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Lay Abstract

Betavoltaic (BV) devices generate electricity from beta radiation (energetic electrons) and
have the potential to provide long-lasting power for applications where replacing batteries
is impractical. Despite decades of research, these devices remain underdeveloped, partic-
ularly in designs using nanoscale materials like 11I-V semiconductor nanowires (NWs). This
thesis explores how the shape and structure of BV devices influence their performance,
addressing challenges that limit efficiency in conventional designs. By studying the inter-
action between material properties and device geometry, this research provides new in-
sights into optimizing BV energy conversion at the nanoscale. This work also demonstrates
advanced techniques for fabricating gallium phosphide (GaP) NW-based BV generators, of-
fering a promising approach to improving power output and efficiency. The findings con-
tribute to both the theoretical understanding and practical development of BV devices,
paving the way for future innovations in compact, long-lasting power sources for space,

medical, and remote sensing applications.



Abstract

Betavoltaic (BV) devices, which convert beta particle radiation into electrical power, rep-
resent a promising solution for long-term energy generation in environments where tra-
ditional low power sources are impractical. While BV technology has been studied for
over fifty years, its development has been limited, particularly in the emerging field of IlI-V
semiconductor nanowire (NW) implementations. This dissertation advances both the the-
oretical understanding and practical development of gallium phosphide (GaP) NW-based
BV generators, with a specific focus on overcoming geometric constraints that impact de-
vice performance.

Through comprehensive modeling and experimental validation, this work establishes
fundamental relationships between NW architecture, material properties, and energy con-
version efficiency. The research presents novel insights into optimizing carrier transport
and radiation absorption through precise control of NW geometry and material interac-
tions. New processing techniques for fabricating tailored GaP NW arrays are developed
and demonstrated, enabling enhanced BV performance through improved charge collec-
tion efficiency.

The findings bridge critical gaps in current understanding of radiation-driven energy

conversion in nanostructured materials, while providing practical solutions to long-standing



challenges in BV device design. This work establishes a foundation for developing high-
efficiency BV power sources, with potential applications in space exploration, medical im-
plants, and remote sensing systems. The theoretical framework and fabrication method-
ologies presented here open new pathways for advancing BV technology toward practical

implementation.



To my parents for their unwavering love and support through every stage of my life.

Vi



Acknowledgements

First, I'd like to thank my research supervisor Dr. Ray LaPierre for providing the opportunity
to pursue this endeavour, and putting his faith in me to see it through to the end. Ray’s en-
couragement and guidance have taught me about what it means to be a good researcher
and collaborator. | am grateful for the many practical learning and networking opportuni-
ties in the form of training programs, conferences and workshops, afforded to me through
Ray’s support. | would also like to thank my advisory committee members, Dr. Ryan Lewis
and Dr. Dave Novog for their challenging questions and insight. Thank you for pushing me
to go beyond what | thought | was capable of. In the process, | have learned more about
myself than | ever expected.

Many thanks to the past and present LaPierre group members who helped me progress
over the years. When | began, Simon McNamee equipped me with much of the knowledge
needed to get started on the project. | am deeply grateful to Mitchell Robson who took the
time to teach me the entire device fabrication and electrical characterization process even
after he completed his studies. None of this would have been possible without his patience
and willingness to help me. Thank you to Ara Ghukasyan and Paige Wilson for training and
helpful discussions. Special thanks to Devan Wagner, for helping me get started with device
modeling. To my current fellow group members Ethan Diak and Linh Lam, thank you for

the many laughs, friendship and encouragement. Working alongside both of you has been

Vii



an absolute pleasure.

A tremendous thank you is owed to the Centre for Emerging Device Technology (CEDT)
staff at McMaster. First and foremost, thank you to Nebile Isik Goktas for not only training
me in everything from wafer preparation to device processing, but for also providing in-
valuable knowledge of MBE and nanowire growth. | am incredibly grateful for the patience
you showed me when [ first joined the group. Thank you to Doris Stevanovic for all of the
technical support and processing knowledge, and for always being a friendly face in the de-
partment. Thank you to Shahram Ghanad-Tavakoli for performing all of the MBE growths. |
am grateful to the Canadian Centre for Electron Microscopy (CCEM) staff at McMaster Uni-
versity, Chris Butcher and Jhoynner Martinez for SEM training and troubleshooting, as well
as Carmen Andrei for performing TEM. | would also like to acknowledge Alex Tsukernik of
the Toronto Nanofabrication Centre (TNFC) at the University of Toronto for his assistance
with EBL.

| am grateful for funding from the Natural Sciences and Engineering Research Council
(NSERC) CREATE TOP-SET program, Ontario Graduate Scholarships and the Department of
Engineering Physics, which enabled this research.

To my family and friends, although | can’t list you all, thank you for staying the course
with me. This thesis stands as a testament to the incredible community of individuals who
have supported me throughout this journey. To my parents, thank you for always being in
my corner and supporting me in every endeavour. Had it not been for you fostering my
curiosity and love of learning, | would have never gone down this path. To my brother
Mathieu, thank you for being an infinite source of laughter and positivity in my life. To my
grandma, thank you for being there to cheer me on no matter the activity. Thanks to you

| have always known a life filled with love. To Neil and Dianna, your unwavering love and

viii



belief in me strengthened my resolve when | needed it most. To Paige and Jared, thank
you both for the many nights spent laughing into the early hours of the morning whenever
| needed an outlet.

Lastly, and most importantly, thank you to my partner, best friend, and love of my life,
Kevin. There aren’t enough words to express my gratitude for your unconditional love and
support over the past nearly 11 years. You’ve shown such grace and selflessness through-
out this process. Thank you for enduring this journey with me and for never wavering,
even when | felt lost. Through it all, you always found a way to make me laugh. This ac-

complishment is as much yours as it is mine. | can’t wait to see where life takes us next.



Contents

LAY ABSTRACT iii
ABSTRACT iv
ACKNOWLEDGEMENTS vii
ABBREVIATIONS, SYMBOLS, AND DEFINITIONS XXVi
DECLARATION OF ACADEMIC ACHIEVEMENT XXXiX
1 Introduction 1
1.1 Background of Betavoltaics . . . . . ... ... ... ........... 1

1.2 1V Nanowires . . . . . . . o e e e e e e e e e 5

1.3 LiteratureReview . . . . . . . . .. e 6

1.4 ThesisOVerview . . . . . . v v i i e e e e e e e e e e e 10

2 Analytical Model of a Nanowire-Based Betavoltaic Device 13
2.1 Introduction . . . . . . ... e e 13

2.2 Model Description . . . . . . . e e e e e 15
221 DarkConditions. . . . . . . . . . ... ... 17



2.2.2 Short-circuit Conditions . . . . . . . . . . ...

2.2.3 Electron-Hole Pair Generation . . . . . ... .. ... ... ...
2.2.4 Total Device CurrentDensity . . . . . .. ... ... ... ....

2.2.5 Carrier Recombination . . . . . ... ... ... L.
2.2.6 J-VCharacteristics . . . . . . ... ... o

2.3 Resultsand Discussion . . . . ... ... Lo
23.1 GeneralTrends . . . . . . . . . . e
2.3.1.1 Nanowirelength. . . . . ... ... ... .......

2.3.1.2 Nanowire Diameter . . ... ... .. ... ......

2.3.1.3 Doping . . . . . . e e e e

2.3.1.4  Short-Circuit Current Density — Joc . . . . . ... ...

2.3.1.5 Open-CircuitVoltage — Voo . . . . . . .. ..o ...

23.16 FillFactor—FF. . . . . . .. ... ... ... ..

2.3.1.7 Conversion Efficiency —n . . . . . ... ... ... ..

2.3.1.8 ArrayGeometry . . . . .. . ... .. 0o

24 Conclusion. . . . . . .

Nanowire Growth and Characterization

3.1 Introduction . . . . . . ...
3.2 Background . . . . . ... e
3.2.1 Molecular Beam Epitaxy (MBE) . . . . . . . . .. ... ... ...
3.2.2 Electron Beam Lithography (EBL) . . . . . . . ... ... ... ..
3.2.3 Plasma-Enhanced Chemical Vapor Deposition (PECVD) . . . . ..
3.2.4 WetEtching . . . . . . . . . . . e
3.3 Characterization Methods . . . . . . . ... ... Lo L.

Xi

18

19

26

27

27

28

31

31

34

36

39

39

40

40

41

43

45

45

46

46

48

50

52

54



3.3.1 Scanning Electron Microscopy (SEM) . . . . . . .. ... ... .. 54

3.3.2 Ellipsometry . . . . ... e 60

3.4 Fundamentals of Nanowire Growth . . . . . ... ... ... ...... 61
3.5 SamplePreparation . . . . . . . . ... 67
3.6 ResultsandDiscussion . . . . . .. .. ... oo 70
3.6.1 Be-dopedAxial GaPNWs . . . . . . .. ... ... ... ..... 70
3.6.1.1 SampleA . . ... ... .. 70

3.6.2 Be-doped Core-shellGaPNWs . . . .. ... ... ........ 73
36.21 SampleB . . . ... ... ... 74

3.6.22 SampleC . . . .. .. ... ... 77

3.6.3 Be+Te-doped Core-shellGaPNWs . . . ... ... ........ 79
3631 SampleD. . ... ... . ... .. 79

3.6.3.2 SampleE . . . . ... . o 83

3.7 Conclusions . . . . . . . . 85
Device Fabrication 88
4.1 Introduction . . . . . . ... 88
4.2 Background . . . . ... .. e e e e 89
4.2.1 ReactivelonEtching(RIE) . . . . . . .. .. ... .. ... .... 89
4.2.2 Photolithography . . . . . . . . ... ... . ... . 91
4.2.3 Magnetron Sputter Deposition . . . . . . ... ... L. 93
4.2.4 Rapid Thermal Annealing (RTA) . . . . . . . . . . ... ... ... 98

4.3 Planarization and Back-Etching . . . . . .. .. ... ... ... ... 98
4.4 Metal Contact Patterning and Deposition . . . . . ... ... ... ... 101
45 Annealing . . . . .. e e 103

xii



4.6 Conclusions . . . . . . . . e e e e e 104

5 Betavoltaic Device Measurements 106
5.1 Introduction . . . . . . . . ... 106
5.2 Four-wireSensing . . . . . . .. e e e 107
5.3 Experimental Methodology . . . . . . . . . . ... ... . ... ... 108
5.4 Resultsand Discussion . . . . . .. ... L oo 111

5.4.1 Equivalent Circuit Diode Model . . . .. ... ... ....... 117
5.5 Conclusions . . . . . . . . 123

6 Conclusions 125
6.1 ThesisSummary . . . . . . . . .. e e 125
6.2 FutureWork . . . . . . .. 127

References 129

Appendix 145
l. Poisson’s Equation . . . . . . . . .. ... 145

a. Electric Field Boundary Conditions . . . . . . . ... ... .. .. 149
b. Electric Potential Boundary Conditions . . . . . . . ... ... .. 149
C. Solving Poisson’s Equation . . . . . ... ... ... ... .... 149
II.  Continuity EQuations . . . . . . . . . . . . i i i i e e e 157
a. Green’s Function Formalism . . . . .. ... ... ... ..... 159
lll. Bandgap Narrowing . . . . . . . . . . . . . . i e 168
IV. Carrier Mobility . . . . . . . . . . e 171
V. Minority Carrier Diffusion Length and Carrier Lifetimes . . . . . . . . .. 172

xiii



VI.

VII.

VIII.

XI.

