal efficiencies.
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Appendix A

Supporting Information for Ch. 3

This appendix is the published supporting information for the paper “Design and

Optimization of Nanowire Betavoltaic Generators” by D.L. Wagner, D.R. Novog,

and R.R. LaPierre.
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Derivation of Power Captured by Nanowires

Table A.1: Variables used in radiation interaction simulations.

Variable Symbol Units

Power input Pin W cm−2

Source volume within unit-cell Vs cm3

Source Density ρs g cm−3

Source specific activity a Ci g−1 = s−1 g−1

Unit-cell (simulated) area A cm2

Elementary charge q C
Energy deposited in NW Edep (r, z) eV cm−3

Energy capture efficiency ηec %
Radius of NW R cm
Height of NW H cm
Energy input Ein eV
Number of histories in Monte Carlo Calculations N #
Average β energy of source Ē eV
Total power captured by NWs Pcap W cm−2

Nanowire areal number density nA cm−2

Referring to Table A.1, the power input per device square area is known for each

simulation. It is given by:

Pin = q
Vsρsa

A
Ē. (A.1)

From GEANT4, the spatial energy deposition within a single NW, and the energy

capture efficiency of both NWs within the non-primitive unit cell, are related through:

2π

R∫
r=0

H∫
z=0

Edep (r, z) r dz dr =
ηecEin

2
(A.2)

where lim
N→∞

Ein = Ē. Note that the factor of 1/2 in Equation A.2 is used to account

for all converter volumes in the simulated unit-cell. In addition, with sufficiently high
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N , the total power deposited within all NWs, Pcap, is calculated as:

Pcap = Pinηec

= Pin

2π
2

Ē

R∫
r=0

H∫
z=0

Edep (r, z) r dz dr


= 2π (qVsρsa)nA

R∫
r=0

H∫
z=0

Edep (r, z) r dz dr,

(A.3)
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Radioisotope Spectra

The source spectra for both nickel-63 and tritium radioisotopes is shown in Figure A.1.

The mean value of the β particle energy is also indicated. These are the theoretical

spectra of each radioisotope and thus used as the source spectrum for all cases in

GEANT4. For cases where the source material is not a pure radioisotope, the self-

shielding effects automatically calculated through the Monte Carlo simulation will

account for the “effective” spectrum or the spectrum observed from outside of a

source material with finite volume.

Figure A.1: β particle spectra of nickel-63 and tritium as defined in GEANT4 Monte
Carlo simulations.

86



M.A.Sc. Thesis - D.L. Wagner McMaster University - Engineering Physics

Optimum Nanowire Diameter Behavior

In order to investigate possible reasons for the behaviour of optimum NW diameters

with increasing NW height, several fictious source materials were simulated. The

source material was modeled by varying its density and atomic composition such

that the stopping power was altered relative to the NW material. Sources were also

modeled with both the β spectra of nickel-63 and tritium. The results confirm that

the curvature of the optimum diameter curve is independent of the β spectrum, but

instead is related to the relative differences between the NW and radioisotope source

composition. When the density (or stopping power) of the source is greater than that

of the NW, we see an increasing optimum NW diameter with increasing NW height,

whereas the converse is true with a source which has a density (stopping power) lower

than that of the NWs. When the NW and source densities are the same, the optimum

NW diameter remains constant over the range of NW lengths simulated.

This is explained physically by considering the path length of β particles within

the source volume: for taller NWs and source layer, β particles will, on average, have

a larger residence time within the source before interacting with a NW. Therefore,

for source materials with a high stopping power compared to the NW, a larger NW

diameter (converter target) is preferable over a high device activity. The converse is

true for sources with a lower stopping power than the NWs: a smaller diameter (and

hence a larger source volume) is not as detrimental due to minimal self-shielding in

low density materials and therefore, a higher device activity is preferable.
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Total Captured Power of Optimum NW Arrays

Table S2 indicates the total (integrated) captured power in the NWs and the substrate

for each design combination. Using these values, the relationship between captured

power and EHP generation rate as defined in Equation 3.2 and Equation 3.3, as

well as the representative distribution shown in Figure 3.3, any EHP generation rate

distribution can be recovered.
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Table A.2: The integrated captured power in NWs and the substrate (listed in that
order) for all design combinations. All quantities are given in units of nW cm−2.