Carrier Recombination . . . . . . . . . . .. 173

a. Shockley-Read-Hall Recombination . . ... ... ........ 173
b. Auger Recombination. . . . . . . . ... ... . ... ... 175
C. Radiative Recombination . . . . . . . .. ... ... .. .. ... 176
d. Recombination Parameters . . . . . . . . ... ... ... 177
Radioisotope Source Parameters . . . . . . . . .. .. ... .. .. ... 177
Simulation Program Flowchart . . . . . . ... ... ... ........ 181
GaAs and Si Betavoltaic Device Simulation Results . . . . . . ... .. .. 182

Sample Preparation and Device Fabrication Procedure Supplementary In-

formation . . . ... 185
a. BHF Etch Rate Calibration . . . . . . . ... .. ... ... .... 185
b. RIE Etch Parameters . . . . . . . . . . . . ... ..., 186
C. Magnetron Sputter Deposition Parameters . . . . . . . ... .. 187
Input Power Density Calculations . . . . . . ... ... ... ....... 189

Xiv



List of Figures

11

2.1

2.2

Representation of the porous silicon 3D device structure. The continuous
p-n junction in neighboring pores is shown. Modified from Ref. 8.

a) Nano-structured betavoltaic device schematic. The radioisotope source
material occupies the volume between the NWs. In the planar source con-
figuration, the volume between the NWs is instead filled with a planarizing
electrically insulating polymer and the source material is deposited atop
the NW tips. L is the NW length, d is the NW diameter and p is the pitch
(separation) between NWs. b) NW p-i-n junction radial cross-section. R,
is the p-core radius, t; is the intrinsic shell thickness, and t,, is the n-shell
thickness. Carrier separation occurs along the radial direction. The anode
and cathode electrodes are deposited on back of the p-type substrate and
on the nanowire n-shell, respectively. . . . . .. .. ... ... .....
a) NW array hexagonal lattice, with periodic NW spacing (pitch) p and di-
ameter d. The NW positions are depicted by the circles. b) Rectangular
non-primitive unit cell used to determine the simulated source and con-
verter volumes. c) Simulated radioisotope cross-sectional area within the

unitcell. . . . . e,

XV

16



2.3

2.4

2.5

2.6

2.7

Simulated nano-structured source volume. w,,. = (p — d) is the source
width and t is the vertical source thickness. 8 particles (green sphere) emit
uniformly in all directions. . . . . . . . . . ... ... .. ..
Best efficiencies of the simulated devices for 3D and 2D ®*Ni source con-
figurations. The NW diameter was varied from D = 200, 260, 300, 400,
500, 550, 600, 700, 800 and 900 nm. For each diameter, devices were sim-
ulated for NW lengths varying from L =1, 3,5, 7.5, 9 and 10 um. In order
to investigate the effects of the device geometry for each NW diameter
the NW array pitch was set such that the ratio of the NW diameter to the
array pitch (d : p) was varied from0.1t00.95. . .. ... ... .....
Simulated GaP betavoltaic devices for a 3D source configuration with prop-
ertiesa) /. b) V., c) FF, d) efficiency. N, =10'° cm™3, Ny =5 x 108 cm3,
D =200nm,L=10um,(d:p)=04. ... ... ... .. .......

Simulated GaP betavoltaic devices for a 2D source configuration with prop-

ertiesa) /. b) V., c) FF, d) efficiency. Ny =1 x 10 cm™3, N, =5x10%¥ cm™3,

D =900nm,L=1um,d:p=095. .. ... ... ... ........
Efficiency as a function of the NW p-core diameter and n-shell thickness
for simulated 3D source geometry GaP betavoltaic devices. The NW length
was varied from a) 1 um b) 5 um c) 10 um, while the NW diameter, dopant
concentrations, and diameter-pitch ratio were fixed at D =200 nm, Ny =

10 cm™3, N, =5%x 10 cm™,and d : p = 0.4, respectively.. . . . . . .

XVi

24

30

30

31



2.8

2.9

2.10

Efficiency as a function of the NW p-core diameter and n-shell thickness
for simulated 3D source geometry GaP betavoltaic devices. The NW diam-
eter was varied from a) 200 nm b) 450 nm c¢) 900 nm, while the NW length,
dopant concentrations, and diameter-pitch ratio were fixed at L = 10 um,
N, =10 cm™3, N, =5x 10 cm™, and d : p = 0.4, respectively.

Efficiency as a function of the NW p-core diameter and n-shell thickness
for simulated 3D source geometry GaP betavoltaic devices. The acceptor

and donor dopant concentrations were varied froma) N, = 1 x 10%° cm™3,

Np =5x10¥cm=b) N, =10 cm™3,Np =10 cm™3¢) N, =5x10%¥ cm™3

Np =1x10”ecm3d) N, = N, =5x10%¥cm3e) Ny =5x10%¥cm3,

Np = 1x 10 cm™3. The NW length, diameter, and diameter-pitch ratio

35

were held constantat L = 10um, D =550nmand d : p = 0.4, respectively. 37

Efficiency vs. diameter-pitch ratio for the optimum performant simulated
nanostructured betavoltaic devices using a 3Ni radioisotope source a) GaP
(circles) D = 200nm, Ny, = 10 cm™3, N, = 5x10¥cm ™ b) GaAs
(squares) D = 200nm, Ny, = 10 cm ™3, N, = 5x10%¥cm ™3, and ¢)
Si (triangles) D = 200nm, N, = 5x10%¥cm ™3, N, = 10® cm 3, for
L = 1, 5 and 10 um. Gaussian fits to each simulated data set were com-

puted using a Levenberg-Marquardt least-squares algorithm®3. . . . . . .

XVii



2.11 Efficiency vs. diameter-pitch ratio for the optimum performant simulated

3.1

3.2

3.3

3.4

3.5

3.6

betavoltaic devices employing a planar 3Ni radioisotope source a) GaP
(circles) D = 900nm, N, = 10¥%cm™3, N, = 5x10®cm 3, b) GaAs
(squares) D = 900 nm, Ny = 10 cm =3, N, = 5 x 108 cm =3, and ¢) Si (tri-
angles) D = 900 nm, N, = Np = 10%° cm 3. Quadratic fits to each simu-
lated data set were computed using a Levenberg-Marquardt least-squares
algorithm™3. . . . L
Schematic of the principal elements of a MBE reactor (from Ref. 46). . . .
EBL patterning process. . . . . . . . .. L e e
Diagram of the fundamental components of a typical ECR-PECVD system.

Illustration of the process of wet-etching a thin film deposited on a sub-
strate. A masking layer is used to define a pattern. Isotropic etching causes
undesirable lateral undercuts, showninorange. . . . ... ... ... ..
Types of primary beam electron-specimen scattering interactions: (i) in-
elastic scattering ionizes the surface atoms of the specimen, releasing sec-
ondary electrons, (ii) PEs are elastically scattered by the atomic nuclei of
the sample and are deflected backwards out of the sample, (iii) tightly
bound inner (K) shell electrons can be ejected from the specimen when
they scatter PEs. Higher energy electrons fill the vacancy in the electronic
shell, releasing energy in the form of characteristic X-rays from the speci-
men in the process. Slight deflections of the PEs from inelastic scattering
cause broadening of the beam within the specimen. . . . . . . ... ..

Diagram of the principal elements of a scanning electron microscope.

XViii

43

47

49

51

53

57



3.7

3.8

3.9

3.10

3.11

3.12

Illustration of the general principal of ellipsometry and the components of
a basicellipsometer. . . . . . . . . ...
VLS growth nucleation pathways: (i) direct impingement of the adatoms
on the droplet, (ii) diffusion of the group Il (purple) adatoms along the
sidewalls, and (iii) surface diffusion of the adatoms after impingement on
the substrate or NWsidewalls. . . . . . . . .. ... ... ...
Substrate patterning process. EBL and RIE are used to define the pattern
within square pads in the oxide layer. The mask holes are separated by the
arraypitchAd,. . .. ..o
a) Standard wafer pie piece shape and NW pad layout. The sample consists
of nine 1 mm? NW square pads, and a larger TEM pad. The row and column
position of each pad is specified by a tuple of the form (R;, C;). Each column
contains identical NW pad patterns. Columns 1 to 3 correspond to NW
array pitches of 360 nm, 600 nm and 1000 nm, respectively. The TEM pad
is typically cleaved and used for NW characterization by TEM; however,
other characterization methods can be employed as well. NWs located on
the TEM pad have a pitch of 360 nm. b) Schematic of the core-shell p-i-n
NW structure. . . . . . . . . o e
a)-c) SEM images of 30 ° tilted Be-doped GaP NWs from sample A NW ar-
rays with 360 nm, 600 nm and 1000 nm pitches, respectively. Spherical
crystallized catalyst droplets are visible atopthe NWs. . . . . . . . . ...
a)-c) SEM images of 30° tilted Be-doped (p-i) GaP core-shell NWs from
sample B NW arrays with 360 nm, 600 nm and 1000 nm pitches, respec-

tively. The Ga impingement rate during shell growth was 1 um/h.. . . . .

XiX

61

64

68

69

71



3.13

3.14

3.15

4.1

4.2

4.3

4.4

4.5

4.6

4.7

a)-c) SEM images of 30° tilted Be-doped (p-i) GaP core-shell NWs from
sample B NW arrays with 360 nm, 600 nm and 1000 nm pitches, respec-
tively. The Ga impingement rate during shell growth was 0.5um/h. . .. 78
a)-c) SEM images of 52.8 ° tilted Be+Te-doped (p-i-n) GaP core-shell NWs
from sample D NW arrays with 360 nm, 600 nm and 1000 nm pitches, re-
spectively. d)-f) SEM images of the 30 ° tilted nanoantenna in the 600 nm
pitch array with increasing magnification. Hexagonal faceting of the NWs
sidewalls is indicative of VS radial growth. The Ga impingement rate during
shellgrowthwaslum/h. . . . . . . .. ... ... ... .. .. ..., 81
SEM images of 30° tilted Be+Te-doped (p-i-n) GaP core-shell NWs from
sample E NW arrays with 360 nm, 600 nm and 1000 nm pitches, respec-

tively, at a)-c) low d)-f) high magnifications. The Ga impingement rate dur-

ing shell growthwas 0.5um/h. . . . . .. ... ... .. ... ...... 84
Device fabrication process flowchart. . . . . . . ... ... ... ... .. 89
Configuration of a typical RIEsystem. . . . . . . .. .. ... ....... 90
Photolithography patterning process. . . . . . . . . ... ... ..... 92
Diagram of the magnetron sputtering process. Modified fromRef. 91. . . 94

a) Deposition chamber schematic. Modified from Ref. 93. b) Torr Interna-
tional CRC-600 DC/RF magnetron sputtering system (from Ref. 93). . . . . 96
SEM images of top-down (a-c) and 30° tilted views (d-f) of the Be+Te-
doped NW encapsulated in BCB for 360 nm, 600 nm and 1000 nm pitches,
respectively. . . . . . . L 100

a) Device top contact patterns. b) Cross-section of the NW pad after lift-off. 102

XX



4.8 Processed GaP NW array BV devices, identical to the NW pad layout shown

inFig.3.10a . . . . . . . . e e e 102
4.9 Top-view SEM images of a 360 nm pitch NW pad with an ITO/Au bilayer top

contact. The ITO and Au films exhibit distinct morphologies, with cracks in

the ITO layer visiblein(b)and (c). . . ... .. ... ... ... ..... 104
5.1 lllustration of the four-point probe method for measuring sheet resistance,

where the probes are equally spaced by a distances. . . ... ... ... 108
5.2 A cylindrical ®3Ni source embedded in a repurposed electron capture de-

tector column. The source was fabricated by irradiating a rectangular foil

sheet, which was subsequently rolled into a cylinder. Here, h denotes the

cylinder height (10.70 + 0.02 mm), t represents the foil thickness (0.58 + 0.02 mm),

and d is the inner diameter of the resulting structure (6.58 + 0.02 mm).

The cylinder dimensions were measured with digital calipers. . . . . . . . 109
5.3 Four point probe electrical measurement setup. The bore of ®3Ni source

was positioned above the sample at angle (relative to the horizontal) to

expose the foil to NW pads below. A Keithley 2400 source meter unit (SMU)

was used to simultaneously source the biasing voltage and measure the

devicecurrent. . . . . . ... 110
5.4 Electrical characterization of the 600 nm pitch array BV device: a) dark

(blue) and active (purple) J-V characteristics on linear scales, b) correspond-

ing J-V characteristics on semilogarithmic scales, c) J-V curve in the power

generation region highlighting the short-circuit current density (/,., green)

and open-circuit voltage, with the shaded region illustrating the subopti-

mal fill factor, and d) power curve identifying the maximum power point. 112

XXi



5.5

5.6

5.7

5.8

Al

A2

A3

A4

A5

Simulated J-V characteristics of the 600 nm pitch GaP NW array BV de-
vice. The simulation parameters were D = 215nm, dp = 101nm, t, =
15.5nm, L = 4.484um, N, = 1x10¥cm™3, N, = 5x10¥ cm™ and
d:p=0.3583. . .. .. . e
Single-exponential diode equivalent circuit with parasitic loss elements. .
Equivalent circuit diode model parameter extraction program flowchart. .
Sample E 600 nm pitch BV device forward bias dark J-V characteristics (grey)
and the diode model fit (red) on (a) linear and (b) semilogarithmic scales.
Simulated equilibrium energy band diagram for a GaAs p-i-n junction. The
band discontinuities at the junction interfaces (ry, ;) arise due to the nar-
rowing of the bandgap in the heavily-doped regions. . . . . . . ... ..
a) Electric field and b) electric potential distribution solutions for a GaAs p-
i-n junction with Ny = 5x10'8, N, = 1x10'%,d,, = 130nm, t,, = 20nm,
t; = 15nm, D = 200 nm. V}; is the built-in potential of the junction. . . .
EHP generation rate distribution in GaP as function of penetration depth
x. The fit (green dashed curve) was generated according to a stretched
exponential distribution — G(x) = G, exp(_(ax)v) — with parameters:
a=638cm™ L, G, =9%x10®em™3sL,v=23. ............

Simulation program control flowchart. . . . . . . ... .. ... ... ..

Simulated GaAs betavoltaic devices for a 3D source configuration with prop-

ertiesa) /. b) V., c) FF, d) efficiency. N, = 10 cm™3, N, = 5x 10*¥ cm™3,

D =200nm,L=10um,d:p=04. . . ... .. ... ... ...,

XXii

116

118

121

122

145

157



A6

A7

A8

A9

A10

Simulated GaAs betavoltaic devices for a 2D source configuration with prop-
ertiesa) /. b) V., c) FF, d) efficiency. Ny = 10°cm™3, N, = 5x 10*¥ cm™3,
D=900nm,L=1um,d:p=09. .. ... ... ... ... ...... 183
Simulated Si betavoltaic devices for a 3D source configuration with proper-

tiesa) /5. b) V¢, c) FF, d) efficiency. Ny = 10 cm™3, N, = 5x 10*¥ cm™3,

D =200nm,L=10pum,d:p=04. .. .. ... ... .. ..., 183
Simulated Si betavoltaic devices for a 2D source configuration with proper-

tiesa) Jo. b) V., c) FF, d) efficiency. Ny = 10¥%cm™3, N, = 5x 10*¥ cm™3,
D=900nm,L=1um,d:p=0.9. . . ... ... ... .. .. ..... 184
Efficiency as a function of the NW p-core diameter and n-shell thickness

for simulated 2D source geometry GaP betavoltaic devices. The NW length

was varied from a) 1 um b) 5 um c) 10 um, while the NW diameter, dopant
concentrations, and diameter-pitch ratio were fixed at D = 900 nm, N4 =

10 cm™3, Np = 5x10%¥ cm™,and d : p = 0.9, respectively. . . . . . .. 184
Etch depth vs etch time. An etch rate of 0.708 nm/s was calculated from

thelinear fit. . . . . . . . . . .. 186

XXiii



List of Tables

11

2.1

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

Device specifications for current commercially available BV devices. It should
be noted that the BetaBattery is currently in development. . . . . . . ..
Best device efficiency results across all simulated devices for GaP, GaAs,
and Si planar (2D) and 3D source configurations. . . . . . ... ... ...
GaP nanowire sample identification. . . . . .. ... .. ... ... ...
Sample A MBE growth protocol of Be-doped GaPNWs. . . . ... .. ..
Be-doped GaP NW length and diameter measurements for sample A.
Sample B MBE growth protocol of Be-doped (p-i) GaP core-shell NWs. . .

Be-doped core-shell GaP NW length and diameter measurements for sam-

Sample C MBE growth protocol of Be-doped (p-i) GaP core-shell NWs. . .

Be-doped core-shell GaP NW length and diameter measurements for sam-

Sample D MBE growth protocol of Be+Te-doped (p-i-n) GaP core-shell NWs.
Be+Te-doped core-shell GaP NW length and diameter measurements for
NWs without nanoantenna in sample D. The tapered nanoantenna seg-

ments were4.5umtoSumtall. . . .. .. L L oL

3.10 Sample E MBE growth protocol of Be+Te-doped GaP core-shell NWs. . . .

XXiv

10

29
67
70
72

74

75

77

78

80

82

83



3.11 Be+Te-doped core-shell GaP NW length and diameter measurements for

sample E. . . .. L e e e
5.1 Sample E 600 nm pitch BV device diode fit parameters. . . . . . ... ..
Al Bandgap narrowing formula parameters for Ill-V materials1%. . . . . ..
A2  Slotboom bandgap narrowing parameters®. . . . . ... ... ...

A3  Simobility fitting parameters3®. . . .. .. ... L.

A4  GaP and GaAs mobility fitting parameters®. . . . . .. ... ... .. ..

39,41

A5  Siand GaAs minority carrier lifetime fitting parameters
A6  GaP minority carrier diffusion length fitting parameters3’. . . . . .. ..
A7 Auger, radiative, Shockley-Read-Hall and surface recombination parame-

tersforGaP, GaAsandSi. . . . . . . . . . . ..
A8  ®Niradioisotope properties™. . . . .. ...
A9 Ellipsometry measurements of film thickness and etch depth vs etch time.

Etch depths were calculated from the reference sample oxide thickness of

(51.240£0.004) NM. . . .. e e
A10 BCBRIE back-etchrecipe. . . . . . . . . . .. ... .. ... ... ...,
A1l ITO sputter deposition parameters. . . . . . . . . . . . . ... ... ...
Al12 Au sputter deposition parameters. . . . . . . ... ...,
A13 Alsputter deposition parameters. . . . . . . . ... ... oL

Al4 Sputtering target material properties. . . . . . . ... ... ...

XXV

85

122

169

170

171

172

172

173

177

179

188



Abbreviations, Symbols, and Definitions

Abbreviations

2D two-dimensional

3D three-dimensional

AFM atomic force microscopy

AlGaP aluminum gallium phosphide

BCB bisbenzocyclobutene

BHF buffered hydrofluoric

BSE backscattered electron

BV betavoltaic

CCEM Canadian Centre for Electron Microscopy
CEDT Centre for Emerging Device Technologies
CL cathodoluminescence

XXVi



CvD

DC

DI

E-beam

EBL

ECR

EHP

FEG

GaP

GS-MBE

HF

HRTEM

ICP

loT

IPA

ITO

v

chemical vapor deposition

direct current

deionized

electron beam

electron beam lithography

electron cyclotron resonance

electron-hole pair

field-emission gun

gallium phosphide

gas-source molecular beam epitaxy

hydrofluoric

high-resolution transmission electron microscopy

inductively-coupled plasma

internet of things

isopropyl alcohol

indium tin oxide

current-voltage

current density-voltage

XXVii



LMA Levenberg-Marquardt algorithm

MBE molecular beam epitaxy

MFP mean free path

ML monolayer

MOCVD metal-organic chemical vapor deposition
MSE mean square error

NIL nano-imprint lithography

NW nanowire

PECVD plasma-enhanced chemical vapor deposition
PE primary electron

PH3 phosphine

PL photoluminescence

PR photoresist

PS porous silicon

PVD physical vapor deposition

PV photovoltaic

QNR quasi-neutral region

RF radio-frequency

XXViii



RHEED reflection high-energy electron diffraction

RIE reactive ion etching

RTA rapid thermal annealing

SA-VLS self-assisted vapor liquid solid

SAE selective-area epitaxy

SCR space-charge region

SEM scanning electron microscopy

SE secondary electron

Sio, silicon dioxide

SiO, silicon oxide

SRV surface recombination velocity

STEM scanning transmission electron microscopy
TEM transmission electron microscopy

TRF trust region reflective

TNFC Toronto Nanofabrication Centre

UHV ultra-high vacuum

uv ultraviolet

VASE variable angle spectroscopic ellipsometry

XXiX



VLS

VS

XPS

vapor-liquid-solid

vapor-solid

X-ray photoelectron spectroscopy

Definitions and Symbols

(Rir Cj)

NW
Acell

As

Acell

nanowire pad row and column position in the nanowire pad matrix

cross-sectional area of nanowires within the nanowire array unit cell

radioisotope source activity

nanowire array unit cell cross-sectional area

radiative recombination coefficient

minority electron Auger recombination coefficient

minority hole Auger recombination coefficient

nanowire diameter

minority electron diffusion constant

minority hole diffusion constant

electric field

beta spectrum mean energy

Fermi energy (or chemical potential)

XXX



An
]dark

An
e

trap state energy

conduction band energy

bandgap energy

intrinsic Fermi level

valence band energy

average beta particle energy deposited in an absorber medium

beta spectrum maximum energy

fill factor

beta electron-hole pair generation rate

Green’s function

shunt conductance

current

saturation current

modified Bessel function of the first kind of order v

excess minority electron diffusion current density in the quasi-neutral

region

excess minority electron short-circuit current density in the quasi-neutral

region

XXXi



dep
sc

Ap
]dark

Ap
SC

Jo
]dark

]mp

]SC

depletion region generation current density

excess minority hole diffusion current density in the quasi-neutral region

excess minority hole short-circuit current density in the quasi-neutral re-

gion

saturation current density

diode dark current density

maximum power point current density

short-circuit current density

modified Bessel function of the second kind of order v

nanowire length

characteristic collection length

minority electron diffusion length

minority hole diffusion length

ionized donor dopant concentration

ionized acceptor dopant concentration

acceptor dopant concentration

nominal background dopant concentration

donor dopant concentration

XXXii



o]l

RR

max
UAuger

max
USRH

trap state concentration

effective acceptor dopant concentration

effective donor dopant concentration

conduction effective density of states

valence effective density of states

input power density

maximum power point

nanowire radius

average beta particle range

rectification ratio

nanowire p-doped core radius

shunt resistance

series resistance

stopping power

minority hole surface recombination velocity

temperature

maximum Auger recombination rate

maximum Shockley-Read-Hall recombination rate

XXXiii



UAuger
USRH

Urec

Urad

o~

An

Ap

AM1.5G
CDL'

0

Auger recombination rate

Shockley-Read-Hall recombination rate

depletion region recombination rate

Radiative recombination rate

voltage

radioisotope source volume

external bias voltage

built-in junction potential

maximum power point voltage

open-circuit voltage

Wronskian

bandgap energy narrowing

steady-state excess minority electron concentration

steady-state excess minority hole concentration

incomplete gamma function

AM1.5G solar spectral irradiance

electrostatic potential

electrostatic potential in the n-type quasi-neutral region

XXXiV



Npp

Un

Hp

Ps

electrostatic potential in the p-type quasi-neutral region

conversion efficiency

3D source geometry beta capture efficiency

2D source geometry beta capture efficiency

beta capture efficiency

electron-hole pair production efficiency

wavelength

minority electron mobility

minority hole mobility

photon flux per unit energy

electrostatic charge density

radioisotope source density

minority electron capture cross-section

minority hole capture cross-section

minority electron lifetime in the depletion region

minority electron lifetime in the quasi-neutral region

minority hole lifetime in the depletion region

minority hole lifetime in the quasi-neutral region

XXXV



EHP

azimuthal angle

electric permittivity

mean energy required to generate an electron-hole pair in an absorber

medium

relative permittivity

nanowire array diameter-pitch ratio

nanowire p-doped core diameter

source-to-substrate distance

radioisotope source self-absorption loss factor

Planck’s constant

reduced Planck’s constant

Boltzmann constant

electron rest mass

electron carrier concentration

equilibrium minority electron concentration

effective intrinsic carrier concentration

intrinsic carrier concentration

hole carrier concentration

XXXVi



Po

Uth

nanowire array pitch

equilibrium minority hole concentration

elementary charge

radial position

point of maximum recombination in the depletion region

radial position of the nanowire p-core/intrinsic shell interface

radial position of the nanowire intrinsic shell/n-shell interface

edge of the depletion region in the n-doped nanowire shell

edge of the depletion region in the p-doped nanowire core

radioisotope source thickness

nanowire intrinsic shell thickness

nanowire n-doped shell thickness

thermal velocity

depletion region width

intrinsic shell depletion region width

n-shell depletion region width

p-core depletion region width

radioisotope source width

XXXVii



axial position

atomic number

XXXViii



Declaration of Academic Achievement

This thesis contains material that was previously published in academicjournals. |, Amanda
Thomas, declare that the work presented in this thesis, titled Design and Fabrication of a
Gallium Phosphide Nanowire Betavoltaic Device, is solely my work, completed under the
supervision of Dr. Ray LaPierre. Any references to other works within this document are
clearly cited and credited. | acknowledge the contributions of the following contributors.
Their efforts were essential to the completion of this thesis.

Former CEDT technician Shahram Ghanad-Tavakoli operated the molecular beam epi-
taxy reactor and oversaw the nanowire growths in Chapter 4. TNFC technician Alex Tsuk-
ernik operated the electron beam lithography (EBL) system. Simon McNamee designed the
EBL pattern. Earlier PV and BV radial NW device physics models developed by Dr. Brendan
Kayes and Devan Wagner, respectively, were the inspiration for the model in Chapter 2.

Dave Novog is acknowledged for providing access to the ®3Ni source for BV device testing.