Nanowire Length (µm) 1.5 3 5 7.5 10

Silicon

Nickel-63
471.5

695.3

1319.9

847.1

2564.0

869.7

4173.9

869.8

5782.7

864.0

Nickel Citrate
45.7

82.1

136.9

132.1

282.8

151.5

482.6

167.0

691.3

173.5

Tritium
3575.4

1253.2

9359.0

1583.8

17476.5

1723.3

27756.4

1776.6

38096.3

1801.0

Tritiated Butyl
2351.0

631.9

5645.8

669.9

10072.2

675.9

15577.0

656.5

21132.8

687.5

Gallium

Arsenide

Nickel-63
714.2

628.6

1932.3

710.0

3641.8

720.3

5803.1

724.5

7953.4

720.1

Nickel Citrate
67.1

75.3

196.8

104.7

395.4

119.8

656.1

125.6

921.8

127.6

Tritium
4203.3

1043.7

10550.7

1241.9

19310.0

1322.4

30310.0

1359.8

41331.4

1393.6

Tritiated Butyl
2809.3

536.6

6568.9

557.1

11600.0

562.7

17879.5

561.0

24162.2

569.3

Gallium

Phosphide

Nickel-63
646.2

657.9

1762.4

771.9

3364.7

782.0

5383.9

770.9

7196.0

745.2

Nickel Citrate
61.1

77.6

179.8

112.7

365.5

129.9

613.1

138.2

866.3

141.3

Tritium
4113.3

1083.2

10408.4

1304.8

19107.9

1391.9

30058.1

1438.5

41292.8

1502.1

Tritiated Butyl
2744.6

561.9

6452.9

573.4

11397.4

574.3

17573.8

588.3

23577.1

596.3
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The optimum NW diameter for each design combination and the corresponding

values of energy capture efficiency are shown in Figure A.2. The relative magnitude

in energy capture for both tritium-based sources is as expected when compared to the

total captured power. However, although nickel-63 exhibits a larger total captured

power, the lower density of nickel citrate results in a higher energy capture efficiency

between the two.

Figure A.2: Optimum nanowire diameter as a function of nanowire height for all
semiconductor and radioisotope combinations. The contour lines indicate the energy
capture efficiency of each optimized array design.
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Comparison of Captured Power of Optimum NW Arrays to Planar Devices

Figure A.3 shows the captured power for optimized NW array geometry, PNW
cap , us-

ing various semiconductors and radioisotope sources. NW devices were simulated

across a range of NW heights from 1.5 to 10 µm. For each case, the specific activity

(activity in units of Ci cm−2) was calculated and set as the benchmark for equiva-

lent planar devices, such that the source thickness was selected to match this power

input. Self-shielding effects become dominant for high power inputs when using con-

ventional planar devices, as seen by the saturating behavior of captured power for

planar devices, P planar
cap . In addition, a factor of relative improvement, calculated as:

PNW
cap

P planar
cap

− 1 (A.4)

indicates an enhancement in energy capture efficiency of up to approximately 7, 3, 5,

and 9 for nickel-63, nickel citrate, tritium, and tritiated butyl devices, respectively.
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Figure A.3: Captured power for optimized nanowire devices as compared to planar
devices with equivalent power inputs. The radioisotope source in each case is (a)
nickel-63, (b) nickel citrate, (c) tritium, and (d) tritiated butyl.
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Semiconductor Material Parameters used in COMSOL Model

Table A.3 provides the quantities required for the drift-diffusion calculations for each

candidate semiconductor. Where applicable, Eq. (S5), (S6) and (S7) were used to

calculate the minority carrier mobility, µ, the minority carrier diffusion length, L, and

the minority carrier lifetime, τ , respectively. All of these models use various fitting

parameters and depend on the net dopant concentration in cm−3, N .

µ(N) = µa +
µb − µa

1 +
(

N
Nref

)d (A.5)

L(N) =


L′ N ≤ N ′

L0

1+

(
N

Nref

)d N > N ′
(A.6)

τ(N) =
τ0

1 +
(

N
Nref

) (A.7)

Table A.3: Semiconductor properties used in COMSOL Multiphysics simulations.

Property

Semiconductor
Silicon1 Gallium

Arsenide

Gallium

Phosphide

Background (impurity)

concentration (cm−3)
1×1015 [1] 1×1015 [2] 1×1015 [3]

Surface state (electron)

density (cm−2)
1×1012 [4] 1×1012 [5] 1×1012 [6]

Surface recombination

velocity (cm s−1)

10 [7]

(SiO2)

103 [8]

(AlGaAs)

104 [9]

(AlGaP)

Radiative recombination

coefficient (cm3 s−1)
– 1×10−10 [10] 1×10−13 [11]

Auger recombination

coefficient (cm6 s−1)

Electrons 2.8×10−31 [12] 1.5×10−31 [13] 1.0×10−30 [14]