XXXiX



Chapter 1

Introduction

1.1 Background of Betavoltaics

Betavoltaic devices (BV) operate analogously to photovoltaic (PV) devices. However, in-
stead of relying on a photon flux source for the generation of electron-hole pairs, in a BV
device, the continual spontaneous decay of the radioisotope’s unstable nucleus results in
the emission of a flux of electrons which carry large amounts of kinetic energy (on the order
of keV). These highly energetic electrons are known as S8 particles. The f particles transfer
their energy to the electrons of the semiconductor target material via Coulomb scattering
and Bremsstrahlung emission?, triggering a series of impact ionization events, spurring the
generation of electron-hole pairs (EHPs). The EHPs are separated by the semiconductor p-
n junction and collected into the contacts resulting in the generation of electrical power. A
single scattering interaction can trigger thousands of impact ionization events. However,
since the flux of the B particles is extremely low, BV devices generate very small current
densities on the order of pA cm™ to nAcm™2. As a result, BV devices are most suitable for

KW to nW applications? requiring extended periods of uninterrupted power output.
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Despite their low power densities, BV devices offer numerous advantages stemming
from their small device footprint. BV devices occupy a compact spatial footprint, typi-
cally less than a cubic centimetre, resulting in very high energy densities (1 MJcm™ to
1000 MJ cm™3), approximately 10 to 1 x 10* times higher than to their lithium-ion counter-
parts®3, whereas the miniaturization of chemical batteries is restricted by their low energy
density3. Because of the low decay rate (i.e. long half-life) of the radioisotopes used (1 to
100 years), BV devices have the potential to supply power for many years beyond the lim-
itations of conventional lithium-chemistry batteries. BV devices are also highly pressure-
and temperature-insensitive; as such, they are capable of operating in a variety of extreme
environments that render conventional battery technology inoperable. With these consid-
erations in mind, the goal of nuclear batteries is not to replace chemical batteries in high
power output applications, but instead to provide power generation in low power applica-
tions where chemical batteries are not a feasible solution. Additionally, BV devices can be
integrated with rechargeable chemical batteries and supercapacitors to provide continu-
ous trickle charging3.

When designing a betavoltaic device, key considerations consisting of source material
selection, semiconductor material selection and device geometry must be made. Based
on the intended BV device applications, a radioisotope with a suitable decay rate should
be chosen to meet operational lifetime requirements. In addition to half-life, the char-
acteristic energy spectrum (specifically the average and maximum [ decay energies) of
the 8 source must also be considered. The 8 decay energy determines the overall power
density of the BV device. Therefore, the 8 source should be chosen such that the emit-

ted [ flux maximizes the number of impact ionization event-generated EHPs per scattering
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event within the semiconductor material without damaging the semiconductor lattice. Ra-
dioisotopes with decay energies below 100 keV are below the semiconductor lattice dam-
age threshold, which is estimated to be between 100 keV to 200 keV*. Such radioisotopes
are also easily shielded and safe for human use®.

The value of a semiconductor material’s effective ionization energy has been shown to
be independent of the nature of the ionizing particle®. lonization is instead dependent on
the type of ionizing particle or its energy. Given the ionization energy associated with a
semiconductor, the radioisotope should be chosen such that the 8 particles, on average,
will possess sufficient kinetic decay energy to trigger ionization upon impact with the semi-
conductor material. In addition to the half-life and characteristic energy considerations,
the safety, availability and cost of the § source must also be considered. Limited availability
of a given radioisotope can ultimately limit BV device commercialization scalability’. For
applications involving human or animal interaction, such as biomedical implants, or use
in l1oT devices, source material safety is of the utmost concern. Sufficient shielding must
be provided with all BV devices to avoid unintended interactions with the emitted ionizing
radiation. The process of adequately shielding BV devices incurs additional manufacturing
complexity and cost. As a result, high-purity sources with no secondary reactions are most

147
Pm have emerged as

suited for BV devices. Based on these requirements, 3H, 63Ni, and
the most commonly used radioisotopes in BV devices”:2.

The power conversion efficiency of a BV device is determined by the combination of
the source material properties, semiconductor material properties, and device geome-
try. Each of these properties will be discussed in greater in detail in subsequent chapters.

Many of the device performance metrics that govern PV devices, such as carrier collection

efficiency, bandgap energy, recombination mechanisms, short-circuit current, open-circuit
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voltage, and fill factor, also govern BV device performance. As a result, BV device power
conversion efficiency relies heavily on the semiconductor material’s ability to both excite
and extract EHPs. For an ideal BV device, the power conversion efficiency has been shown
to be directly proportional the semiconductor bandgap energy, and inversely proportional
to the effective ionization energy®. Higher open-circuit voltages are possible with wider
bandgap materials, leading to higher power conversion efficiencies. In general, materials
with longer minority carrier diffusion lengths possess higher carrier collection efficiencies®,
owing to the fact that the minority carriers are able to diffuse a larger distance across the
semiconductor junction towards the contacts (where collection occurs) before a recombi-
nation event occurs, thus contributing to the overall device current. Recombination out-
side of the collection areas within the device can be detrimental to device performance, as
carrier collection effciency is reduced. Therefore, the growth of defect-free semiconduc-
tor materials in BV devices can significantly reduce the non-radiative recombination rate
within a device. Given these limiting factors, the semiconductor material systems chosen
must prioritize wide bandgap materials, the maximization of carrier collection efficiency,
and the minimization of recombination outside of the collection areas within the BV de-
vice. Si, Ge, SiC, and GaN are common choices for BV devices .

Finally, BV device geometry must be carefully considered. Traditional BV devices em-
ploy a two-dimensional (2D) planar device geometry in which planarized layers of radioiso-
tope are deposited on a semiconductor substrate?. Due to the isotropic f—emission pro-
file of radioisotopes, approximately half of the emitted [ particles are not captured by the

semiconductor material, thus limiting the practical efficiency of planar BV devices to the

available surface area for source material deposition within range of the semiconductor


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

junction. In a planar BV device, as more source material is deposited, a limiting thick-
ness is reached where f particles emitted from the furthest point from the junction will
be blocked by intermediate source material, resulting in what is known as self-shielding®.
Self-shielding limits the total amount of 8 particles captured by the semiconductor junc-
tion, and thus the total 5 energy that reaches the semiconductor. A commonly proposed
structuring solution to enhance [ particle capture efficiency has been to adopt an inter-
penetrating device structure, in which the planarized radioisotope layer is embedded be-
tween two semiconductor layers. Such a configuration serves to promote the interaction
of more [ particles with the semiconductor active medium by increasing the surface area
of the interface between the semiconductor and radioisotope source!. Although the
particle capture efficiency would be greatly increased, the additional cost incurred to grow
a sufficiently thick capping layer of absorbing semiconductor material, or capping with an-
other substrate, greatly limits the scalability of such a fabrication process. Furthermore, to
achieve a compact device form factor whilst maintaining a high energy capacity requires a

more complex BV device design than the conventional 2D planar device®.

1.2 1lI-V Nanowires

I1I-V semiconductor material systems have received a great deal of attention over the last
fifty years for use in a variety of optoelectronic devices due to the wide array of alloy sys-
tems and associated material properties that exist?%'3. Vertical Ill-V NW arrays can be
used to overcome many of the limitations of planar BV device technology. Monte Carlo
simulations by Wagner et al.* have shown that utilizing vertical NWs instead of thin films

or bulk semiconductors should result in significant energy output and device performance
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improvements compared to traditional BV cells. Nanowire geometry simultaneously pro-
vides a larger volume for source material deposition as well as a larger volume of avail-
able absorbing semiconductor material. By vertically filling the space between the NWs,
a greater volume of source material can be deposited in NW-based betavoltaic devices
compared to planar devices. The increased interfacial area between the NWs and the
emitter source, results in improved energy coupling from the source to the semiconductor
absorber. Using molecular beam epitaxy (MBE) and the vapor-liquid-solid (VLS) growth
method, custom patterned vertical NW arrays that spatially confine charge carriers within
the semiconductor on the nanometre scale can be synthesized, allowing for the mitigation
of the aforementioned performance-limiting factors.

The primary limitation of planar I1l-V thin film device technologies is the limited number
of material systems that can be grown directly on silicon substrates. Lattice constant mis-
match between the substrate and epitaxially grown material dictates whether a film can
be grown directly on the substrate. Unlike conventional thin film planar BV devices, NW-
based device material systems are not limited by the lattice mismatch constraint. In NWs,
lattice mismatch-induced strain can be relaxed elastically at the NW free surface without
the formation of dislocations?, allowing for greater accommodation of lattice mismatch-
induced strain within the NWs. As a result, NW heterostructures can be readily grown on
inexpensive silicon substrates, offering increased flexibility in materials system choice at

reduced manufacturing costs.

1.3 Literature Review

In 1953, Radio Corporation of America (RCA) pioneered the development of the first be-

tavoltaic device®, comprised of a silicon p-n junction and a 50 mCi 905, radioactive
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source. The silicon-based RCA device initially achieved a 0.4 % conversion efficiency?.
However, severe degradation of device performance was observed over the duration of
one week, resulting in a final efficiency of 0.2 %’. In general, semiconductors are suscep-
tible to both displacement and ionization damage from incident radation. The decay of
%y to 90Y, followed by the decay of 90Y, generated a flux of 8 particles of relatively large
average energies ranging from 0.5 MeV to 2.3 MeV, exceeding the semiconductor lattice
radiation damage threshold for silicon. During scattering interactions, the f particles of
the 2%5r-2%Y source possessed sufficient kinetic energy to displace the atoms within the Si
crystal lattice, leading to the observed rapid degradation of device performance. The work
done by RCA highlighted the impact of the radioisotope’s characteristic energy spectrum
on device performance, motivating research into the use of alternative lower energy 8
emitter source materials.

In 1974, a group at Donald W. Douglas Laboratories, a subsidiary of the McDonnell
Douglas Corp., led by Dr. L. C. Olsen developed the first commercialized betavoltaic device

%7pm source in the form of Pm, 03 to avoid radiation damage within

using a promethium
the semiconductor lattice. The device consisted of stacked layers of silicon cells coupled
to the promethium source. The Donald W. Douglas Laboratories device was licensed for
commercial use in cardiac pacemakers under the product name Betacel, with over 100
people receiving pacemakers powered by Betacel devices before the eventual termination
of the Betacel project. The Betacel battery achieved an output power of up to 400 uW and
an efficiency of 4 %, with a reported lifetime of up to 10 years’. Despite the substantial
progress made in the development of betavoltaic device commercialization, the Betacel

147
f

devices suffered from high fabrication cost and a limited availability o Pm. Due to the
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1%7pm source’, addi-

presence of 146Pm, a contaminant generated by the decay of the
tional shielding was required within the device to prevent the escape of harmful gamma
radiation, resulting in increased device volume and production cost.

In 2005, using standard semiconductor device fabrication techniques, Sun and col-
leagues reported the fabrication of a novel betavoltaic device consisting of a tritium (3H)
source and a three-dimensional (3D) porous silicon diode structure (see Fig. 1.1), demon-
strating an order of magnitude improvement of betavoltaic power-generation efficiency
compared to reported efficiencies of planar devices®. A 3D network of pores of varying
sizes, classified as microporous (< 2 nm), mesoporous (2 nm to 50 nm), or macroporous
(> 50 nm), was formed between a depth of 40 um to 50 um along the surface of the Si
substrate via electrochemical anodization. Following the formation of the porous network,
p-n junctions were introduced on all accessible surfaces of the pores via solid-source dif-

fusion®.

Aluminum

n-silicon “

p-silicon
1‘

Figure 1.1: Representation of the porous silicon 3D device structure. The continuous p-n
junction in neighboring pores is shown. Modified from Ref. 8.

Using a 3D porous morphology, the majority of the device characteristics associated
with conventional 2D planar geometries were maintained within the pores due to the large
internal surface areas observed within the pores. The prevalence of this phenomenon was

shown to increase with pore size®. For the porous channels of the 3D BV device, Sun et
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al. demonstrated an energy conversion efficiency ratio n3p/1,p 0f 9.9 £ 2.2. The observed
device performance improvements were attributed to the geometry increase from two
dimensions to three dimensions, suggesting that nearly every emitted S particle (~84 %)
entered a nearby porous silicon BV junction as a result®.

In the years following the Betacel project, progress in BV technology development
waned primarily as a result of improved performance and safety of lithium-chemistry bat-
teries, as well as significant manufacturing cost reductions. Combined with the rise of
lithium-chemistry batteries, increased public concerns over the safety of radioactive ma-
terials contributed to the steep decline in research efforts towards betavoltaic device de-
velopment.

In the early to mid 2000s, research into wide bandgap semiconductors and high-purity
radioisotope sources resulted in a small succession of efforts to develop commercially vi-
able betavoltaic devices. There presently exists a handful of active commercial betavoltaic
device manufacturers. The devices produced by these companies demonstrate output
powers ranging from 5uW to 100 uW using 3H or ®Ni-based sources. Building on the
work by Sun et al, BetaBatt has employed a 3D diode geometry within their trademarked
BetaBattery device design to develop devices whose performance exceeds current planar
BV devices. BetaBatt is currently developing a betavoltaic device consisting of tritiated 3D
silicon diodes to serve as micro-power unit sources for a variety of applications. Perfor-

mance metrics for current commercially available BV batteries are listed in Table 1.1.
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Table 1.1: Device specifications for current commercially available BV devices. It should be
noted that the BetaBattery is currently in development.

Company/Device Source Activity Power SC Material  Geometry
City Labs - NanoTritium 3H 100 mCi 100 pW Si compound 2D
Widetronix - Firefli-N Ni 5to500mCi 5 to500nW SiC 2D
Widetronix - Firefli-T 3H 25mCito 2.5Ci 10 to 1000 nW SiC 2D
BetaBatt - BetaBattery Tritiated Butyl 8Ci 25 uw Porous Si (PS) 3D

In 2018, McNamee developed a prototype NW betavoltaic device in which a solgel
containing ®3Ni was deposited in the volume between the NWs via a spin-coating pro-
cess*. The prototypical device consisted of p-i-n core-shell morphology GaP NWs with an
Alp 3Gag 7P passivating shell. The p-type and n-type regions were doped with Be and Te
concentrations of 5 x 1018 cm™3 and 10'° cm™3, respectively. A 8 current on the order of a
few tenths of a HA was observed, confirming the existence of the betavoltaic effect in the
NW-based device as well as the applicability of the fabrication methods used to develop
the BV device. However, an extremely low power conversion efficiency of less than 0.5 %
was reported. The poor device performance observed has been attributed to the semi-
conductor NW junction design and NW array geometry designs*, highlighting numerous

avenues for device optimization.

1.4 Thesis Overview

This thesis addresses fundamental challenges in betavoltaic (BV) device technology, with
a particular focus on overcoming the geometrical constraints inherent in conventional de-

signs. Despite a half-century history of BV device development, the technology remains

10
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relatively unexplored, especially regarding the theoretical and practical limitations of lll-V
NW-based implementations. The research presented herein examines the intricate re-
lationships between device geometry and material properties, while demonstrating the
successful application of advanced NW processing techniques in the fabrication of GaP
NW-based BV generators.

The dissertation is structured into six chapters. Chapter 2 establishes the theoreti-
cal foundation through the development of an analytical device physics model for NW BV
devices, considering both two- and three-dimensional source material geometries. This
model enables comprehensive simulation of electrical I-V characteristics across GaP, GaAs,
and Si material systems, incorporating various NW morphologies. The analysis encom-
passes critical efficiency parameters—including short-circuit current density, open-circuit
voltage, fill factor, and energy conversion efficiency—while also investigating the impact
of array geometries such as pitch spacing.

Chapter 3 explores the synthesis of IlI-V NWs through vapor-liquid-solid (VLS) growth
using molecular beam epitaxy (MBE). This chapter details the development and optimiza-
tion of MBE growth protocols for core-shell GaP NW arrays, alongside comprehensive ex-
perimental preparation procedures. The subsequent chapter outlines the device fabri-
cation methodology, encompassing polymer planarization and back-etching, photolitho-
graphic top contact patterning, magnetron sputter deposition, and rapid thermal anneal-

ing processes.

11
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Experimental electrical characterization of the NW BV device is presented in Chap-
ter 5, where device performance is evaluated through electrical measurements under ex-
posure to an external solid ®3Ni source using a four-point probe configuration. The disser-
tation concludes with Chapter 6, which not only addresses the processing challenges en-
countered during device fabrication, but also proposes potential solutions and identifies
promising directions for future advancement in IlI-V NW-based BV technology. Through
this systematic investigation, the thesis contributes to both the fundamental understand-

ing and practical implementation of NW-based betavoltaic devices.
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Chapter 2

Analytical Model of a Nanowire-Based

Betavoltaic Device

This chapter is reproduced from the publication:

Amanda Thomas, Ray R. LaPierre; Analytical model of a nanowire-based betavoltaic

device. J. Appl. Phys. 7 April 2024; 135 (13): 134302. https://doi.org/10.1063/5.0202949

...with the permission of AIP Publishing.

2.1 Introduction

The need for robust and versatile energy sources that surpass the limitations of traditional
lithium-based batteries have made betavoltaic (BV) devices a solution with promising po-
tential /1>~ BV devices employ the direct conversion of radioactive decay energy into
electrical power through a process analogous to the photovoltaic effect. In a BV device, the

energy of the highly energetic electrons (f particles) emitted from a radioisotope source

13
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generates electron-hole pairs (EHPs) within a target semiconductor material through im-
pact ionization events induced by a series of scattering interactions between the betas
and the semiconductor target. The separation and collection of the EHPs into the contact
regions by the semiconductor p-n junction results in the generation of electrical power.

Given the low flux of 8 particles from typical radioisotopes, BV devices generate very
small current densities on the order of uA/cm? to nA/cm?.7:1>18 The half-life of the ra-
dioisotope determines the lifetime of the device (up to 100 years from 63Ni, for example).
BV devices are also compact, occupying less than a cubic centimeter of volume. The tem-
perature insensitivity of BV devices allows for continuous operation with minimal fluctua-
tions in device performance in a variety of environmental conditions. The small footprint,
long lifetimes, and operational robustness of BV devices make them highly suited for low
power applications, particularly those that necessitate minimal or remote access. BV de-
vices have found utility in a diverse range of fields, including health-care, space exploration,
deep-sea operations, and military defense/intelligence industries 71617,

Conventional BV devices employ a planar geometry (the radioisotope is deposited as a
thin film on top of the semiconductor), resulting in the loss of nearly half of the isotropically
emitted B flux, reducing device conversion efficiency. Planar BV devices are limited by the
available surface area for source deposition. Increasing the source thickness results in a
saturation of f flux due to self-absorption of the betas by the source material. In 2005,
Sun et al. fabricated a tritium (3H) source BV device with a porous silicon diode structure,
reporting improvement of the BV power-generation efficiency by a factor of 10 compared
to planar devices®. The observed device performance improvements were attributed to
the geometry from 2D to 3D, suggesting nearly every emitted [ entered a nearby porous

silicon BV junction as a result®. Many of the performance-limiting factors of planar BV
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devices can be mitigated by adopting a 3D interpenetrating device structure, in which the
[ emitter source is embedded in the volume between nanowires (NWs). This results in
increased source deposition and overall device efficiency.

Unlike thin film BV devices, NW-based device material systems are not limited by the
lattice mismatch constraint. In NWs, lattice mismatch-induced strain can be relaxed elas-
tically at the NW free surface without the formation of dislocations?, allowing for greater
accommodation of lattice mismatch-induced strain within the NWSs. As a result, NW het-
erostructures can be readily grown on inexpensive silicon substrates, offering increased
flexibility in materials system choice at reduced manufacturing costs. The limiting effi-
ciency of a betavoltaic device can be approximated by the ratio of the active region bandgap
and the effective ionization energy. Gallium phosphide’s relatively large bandgap energy
of 2.26 eV corresponds to a limiting efficiency of ~25 %%, exceeding that of conventional
silicon-based BV devices. We present an analytical device physics model that simulates the
current-voltage (J-V) characteristics of NW array-based betavoltaic devices for nanostruc-
tured and planar source configurations. This model serves as a roadmap to determine the
ideal geometry and material properties of p-i-n NW arrays, crucial for the development of

a betavoltaic battery.

2.2 Model Description

The analytical device physics model presented herein was adapted from the model de-
veloped by Kayes et al. for a radial p-n junction NW-array solar cell in Ref. 19 to reflect
the carrier transport mechanisms in a NW-based betavoltaic device. Each NW in the ar-
ray has a core-shell p-i-n junction. Two array source material configurations were investi-

gated: a two-dimensional (planar) source material configuration, in which the radioactive
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source material is placed on top of the NW arrays where the NWs are oriented with their
vertical axis parallel to the direction of absorption of the incident £ particle flux, and a
three-dimensional source material configuration in which the source material is embed-
ded within the array, occupying the volume between the NWs as shown in Fig. 2.1. The
energy conversion efficiencies of both configurations were compared to evaluate the im-

plications of geometry on the various aspects of device performance.

a) Nanowire b)

_,— Radioisotope
Source

Substrate

Unit

cell

Figure 2.1: a) Nano-structured betavoltaic device schematic. The radioisotope source ma-
terial occupies the volume between the NWs. In the planar source configuration, the vol-
ume between the NWs is instead filled with a planarizing electrically insulating polymer
and the source material is deposited atop the NW tips. L is the NW length, d is the NW
diameter and p is the pitch (separation) between NWs. b) NW p-i-n junction radial cross-
section. R, is the p-core radius, t; is the intrinsic shell thickness, and t,, is the n-shell
thickness. Carrier separation occurs along the radial direction. The anode and cathode
electrodes are deposited on back of the p-type substrate and on the nanowire n-shell, re-
spectively.

The model was constructed by solving the minority carrier drift-diffusion transport
equations, as well as Poisson’s equation, in the cylindrical geometry (shown in Fig. 2.1)
for a set of boundary conditions within each respective region of the junction. Combining

the solutions for each component of the device current density, the total device current
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density can be expressed as a function of the bias voltage, referred to as the device J-V char-
acteristic, J (V). The short-circuit current density /., open-circuit voltage V., fill factor FF
and energy conversion efficiency n were subsequently determined from the resulting J-V
characteristic. The core-shell geometry was used as the primary parameter optimization
search space. The input parameter space was constructed from the set of p-doped core
diameter and n-doped shell, from which the unintentionally doped shell thickness was im-
plicitly determined®. The conversion efficiencies of each simulated J-V characteristic were
computed and plotted as a function of the core-diameter d,,(= 2R),) and n-shell thickness
t,. The derivations of Poisson’s equation and the minority carrier transport equations are

provided in Appendices I. and Il.

2.2.1 Dark Conditions

In the absence of an incident 8 flux, the excess minority carrier generation rate vanishes
and the solutions to the steady-state excess minority carrier continuity equations are the
solutions to the homogeneous continuity equations. The boundary conditions under dark
conditions within the p-type and n-type quasi-neutral region (QNR) are given by Eq. (A45)

and Eq. (A46) of the Appendix, respectively,

§
lim |An(r)| < o
r—0

3 (2.2.1)

av.
kAn(r)lrzrp =no(e*sT — 1)

The intrinsic shell thickness was assumed to occupy the remainder of the NW diameter for a given p-core
diameter and n-shell thickness (dp, t,,).
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( av
Mp()| _, = pole®s™ ~1)

) (2.2.2)

_ dAp
\SpAp (7") |r=R = —Dp a7

r=R
where ), is the surface recombination velocity (SRV) of the minority holes at the external
NW surface'?, V is the bias voltage, g is the elementary charge, kj is the Boltzmann con-
stant, T is the temperature, 7, is the edge of the depletion region in the p-doped core, and
1, is the edge of the depletion region in the n-shell. Surface recombination velocities were
selected assuming passivation of the exterior NW shell surface (Table A7 in Appendix VI.).
In these operating conditions the minority carrier injection and recombination currents

constitute the device current.

2.2.2 Short-circuit Conditions

The short-circuit current density of the junction corresponds to the f-current generated
in the absence of any external bias voltage /.. = J(V = 0). The boundary conditions
under short-circuit conditions within the p-type and n-type QNRs are given by Eq. (A47)
and Eq. (A48), respectively,

rli_r)rg) |An(r, z)| < ©

) (2.2.3)

LAn(r, z)|r=rp =0
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)
Ap(r, Z)|r=rn —0
) (2.2.4)

__p o
kSpAp(r,z)L:R = —D, or lp

The total output current density within the QNRs was computed by summing the indi-

vidual current contributions of each radial cross-section of the NW over its length.

2.2.3 Electron-Hole Pair Generation

Impinging [ particles deposit their kinetic energy in the semiconductor via a sequence of
elastic and inelastic scattering interactions until they either escape the host material, or
deposit the entirety of their kinetic energy, at which point they reach thermal equilibrium
with the host?%?. The inelastic collisions stimulate the generation of carriers within the
absorbing medium via the absorption of the S electron energy during collisions, or via
ionization due to the displacement of host atoms2°.