Holes 9.9×10−32 [12] 2.0×10−30 [13] 1.0×10−30 [14]
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Minority electron

lifetime (s)

τ0 1.7×10−5 [15] 1.0×10−6 [16] –

Nref (cm−3) 1.7×1015 [15] 1.0×1016 [16] –

Minority hole

lifetime (s)

τ0 3.95×10−4 [15] 2.00×10−8 [16] –

Nref (cm−3) 7.1×1015 [15] 2.0×1018 [16] –

Minority electron

diffusion length

(cm)

L0 – – 0.0503 [17]

Nref (cm−3) – – 3.45×1015 [17]

L′ – – 3.72×10−4 [17]

N ′ (cm−3) – – 1.00×1018 [17]

d (–) – – 0.8734 [17]

Minority hole

diffusion length

(cm)

L0 – – 0.001 [17]

Nref (cm−3) – – 6.78×1017 [17]

L′ – – 3.72×10−4 [17]

N ′ (cm−3) – – 1.38×1018 [17]

d (–) – – 2.239 [17]

Minority electron

mobility

(cm2 V−1 s−1)

µa 88.0 [15] 500 [18] 2.39 [19]

µb 1340 [15] 9400 [18] 155.9 [19]

Nref (cm−3) 1.26×1017 [15] 6.00×1016 [18] 5.06×1018 [19]

d (–) 0.880 [15] 0.394 [18] 0.740 [19]

Minority hole

mobility

(cm2 V−1 s−1)

µa 54.3 [15] [18] [19]

µb 461.3 [15] 491.5 [18] 155.9 [19]

Nref (cm−3) 2.35×1017 [15] 1.48×1017 [18] 1.33×1018 [19]

d (–) 0.88 [15] 0.38 [18] 0.69 [19]

1: The dopant concentration (acceptors) of the silicon substrate is 1× 1019 cm−3.

Internal Quantum Efficiency of Optimized Devices

The internal quantum efficiency (IQE) of a BV converter is given as the ratio of total

β-generated current to the short-circuit current of the device. By examining this
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quantity for each semiconductor across the range of NW heights simulated, the impact

of surface recombination can be determined. Figure A.4 presents the calculated IQEs

for optimized GaAs and GaP devices. Note that Si is omitted from this plot as the

calculated IQEs for these devices were all equal to unity.

It is clear from Figure A.4 that the high surface recombination velocity of GaP

greatly impacts its performance for longer NWs, limiting it as a BV converter for

high activity generators. This study therefore highlights the importance of practical

device limitations when examining optimum BV design; although a higher bandgap

is attractive for a high open-circuit voltage, this does not consider additional material

properties which could impact device performance.

Figure A.4: Internal quantum efficiency of optimized nanowire devices. Silicon devices
attained IQEs of unity for all cases and are therefore omitted.
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Optimized Parameters

Table A.4 outlines the optimum parameters for each semiconductor and radioisotope

combination. The corresponding performance (maximum power point and efficiency)

is also indicated.

Table A.4: Summary of optimization results. For each combination of NW material,
source, and NW length, the parameters are listed in order of p-type thickness (nm),
n-type thickness (nm), p-type dopant concentration (1× 1017 cm−3), n-type dopant
concentration (1× 1017 cm−3), maximum power point (nW cm−2), and ultimate effi-
ciency (%).

Nanowire Length (µm) 1.5 3 5 7.5 10

Silicon

Nickel-63

100
130
2.00
50.00
43.7
1.42

450
200
3.25
50.00
114.6
1.87

700
225
4.00
50.00
216.8
2.23

900
250
6.50
50.00
378.7
2.65

1250
300

10.00
50.00
483.4
2.57

Nickel Citrate

375
100
1.00
50.00
3.7
1.44

400
175
2.00
50.00
9.3
1.75

550
250
2.50
50.00
18.7
2.06

650
325
5.00
50.00
35.2
2.58

800
350
9.35
50.00
49.4
2.70

Tritium

300
300
3.00
50.00
376.0
5.46

350
325
8.00
50.00
979.8
6.39

500
400

16.00
50.00
1826.0
6.82

525
450

20.00
50.00
2996.0
7.26

600
475

30.00
50.00
3851.2
6.92

Tritiated Butyl

175
250
3.00
50.00
221.3
3.78

180
350
6.00
50.00
543.0
4.22

300
400
6.50
50.00
970.4
4.37

375
425

10.00
50.00
1536.9
4.54

450
450

16.00
50.00
2023.9
4.47
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Gallium
Arsenide