Stopping power S(E) describes the rate of energy loss per unit path length (s) of
charged particles travelling through a material. The Bethe-Bloch equations?? describe the
stopping power of a material for incident charged particles of a given energy using the

continuous energy loss approximation??,

1dE

where p is the material mass density. Absorber media with similar atomic composition as

well as density-normalized thickness values are expected to possess similar mass stopping
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powers?® because stopping power depends primarily on the density and atomic compo-
sition of the material, both of which are related to the material’s electron density. Mate-
rials with higher atomic number Z and density typically have higher stopping powers as
they contain more electrons per unit volume for the § particle to interact with, which can
greatly influence the f particle’s trajectory within the host material. Moreover, materials
with similar atomic composition will have broadly similar stopping powers as the similar
underlying mixture of elements will yield broadly similar electronic configurations.

The electron-hole pair generation rate within the semiconductor is proportional to the
rate of energy dissipation by the impinging 8 electrons?*. The incident B electron en-
ergy can be replaced by the B electron range?* in Eq. (2.2.6). The total average energy
dissipated by a 8 particle within an absorber material at a given penetration depth x is
described by the f8 particle’s energy deposition profile E e, It is determined from the ma-
terial’s stopping power by integrating the product of the stopping power and the § particle

energy probability distribution P over the § energy spectrumzs.
X
Egep =f dR'S(R")P(R") (2.2.6)
0

Electronic (mass) stopping power data tables from the NIST ESTAR database?® were used
for each of the materials. P was obtained from Ref. 27. Radioisotope material properties
are listed in Table A8 in Appendix VII.

The incident B particle energy is related to the 8 particle range R, which corresponds
to the maximum average distance travelled by an incident § particle with kinetic energy
E within a given target material before depositing the entirety of its kinetic energy. Al-
ternatively, R can be interpreted as the minimum absorber thickness required to stop an

incident [ particle with average energy E. The average [ range — expressed in terms of
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the density-normalized absorber thickness — for mono-energetic 8 particles is described
by the semi-empirical single range-energy equation in Eq. (2.2.7) determined by Katz and

Penfold28:

| 412E(1265-00954nE) - 0] < E < 2.56 MeV
B = (2.2.7)

530E — 0.106, 2.56 < E < 20MeV
where E is the incident 8 electron energy in MeV, and R (mg cm ~2) is the corresponding
density-normalized range. Equation (2.2.7) was used to determine the S particle range for
a given incident [ particle energy. The upper-bound limit of integration of the f particle
penetration depth in Eq. (2.2.6) was computed from Eq. (2.2.7) assuming the maximum £
particle energy Eyqx-

The EHP generation rate is given by:

G = Aspsfsanﬁ Npp

Eq
= Aspsfsanﬁ X P =

(2.2.8)

EHP
Edep

= AspsSsalls X 7 8E 105

where 11 (B capture efficiency) is the fraction of emitted f particles directed towards a p-
i-n junction within the unit cell (Fig. 2.2), f;, is the radioisotope self-absorption loss factor,
ps is the source density, A is the source activity, and 1,,,, is the EHP production efficiency.
The EHP production efficiency quantifies the semiconductor’s utilization of the absorbed
p particle’s kinetic energy towards EHP generation. It is the ratio of the f§ particle energy
deposited in the semiconductor to the mean energy required to generate an EHP in the

absorber medium, E4., and €, respectively.

EHP’

The semi-empirical relationship of £, in the denominator of Eq. (2.2.8) describes EHP
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production in semiconductor materials due to incident S radiation, and was presented by
Klein in Ref. 29. As the impinging f particle penetrates the converter volume, its kinetic
energy is transferred to the converter volume’s crystal lattice, resulting in a cascade of EHP
production events. On average, approximately 1.8 E; of the incident § energy deposited
in the converter volume is lost to acoustic phonon generation and ~0.5 eV is lost to optical
phonon generation®® during a pair production event. The remainder of the incident 8
energy stimulates the production of the EHP. Thermalization reduces the semiconductor
efficiency of the BV device, thus reducing the overall conversion efficiency.

The B capture efficiency g consists of losses derived from both the source and NW
geometries. For a slab source placed above the NWs, at most 50% of emitted f parti-
cles will be transmitted towards the converter volumes. Embedding the source material
between the NWs mitigates these directional source losses by increasing the number of
directions along which emitted [ particles are likely to encounter a converter volume. In
practice, the slab source efficiency is significantly lower than 50% due to other prevalent
loss mechanisms such as self-absorption and backscattering losses.

The directional source losses associated with the source geometry were modelled by
the S capture efficiency in Eq. (2.2.9). The geometric form factor corresponding to the
P capture efficiency is given by the ratio of the total contribution of source surface area
elements within the unit cell whose emitted 8 particles are directed towards a nearby NW
to the total source surface area within the unit cell. The NWs are arranged in the hexagonal
lattice shown in Fig. 2.2. A rectangular non-primitive unit cell was selected, with each
unit cell containing 2 NWs. The S capture efficiency for the 2D geometry (radioisotope

source slab on top of the NWs) and the 3D geometry (source between the NWs) is given,
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respectively, by

rnzo _ V3p? % (Alcvevz‘f)
B 2pt+2+/3pt+2+/3p2 A
{ (2.2.9)
2ndt+2(p—d)t+2(x/§p—d)t
nng = — X (F — ratio)
L 2ndt+2(p—d)t+2(\/§p—d)t+2(x/§p2—%)

where (Fig. 2.2) p is the separation (pitch) between NWs, t is the radioisotope source slab

NW

cell is the cross-sectional area of the NWs

thickness, A is the area of the array unit cell, A
within the unit cell, and F-ratio is defined below for the 3D geometry. In the 3D geometry,
the source thickness t is given by the NW length.

When the source material is placed on top of the NWs, 8 capture losses can be incurred
from the empty spaces between the wires. The f§ particles that are emitted downwards
towards the empty regions between the NWs will not be captured, and thus do not con-
tribute to the device current, assuming negligible scattering towards the NWs. The ratio
of the NWs cross-sectional area to the unit cell cross-sectional area represents the packing
fraction of the NWs within the unit cell. Maximizing NW packing in the array maximizes
the capture of available betas. Similarly for a 3D source geometry, a filling ratio (F — ratio)
is defined for the source volume. The filling ratio accounts for the variations in the appar-
ent source activity owing to modulation of the source volume. The source activity is pro-

portional to the source volume. Thus, increasing the source volume yields larger source

power densities in the absence of self-absorption effects. The filling ratio is quantified by
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the fraction of the unit cell area occupied by the source material?:

V3p? — md® N
. 2 T
F—rato= ——%—=1—- —|[— (2.2.10)
V3p? 2v3 (P)
a) b) c)

Nanowire Non-primitive

Lattice Unit Cell Source Area

Figure 2.2: a) NW array hexagonal lattice, with periodic NW spacing (pitch) p and diameter
d. The NW positions are depicted by the circles. b) Rectangular non-primitive unit cell
used to determine the simulated source and converter volumes. c) Simulated radioisotope
cross-sectional area within the unit cell.

Figure 2.3: Simulated nano-structured source volume. w,. = (p — d) is the source width
and t is the vertical source thickness. f particles (green sphere) emit uniformly in all di-
rections.

2The filling ratio is unity for the planar case in which the radioisotope sits atop the NWs since the source
material covers the entire unit cell area.
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By Eq. (2.2.11), self-absorption losses become more pronounced as the source thick-
ness t increases; i is the radioisotope’s linear attenuation coefficient. The vertical source
thickness of the 2D planar source was scaled to yield a power input density equivalent to
that of the 3D configuration, allowing for the direct comparison between the 2D and 3D

source geometries.
1—eH

2.2.11
it ( )

fsa

®3Ni was chosen as the radioisotope for all cases. Two source material configurations
were examined to assess the impact of employing nano-structuring techniques on the de-
vice performance: a thin-film source placed on top of the NWs, and a (3D) configuration
in which the source material occupies the volume between the NWs within the array —
the proposed device schematic is shown in Figs. 2.1 and 2.3. When the source material is
placed atop the NWs the generation rate of excess carriers within the NW due to the ab-
sorption of incident 8 particles decays exponentially along the NW’s vertical axis. The EHP
generation rate along the NWs can be approximated by a stretched exponential function
as shown in Ref. 30:

G(z) = Goexp(— (az)”) (2.2.12)

where «a, G, and v correspond to the absorption coefficient, maximum EHP generation
rate, and stretching factor, respectively. The absorption coefficient describes the decay of
excess EHPs generated by impinging 8 particles within the semiconductor3?.

For the 3D source configuration in which the source material occupies the volume sur-
rounding the NWs, the EHP generation rate along the radial direction of the NWs can be
approximated by a Gaussian function (v = 2)3233. However, due to the slowly varying

nature of the Gaussian, the EHP generation rate varies very little (<1 %) over the NW’s
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diameter length scale (10s - 100s of nm). A constant EHP generation rate was therefore

assumed for the 3D source configuration.

G = G, (2.2.13)

For example, the EHP generation rate in GaP is shown in Fig. A3 of Appendix VII. The
absorption coefficient, maximum EHP generation rate, and stretch factor in Eqg. (2.2.13)
were determined from fits to the EHP generation rate. A stretching factor of 2.3 was ob-
tained for the fit to Eq. (2.2.12), closely approximating a Gaussian line-shape. For 3D source
geometry configurations, all of the external NW surface area along the length of the NWs

contacts the source material, and is readily available for absorption of the impinging betas.

2.2.4 Total Device Current Density

The total device output current density / (V) is the superposition of the f-generated and

recombination current densities in the QNR and depletion regions:

](V) = ]dark(v) _]sc (2-2-14)

where ] 4., consists of the injection and recombination current densities. /. is the short-
circuit current density due to the flux of incident 8 particles. The recombination current
density in the depletion region consists of recombination due to radiative, Auger, and
Shockley-Read-Hall (SRH) recombination, discussed in Section 2.2.5. Solutions for J(V)

are presented in Egs. (A36) to (A59).
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2.2.5 Carrier Recombination

Carrier recombination in the depletion region is attributed to Shockley-Read-Hall, Auger,
and radiative recombination mechanisms. In general, the recombination current densities

are computed by integrating the recombination rates over the volume:

q 2q
]rec = m fff dVUrec = ﬁ j-f rdrdZUrec (2-2-15)

The minority carrier lifetimes in the depletion region (t,, ;) were computed as a function
of the trap state density Ny and the capture cross-sections gy, ,, from Eq. (A76) in the Ap-
pendix. As a result, the minority carrier lifetimes in the depletion regions of Si and GaAs
were set to ~1 us. A depletion region minority carrier lifetime of ~2 ns was selected for
GaP. The minority carrier lifetimes within the QNRs were computed as functions of the
acceptor and donor dopant concentrations according to semi-empirical models from liter-
ature. Details of the carrier recombination rate derivations and material parameters are

discussed in Appendices lll. to VI.

2.2.6 J-V Characteristics

The input source power density P;, is defined by,

AspsViE

Pin = A

(2.2.16)

where A is the specific activity of the source, V; is the source volume, E is the mean
energy of the 8 spectrum, A is the source area within the simulated unit cell, and py is the

source density. Slab source device simulations were configured to match the input power
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density of the 3D devices to allow for the direct comparison between planar and 3D source
geometries. For ®Ni, E = 17.45 keV.

The device conversion efficiency 7 is given by,

_ JscVocFF

(2.2.17)
Pin

The fill factor (FF) is a measure of the device’s rectification and is thus considered to
be a measure of the p-i-n quality34. It is the ratio of the maximum device output power
density to the maximum theoretically achievable output power density. The fill factor can

also be interpreted graphically as the squareness of the J-V curve

_ ]mmep

FF =
]SCVOC

(2.2.18)

where [, and V,,;,, are the current density and voltage, respectively, at the maximum
power point. Solutions to the minority carrier drift-diffusion equations are presented in

Appendix Il.

2.3 Results and Discussion

Device performance predictions (Js., V,., FF, 1) were obtained for GaP, GaAs, and Si for
various NW lengths (L =1, 3, 5, 7.5, 9 and 10 um) and NW diameters (D = 200, 260, 300,
400, 500, 550, 600, 700, 800 and 900 nm). The diameter-pitch ratio was varied from 0.1 to
0.95. The acceptor and donor concentrations were varied (N, = 5x 10%® and 10°cm™3

and Np = 10%7, 5 x 10%® and 10'° cm™3). The best efficiencies for 2D and 3D source geome-

tries are summarized in Table 2.1 and Fig. 2.4 for GaP, GaAs and Si. The best GaP results in
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Table 2.1 were determined from the Figs. 2.5 and 2.6 surface plots. Optimum results for
Si and GaAs are available in Figs. A5 to A8.