Nickel-63

100
150

100.00
31.00
70.5
2.20

100
300

100.00
30.00
221.7
3.34

100
375

100.00
28.00
441.0
3.95

150
400

100.00
23.00
718.5
4.22

220
450

100.00
22.50
1067.2
4.71

Nickel Citrate

50
150

100.00
40.00
5.3
2.02

75
350

100.00
34.00
17.2
3.07

100
500

100.00
31.00
34.6
3.58

200
560

100.00
24.00
63.8
4.31

350
600

100.00
19.50
104.7
5.23

Tritium

60
125

100.00
50.00
482.5
6.74

110
200

100.00
50.00
1313.9
8.26

200
275

100.00
50.00
2526.6
9.09

350
300

100.00
45.00
3944.2
9.23

570
310

100.00
40.00
5605.4
9.71

Tritiated Butyl

55
150

100.00
50.00
314.9
5.03

100
215

100.00
48.00
805.6
5.88

125
285

100.00
47.00
1525.2
6.45

190
350

100.00
46.00
2393.1
6.64

240
380

100.00
45.00
3426.7
7.08

Gallium
Phosphide

Nickel-63

80
100

100.00
10.00
101.1
3.14

100
300

100.00
17.50
255.0
3.86

200
500

100.00
27.50
400.6
3.64

450
550

100.00
30.00
466.4
2.85

800
600

100.00
40.00
518.0
2.44

Nickel Citrate

100
100

100.00
20.00
9.0
3.47

200
250

100.00
25.00
23.2
4.16

350
400

100.00
30.00
35.2
3.71

550
475

100.00
40.00
43.5
3.00

825
600

100.00
50.00
49.1
2.52
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Tritium

100
600

100.00
0.80
671.2
9.45

300
600

100.00
1.25

1221.6
7.74

600
600

100.00
1.50

1789.0
6.49

1000
600

100.00
1.75

1880.7
4.43

1600
600

100.00
2.00

1890.1
3.32

Tritiated Butyl

100
600

100.00
0.70
475.0
7.65

150
600

100.00
0.95
915.2
6.78

200
600

100.00
1.00

1299.3
5.56

400
600

100.00
1.00

1409.6
3.96

700
600

100.00
1.00

1435.2
3.02
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Appendix B

Supporting Information for Ch. 4

This appendix is the published supporting information for the paper “Genetic Algo-

rithm Optimization of Core-Shell Nanowire Betavoltaic Generators” by D.L. Wagner,

D.R. Novog, and R.R. LaPierre.

102



M.A.Sc. Thesis - D.L. Wagner McMaster University - Engineering Physics

Curve Fitting of Optimized Energy Capture in Nanowire Arrays

Independent of the semiconductor charge transport, the radiation capture of the

nanowire arrays can be optimized in order to maximize the captured β power. Using

the methods outlined in [1], the captured power has been optimized for nanowires

up to 10 µm in height made of silicon, gallium arsenide, or gallium phosphide for

sources composed of nickel-63, nickel-citrate, tritium, or tritiated butyl. By plotting

the resulting energy capture efficiency, ηec, as a function of nanowire height, H, a

distinct inverse power law behaviour can be seen.

A subspace trust-region algorithm based on the interior-reflective Newton method

is used as a nonlinear least-squares fit approach [2]. The energy capture efficiencies

are fit to the form of:

ηec (H) =
a

Hb
+ c (B.8)

where a, b, and c, are the fit coefficients. Note that b and c are constrained to be

strictly positive. Table B.1 provides the coefficients and the 95% confidence intervals

for each. The adjusted R2 values for all fits are in excess of 0.99. Figure B.1 shows

the curve fitting for each semiconductor/source combination as well as the associated

95% prediction intervals.
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Table B.1: Curve fit coefficients for energy capture efficiency of optimized nanowire
arrays. 95% confidence intervals are given.

Semiconductor Radioisotope a b c

Silicon

63Ni -31.14 ± 9.93 0.65 ± 0.33 37.23 ± 14.03
63Ni-Cit -43.90 ± 16.97 0.45 ± 0.37 52.42 ± 19.95
3H -28.80 ± 1.46 0.94 ± 0.16 71.53 ± 1.30
Trit-Butyl -11.28 ± 0.63 1.00 ± 0.17 47.62 ± 0.48

Gallium
Arsenide

63Ni -22.65 ± 0.89 0.80 ± 0.12 38.64 ± 1.06
63Ni-Cit -38.58 ± 3.27 0.57 ± 0.16 56.12 ± 4.45
3H -22.78 ± 1.54 1.11 ± 0.20 73.23 ± 0.91
Trit-Butyl -8.93 ± 0.28 1.11 ± 0.09 50.60 ± 0.16

Gallium
Phosphide

63Ni -27.92 ± 2.29 0.51 ± 0.12 42.77 ± 2.98
63Ni-Cit -42.86 ± 9.90 0.46 ± 0.27 58.82 ± 12.41
3H -25.79 ± 1.96 0.74 ± 0.21 77.12 ± 2.57
Trit-Butyl -10.01 ± 0.83 1.30 ± 0.23 50.10 ± 0.33

Figure B.1: Curve fits for energy capture efficiency of optimized nanowire arrays.
The shaded region indicates the 95% confidence prediction interval.
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Power Input of Optimum Nanowire Array Geometry

The power density input of the optimized arrays examined in this work is calculated

as the product of the volume of the radioisotope between the nanowires, V , (using

the optimum diameter and pitch from [3]), as well as the specific activity, φ, density,

ρ, and average β energy of the source, Ē. These source parameters are given in

Table B.2. Tritium gas has been used in betavoltaic device fabrication and has been

defined here at standard ambient temperature and pressure (298 K and 1 atm). The

overall power density input as a function of nanowire height is given in Figure B.2. It

is clear that the power is linear with nanowire length. Therefore, for the calculations of

best-case device efficiency discussed below, this data can be extrapolated to determine

the overall power input for the optimum design of longer nanowires.

Table B.2: Radioisotope source properties [4].

Radioisotope
φ

(Ci g−1)
ρ

(g cm−3)
Ē

(keV)

63Ni 56.03 8.908 17.43
63Ni-Cit 18.70 1.85 17.43
3H 9600 0.25 5.71
Trit-Butyl 1900 1.25 5.71

No correction factors are used to calculate the power input. This is feasible because

the radiation capture simulations of previous work utilize a volumetric source where

the stopping power of the source itself is already considered. Therefore, self-shielding

is automatically accounted for in the energy capture simulations [5, 6].
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Figure B.2: The power density input for optimized nanowire arrays.

Calculation of Best-case Core-shell Nanowire Betavoltaic Efficiency

The quantities required to calculate the best-case nanowire betavoltaic efficiency as

defined in the main text are provided in Table B.3.

The minimum values of the reverse saturation current density, J0, are achieved at

the following acceptor and donor dopant concentrations (NA and ND, respectively):

• Silicon: NA = 1× 1019 cm−3, ND = 5× 1018 cm−3

• Gallium Arsenide: NA = 1× 1019 cm−3, ND = 5× 1018 cm−3

• Gallium Phosphide: NA = 1× 1019 cm−3, ND = 7.7× 1017 cm−3

Note that these dopant concentrations are those which minimize J0 and do not

necessarily maximize overall device performance. The maximum values of the short-

circuit current density, Jsc, are calculated by solving Equation B.8 for an energy
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capture efficiency of 99% the maximum value. This ensures the devices have a finite

size, H. The corresponding power input, Pin, is extrapolated from Figure B.2 and

used in:

Jsc =
Pin · ηec

ε
(B.9)

where the values of the ionization energy, ε, for silicon, gallium arsenide, and gallium

phosphide are (3.8± 0.01), (4.6± 0.06), and (7.8± 0.8) eV, respectively [7, 8].

Table B.3: Intermediate results of best-case nanowire device efficiency calculation.
The uncertainty on Voc arises due to the confidence bounds on the ideal energy capture
efficiency, and thus Jsc.

Semiconductor Radioisotope
J0

(A cm−2)
H

(µm)
Jsc

(A cm−2)
Voc

(mV)

Silicon

63Ni

2.56×10−14

954.9 1.68×10−4 587.8 ± 38.8
63Ni-Cit 1706.5 4.30×10−5 552.3 ± 24.9
3H 51.1 5.49×10−5 558.6 ± 1.4
Trit-Butyl 23.4 1.35×10−5 522.1± 1.0

Gallium
Arsenide

63Ni

1.74×10−20

159.4 3.07×10−5 912.7 ± 4.1
63Ni-Cit 1569.7 3.92×10−5 919.1 ± 7.6
3H 22.2 2.07×10−5 902.4 ± 0.7
Trit-Butyl 13.2 7.09×10−6 874.6 ± 1.0

Gallium
Phosphide

63Ni

3.10×10−33

3644.0 4.24×10−4 1744.3 ± 13.7
63Ni-Cit 10711.0 1.60×10−4 1719.0 ± 29.9
3H 115.6 6.70×10−5 1696.3 ± 3.2
Trit-Butyl 10.0 3.07×10−6 1616.2 ± 1.7
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