Of the semiconductor materials selected, GaP devices outperformed their counter-
parts for both 3D and 2D planar source geometries. Improvement factors of ~7.9, 7.8
and 8.7 were observed for GaP, GaAs and Si, respectively, for 3D source configurations
compared to using a planar thin film source. These results demonstrate the substantial
gains in device performance that can be realized by careful engineering of the source and

converter geometry.

Table 2.1: Best device efficiency results across all simulated devices for GaP, GaAs, and Si
planar (2D) and 3D source configurations.

Ny Np (dp, tn, t;) (d:p) D L Jsc Voe FF n Improvement Factor

cm3 cm™3 nm nm pm pAcm?Z  V %

2D 10 5x10'® (459,49.5,171) 0.95 900 0.0328 0.997 0.806 1.02
GaP 7.9
3D 10 5x10%® (24,29.4,58.6) 04 200 10 234 1.096 0.809 8.05

[y

[any

2D 10  5x10%®  (468,207,9) 0.95 900 0.057 055 0.802 0.961

GaAs 7.6
3D 10 5x10%8 (24, 46, 42) 0.4 200 10  4.05 0.58 0.807 7.32
2D 10%° 10  (458,220.5,17) 095 900 1 0.066 0.24 0.627 0.382

Si 8.7
3D 5x10%  10%° (86, 47, 10) 04 200 10 467 029 0623 3.34
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Il (3D) Source between NWs
[ (2D) Source on top of NWs

Peak
Efficiency,

Timax [%]

GaP GaAs Si

Figure 2.4: Best efficiencies of the simulated devices for 3D and 2D ®3Ni source configu-
rations. The NW diameter was varied from D = 200, 260, 300, 400, 500, 550, 600, 700,
800 and 900 nm. For each diameter, devices were simulated for NW lengths varying from
L =1,3,5,7.5 9and 10 um. In order to investigate the effects of the device geometry for
each NW diameter the NW array pitch was set such that the ratio of the NW diameter to
the array pitch (d : p) was varied from 0.1 to 0.95.

a b
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Figure 2.5: Simulated GaP betavoltaic devices for a 3D source configuration with properties
a) Jsc b) V., €) FF, d) efficiency. Ny = 10 cm™, Np =5x10%¥cm™3, D =200nm, L =
10pm, (d : p) =0.4.
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Figure 2.6: Simulated GaP betavoltaic devices for a 2D source configuration with properties
a) Jsc b) V., ¢) FF, d) efficiency. Ny = 1x 10 cm™, N, =5x10%¥cm™3, D = 900 nm,
L=1um,d:p =0.95

2.3.1 General Trends
2.3.1.1 Nanowire Length

A linear correlation was observed between the NW length and the energy conversion ef-
ficiency when a 3D source geometry was used (see Fig. 2.7). The optimum conversion
efficiency increased from 6.62 % to 8.05 % when the NW length was varied from 1 um to
10 um, respectively, and the NW diameter was held constant at 200 nm in Fig. 2.7. Longer
NWs yielded higher efficiencies for each of the materials examined. The strong positive
correlation stems from the high source loading that can be achieved with tall NWs. The

distance between adjacent NWs (wq,; see Fig. 2.3) remains constant as the NW length
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scales. Provided the source width remains on the order of 10s to a few 100 nm, then self-
absorption losses will be mitigated as the beta particle escape probability remains very
high. Larger source volumes increase the radioisotope’s activity, raising the total num-
ber of beta particles emitted towards the NWs. This enhanced the EHP generation rates
within the surrounding NWs as the beta source deposited more power into the NWs. The
input power density rose from 2.58 pW/cm? to 25.83 uW/cm? when the NW length was
increased from 1 um to 10 um. The short-circuit current increased as more excess carri-
ers were generated within the depletion regions of the p-i-n junctions, and subsequently
separated and collected.

a) (%] b)

6.565

[%] c)
7.80

[%]
7.995
6.60

7.80 7.68 7.95 7.872
7.80
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7.44
7.50

7.32

6.464

6.45 7.65
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Efficiency 6.363 7.50 7.56 7.749

6.262 7.626

7.35

6.161 7.503

48 100

0
10
t, [nm] » dp [nm]
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Figure 2.7: Efficiency as a function of the NW p-core diameter and n-shell thickness for
simulated 3D source geometry GaP betavoltaic devices. The NW length was varied from a)
1 umb) 5 um c) 10 um, while the NW diameter, dopant concentrations, and diameter-pitch
ratio were fixed at D = 200nm, N, = 10 cm™, Np =5x10%¥cm™,andd : p = 0.4,
respectively.

Conversely, predicted device performance degraded as the source width became com-
parable to the beta particle range. This is because, on average, emitted beta particles no
longer possessed sufficient energy to escape the source material and penetrate a nearby

NW. The emitted betas instead deposited their energy into the surrounding radioisotope
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material and were re-absorbed. A higher source activity most strongly influences the short-
circuit current density. Increasing the NW length leads to larger short-circuit current den-
sity gains compared to the open circuit voltage (/M2 : 0.195 uA/cm? to 2.34 pA/cm?,
Ve . 1.087V to 1.096 V). Variations in the short-circuit current density were there-
fore shown to be the dominant parameter determining device performance when the NW
length was varied. The trends in Fig. 2.7 are supported by Egs. (A51) to (A52) and Egs. (A57)
to (A59) in the Appendix, which confirm a linear dependence on NW length for both the
short-circuit QNR and space-charge region current densities, as well as the dark current
densities within the QNRs.

Shorter NWs proved to be more advantageous for the planar source geometry placed
on top of the NWs. The optimum conversion efficiency decreased by an order of mag-
nitude from 1.02 % to 0.015 % when the NW length was increased from 1 pum to 10 um,
respectively, and the NW diameter was held constant at 900 nm for the GaP devices in
Fig. A9 (see Appendix IX.). The drastic reduction in performance stemmed from short-
circuit current density losses. The optimum short-circuit current density was reduced by
80.4 %, from 32.9 nA/cm? to 6.42 nA/cm?. In contrast, the optimum open-circuit voltage
loss was approximately 19.7 % (V22 : 0.997 V to 0.801 V). The fill factor decreased by less
than 3 %.

In general, device performance is expected to improve in the 2D source geometry
with increasing NW length, which enables the absorption of more beta particles along the
NW'’s vertical axis, thereby increasing the short-circuit current density. However, the ob-
served negative correlation was attributed to our approach to match the planar source’s
power density to that of the 3D source configuration for a given NW length, diameter,

and diameter-pitch ratio. Doing so incurred self-absorption losses (Eq. (2.2.11)) for the
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planar source as the vertical source thickness was increased. In the planar source config-
uration the radioisotope source’s power grows with the source thickness up to a limiting
thickness, after which self-absorption losses begin to dominate. Once the source thick-
ness approaches the beta particle range, the beta particle’s escape probability drastically
decreases, as the beta particles will on average lack sufficient energy to escape the ra-
dioisotope material. We can therefore conclude that for the 2D source geometry used
in Fig. A9, the NWs should be packed together as closely as possible, and the NW length
should be comparable to the beta particle range. A higher source activity can be achieved
via the use of radioisotope source engineering techniques such as the inclusion of beta

particle reflector surfaces in Ref. 36 to recycle backscattered beta electrons.

2.3.1.2 Nanowire Diameter

A negative correlation between the efficiency and the NW diameter was observed for the
3D source geometry in Fig. 2.8. The optimum conversion efficiency decreased from 8.05 %
to 4.51% (An =~ —44 %) when the NW diameter was increased from 200 nm to 900 nm,
respectively, and the NW length was held constant at 10 um in Fig. 2.8. The short-circuit
current density (not shown) was responsible for this observation. The optimum open-

circuit voltage decreased marginally from 1.09V to 1.07 V.
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Figure 2.8: Efficiency as a function of the NW p-core diameter and n-shell thickness for sim-
ulated 3D source geometry GaP betavoltaic devices. The NW diameter was varied from a)
200 nm b) 450 nm c) 900 nm, while the NW length, dopant concentrations, and diameter-
pitch ratio were fixed at L =10 um, Ny =10 cm™3, Ny =5x 108 cm™,andd : p = 0.4,
respectively.

Thinner NWs can accommodate more radioisotope source material between the NWs,
resulting in greater beta particle flux directed toward the NWSs. The current density there-
fore rises as the input power density scales with source activity. The beta particle energy
deposition rate is also largest at the semiconductor surface, where the beta particle will
typically deposit most of its kinetic energy within the first few hundred nanometres of the
semiconductor. The observed decrease in the optimum short-circuit current density from
2.34 pA/cm? to 1.34 pA/cm? as the NW diameter was changed from 200 nm to 900 nm was
attributed to the onset of self-absorption, which reduced the source activity at the larger
NW diameters examined. Although a relatively high F-ratio of ~ 85.5 % was maintained
at each NW diameter in Fig. 2.8, w,,. increased by an order of magnitude from 300 nm
to 1.35 um (the diameter-pitch ratio was held constant at 0.4). When the NW diameter
was 900 nm the latter source width exceeded the beta particle range of electrons in GaP
(Ry = 1.24 um) with average energy of 17.45keV. The self-absorption factor decreased
from 0.856 to 0.53 when the diameter was increased from 200 nm to 900 nm, respectively,

effectively reducing the source activity by 32.6 %. We can therefore ascribe the primary
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loss mechanism in Fig. 2.8 to self-absorption. These results highlight the limitations of the
3D source geometry, in that, self-absorption can only be mitigated so long as the source
width is not comparable to the beta particle range (i.e. wy, <K Ry).

11 was more sensitive to n-shell thickness variations compared to p-core diameter vari-
ations. The efficiency generally fell with increasing t,, for each of the NW diameters in
Fig. 2.8.

In general, excess minority holes in the n-QNR suffered from shorter diffusion lengths
and lower mobility than excess minority electrons in the p-QNR (L, = 476nm, L, =
113 nm in Fig. 2.8). The collection of excess minority holes in the n-QNR is enhanced when
tn S Ly, ensuring excess minority holes generated within a diffusion length of the junction
were collected. A broader range of p-core diameters can therefore be accommodated with
little fluctuation in device performance as seen in Fig. 2.8. In contrast, thicker NWs proved
to be preferable when a 2D source geometry was used. Broader NWs improved the beta
capture efficiency (Eq. (2.2.9)) by expanding the proportion of the unit cell’s surface area
that was covered by NWs. Consequently, better surface coverage increased the likelihood
of betas emitted from the bottom surface of the source material being captured by a p-i-n

junction.

2.3.1.3 Doping

The results in Table 2.1 and Fig. 2.9 indicate that in general higher conversion efficien-
cies favoured moderately high doping levels. The doping profile determined many of the
material properties governing carrier transport within the semiconductor junction. The
minority carrier diffusion lengths L,, ,,, mobilities u,, ,,, lifetimes 7,,,,, diffusion constants

Dy, p, equilibrium carrier concentrations (1, po), as well as the bandgap energies in each
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region of the junction Egn,i,p were computed as a function of the net dopant concentrations
according to Egs. (A61) to (A68) and the data in Tables Al to A8 in the Appendix.

The minority electron and hole mobility decrease with increasing doping concentration
according to Refs. 37-42. Minority carriers experience higher rates of scattering in the
presence of high impurity concentrations. The minority electron diffusion length in the p-
QNR decreased from L,, = 871 nm to 476 nm when N, was increased from 5 x 10*® cm™3
to 10*° cm™3. Similarly, in the n-QNR, L, was 3.72 um, 113 nm and 24 nm when Nj, was
10 em™3, 5x 108 cm™ and 10 cm™3, respectively. Similar trends were observed for
Dy, Unp and 7,4 in the QNRs, each of which decreased as the corresponding dopant

concentration was increased.
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Efficiency 5.184
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Figure 2.9: Efficiency as a function of the NW p-core diameter and n-shell thickness for
simulated 3D source geometry GaP betavoltaic devices. The acceptor and donor dopant
concentrations were varied from a) Ny, = 1x10°cm™, N, =5x10®¥cm3 b) N, =
10¥cm™3, Np =10¥ecm=3¢) Ny, =5x10%¥cm™3, Ny =1x10Yecm™=d) N, = Np =
5x10¥cm™e) Ny =5x 108 cm™, N, = 1 x 1012 cm™. The NW length, diameter, and
diameter-pitch ratio were held constant at L = 10um, D =550nmandd : p =04,
respectively.

Shorter minority carrier diffusion lengths and lifetimes are expected to worsen device

performance stemming from higher recombination losses and lower collection efficiency.
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The efficiency decreased when the NWs were most heavily doped in Fig. 2.9 b) and e).
The minority hole lifetime in the n-QNR fell by 4 orders of magnitude from 41.2 ns to
8.3 ps when Nj, was increased from 10*” cm™ to 10*° cm™ in Fig. 2.9 ) to e). The highest
efficiency occurred when the p-core was heavily doped and the n-shell was moderately
doped in Fig. 2.9 a). Even though the optimum /.. decreased slightly from 1.77 uA/cm? to
1.76 pA/cm? going from Fig. 2.9 d) to a), a larger open-circuit voltage (1.084 V vs. 1.078 V)
was achieved at the optimum configuration in Fig. 2.9 a) due to the larger built-in potential.

SRH recombination was the dominant recombination mechanism in the depletion re-
gion for each of the materials examined. Auger recombination was negligible at the carrier
concentrations in Fig. 2.9. Radiative recombination was negligible in GaP and Si. The SRH
recombination current density was primarily determined by the minority carrier lifetimes
within the depletion region (7, Tp,), as well as the thickness of the NW’s intrinsic shell
and doping (N4, Np). The minority carrier lifetimes in the depletion region (see Eq. (A76)
in Appendix VI.) were determined by the trap density Ny.

Increasing the n-shell thickness t,, reduced the total short circuit current density be-
cause doing so reduced the intrinsic region and depletion region thickness. n was therefore
more sensitive to t,, in Figs. 2.9 a), b), d) and e).

In contrast, n was less sensitive to t,, and more sensitive to dp in Fig. 2.9 c). Reducing
the dopant concentrations increase the depletion region thickness and reduces the inter-
nal electric field. The intrinsic region facilitates the establishment of the built-in potential
across the junction which is impeded by the low dopant concentration. A thin p-core in
Fig. 2.9 c) increases the intrinsic region thickness which is needed to support the larger

depletion region.
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2.3.1.4 Short-Circuit Current Density — /.

The most effective strategy to enhance the short-circuit current density in GaP with a 3D
source geometry involved increasing the p-core diameter whilst keeping the n-shell as thin
as possible without fully depleting the n-shell. The largest short-circuit current density
(2.39 pA/cm?) in Fig. 2.5 a) was achieved when the p-core diameter and n-shell thickness
(dp, ty) were 104 nm and 17 nm, respectively. The positive correlation between the short-
circuit current density and the p-core diameter occurred primarily as a consequence of
Eqg. (A57), which shows the excess minority electron short-circuit current density in the
p-QNR to be proportional to the square of the p-QNR’s width (J4" « rpz). Varying (dp, t,)
from 104 nm and 16.9 nm to 24 nm and 46 nm, respectively, in Fig. 2.5 reduced the p-
QNR width from 46.6 nm to 2.72nm (Ar, = —94%). As a result, JA™ fell by 2 orders of
magnitude from 0.53 pA/cm? to 1.8 nA/cm?.

Since excess carriers generated within the depletion region have a high collection prob-
ability, it is beneficial to ensure that absorption occurs predominantly in the depletion re-
gion. Therefore, increasing the n-shell thickness reduces the short-circuit current density

because doing so reduces the achievable thicknesses of the p-core and intrinsic shell.

2.3.1.5 Open-Circuit Voltage — V.

The open-circuit voltage in Fig. 2.5 b) was maximized when the intrinsic shell was made
as thin as possible (10s of nm). The maximum open-circuit voltage in Fig. 2.5 b) (1.135V)
was achieved when the intrinsic shell thickness was set to 6.44 nm. V. decreased from
1.135Vto 1.071V when (d,, t;,) were varied from 95 nm to 24 nm and 46 nm to 8.6 nm,
respectively, corresponding to increasing t; from 6.4 nm to 79.4 nm. Increasing t; enlarged

the depletion region width w, but reduced the junction’s internal electric field, and thus
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the open-circuit voltage.

Wider bandgap materials are well-suited for BV applications as they naturally yield
larger built-in potentials, which raises the upper bound limit of the open-circuit voltage,
thereby increasing the device’s maximum achievable power output. Larger built-in poten-
tials can also be achieved by heavily doping the p and n-regions of the junction.

The highest open-circuit voltages in Table 2.1 were achieved with GaP for both the 2D
and 3D source geometries for GaP due to its wide bandgap energy compared to both Si

and GaAs.

2.3.1.6 Fill Factor — FF

The fill factor was maximized by balancing the competing optimum junction morphologies
for the short-circuit current density and open-circuit voltage. Little variation in the fill fac-
tor was observed when the NW p-core diameter and n-shell thickness were varied in each
of the best devices in Table 2.1 and Figs. 2.5 and 2.6. In general, the optimum fill factor

was achieved when the device output power was maximized.

2.3.1.7 Conversion Efficiency — 7

The results in Table 2.1 conclude that the 3D source geometry yields a nearly 8-fold im-
provement in conversion efficiency compared to the 2D source geometry. NWs should
be grown as tall as possible while maintaining thin diameters (on the order of ~ 200 nm)
and moderate diameter-pitch ratios of approximately 0.4. Efficiency was maximized as a
trade-off between J,. and V.. NW p-i-n junctions offer no significant benefit over thin

film junctions for the 2D source geometry. In such a case, the NW lengths should be on
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the order of the beta particle range, and they should be made to be very wide. Addition-
ally, NW packing should be maximized for the 2D source to ensure maximum beta capture

efficiency.

2.3.1.8 Array Geometry

The primary challenge of BV device design is the maximization of the deposited beta emit-
ter energy over what is typically a very narrow region (i.e. the depletion region) compared
to the range of the beta particle. In an ideal BV device, the entirety of the incident beta
electron’s energy would be deposited within the depletion region to maximize carrier sep-
aration and collection°.

The optimum diameter-pitch ratios for the 3D source geometry in Fig. 2.10 indicated
the existence of a trade-off between the radioisotope volume and the converter volume.
While maximizing the volume of source material surrounding the NWs enhanced the flux
of incident beta particles, thereby increasing beta-generated current, it concurrently re-
duced the density of NWs within the array. Hence, achieving optimal device performance
necessitated a balance between the volumes of the source and converter to maximize the
absorption of incident beta particles and the available power input. Previous simulations
in Ref. 27 have also reported the existence of optimal diameter-pitch ratios for various ra-

dioisotope sources; however, these predictions have not been confirmed experimentally.
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Figure 2.10: Efficiency vs. diameter-pitch ratio for the optimum performant simulated
nanostructured betavoltaic devices using a O3Ni radioisotope source a) GaP (circles) D =
200nm, Ny = 10 cm ™3, N, = 5x10'® cm 3 b) GaAs (squares) D = 200nm, N, =
10 cm 3, N, = 5x 108 cm 3, and c) Si (triangles) D = 200nm, N, = 5x 108 cm 3,
Np = 10 cm 3, for L = 1, 5 and 10 um. Gaussian fits to each simulated data set were
computed using a Levenberg-Marquardt least-squares algorithm*3.

Shorter broader NWs performed best when the planar source configuration was used.
Device performance for the planar source geometry was severely inhibited by source losses.
Directional and self-absorption losses decimated the power input delivered to the NWs.
At most, 50 % of the emitted beta particles were directed towards the NWs located below
the radioisotope source. Of the available beta flux, the fraction of the incident flux that
reached the NWs was heavily influenced by NW density within the array. The optimum
diameter-pitch ratio approached unity for devices with a 2D source geometry, as 1g was
maximized. A diameter-pitch ratio of unity maximized the NW packing factor, thereby min-
imizing the empty volume between the NWs where beta particles would not be captured.

NWs approaching 1 um in both length and diameter resulted in the highest conversion
efficiencies for the 2D source in Table 2.1 and Fig. 2.11. The NW lengths of these devices
were reasonably close to the average beta particle range within each of the respective

materials — R, = 1.24, 0.966 and 2.2 um for GaP, GaAs, and Si, respectively when E =
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17.45 keV. Ideally, matching the NW length to the incident beta range ensures that incident

beta particles will on average deposit all of their kinetic energy within the NWs.
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Figure 2.11: Efficiency vs. diameter-pitch ratio for the optimum performant simulated be-
tavoltaic devices employing a planar O3Ni radioisotope source a) GaP (circles) D = 900 nm,
Ny = 10 cm 3, N, = 5x10'8 cm 73, b) GaAs (squares) D = 900 nm, Ny, = 10%° cm 3,
Np = 5x 108 cm 3, and ¢) Si (triangles) D = 900 nm, N, = Np = 10'° cm 3. Quadratic
fits to each simulated data set were computed using a Levenberg-Marquardt least-squares
algorithm*3.

Bandgap narrowing had a negligible effect on device performance for both the 2D and
3D source geometries. The optimum conversion efficiency decreased by 0.07 % and 0.01 %
(absolute), when bandgap narrowing was omitted for the 3D and 2D source geometries,
respectively. Omitting bandgap narrowing lowered conversion efficiencies slightly but did

not affect trends in efficiency versus diameter-pitch ratio for both source geometries.

2.4 Conclusion

The model presented offers an approach to NW betavoltaic device design, allowing for
detailed investigation of the underlying physical phenomena contributing to the predicted
device electrical characteristics. Analytical expressions describing excess minority carrier

charge transport within radial p-i-n junctions were derived by solving Poisson’s equation
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and the excess minority carrier continuity equations in a cylindrical coordinate system.
The model predicted optimal NW core-shell junction configurations for GaP, GaAs, and Si
materials, along with optimal donor and acceptor dopant concentrations for each material.
The results indicated that the performance of these devices is significantly influenced by
source and array geometries. The dependence on the NW diameter-pitch ratio revealed a
trade-off between maximizing source volume and absorber volume.

Experimental validation is needed to assess the model’s accuracy and limitations. Fu-
ture research may explore other radioisotope source materials, such as tritium (3H) and
promethium-147 (147Pm), as well as popular betavoltaic converter materials like SiC, dia-
mond, and GaN, to further validate and assess the model. The model provides a transpar-
ent approach to NW betavoltaic device design, enabling a detailed exploration of the un-
derlying physical processes that influence device electrical characteristics. Enhancements
to the model’s robustness could involve more accurate modeling of beta electron-hole gen-
eration rates that accounts for the stochastic path of scattered betas. Experimental results
to validate the parameter dependence of our model are not available in the literature, and

could be a topic of future study.
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Chapter 3

Nanowire Growth and Characterization

3.1 Introduction

This chapter presents the essential processes and equipment used in NW sample prepa-
ration and growth. An overview of molecular beam epitaxy (MBE) and self-assisted vapor-
liquid-solid (VLS) growth provides the foundational understanding needed to comprehend
the epitaxial growth process and physical mechanisms underlying vertical NW array syn-
thesis. Additional technical details regarding sample preparation processes are provided
in Appendix X.

Shahram Ghanad-Tavakoli is acknowledged for the growth of the NWs. Alex Tsukernik

is acknowledged for performing EBL.
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3.2 Background

3.2.1 Molecular Beam Epitaxy (MBE)

MBE is a physical vapor deposition (PVD) epitaxial growth technique used to produce micro-
and nano-scale semiconductor structures such as thin films and NWs. MBE emerged in
1968 from the work of Alfred Cho and John Arthur at Bell Labs in the interest of developing
more sophisticated device structures with smaller dimensions#*. MBE research has since
matured significantly, evolving into a widely adopted growth method for both academic
studies and commercial industrial applications.

The MBE growth process is based on the reaction of thermal molecular (and atomic)
beams with a heated substrate surface under ultra-high vacuum (UHV) conditions#*. In
traditional MBE, mass transport of the growth species to the substrate is facilitated by
thermal evaporation of source material using effusion cells. The evaporant beam fluxes
are directed towards the substrate positioned on a heated rotating stage. The substrate
is heated to ensure condensation of the impinging flux leading to epitaxial growth. Sub-
strate rotation ensures uniformity of the flux distribution and conformal coverage of the
substrate surface during deposition. The impinging particles deposit on the substrate sur-
face in a mixture ratio determined by the flux rates and their individual sticking probabili-
ties*, characterized by sticking coefficients. The sticking coefficient describes the fraction
of impinging particles that stick to the sample surface. For the described process to occur,
an UHV environment with pressures below 1 x 107 Torr is required. At such pressures, the
mean free path (MFP) of the beam molecules greatly exceeds the distance they must travel
from the source (effusion cell) to the substrate, also known as the source-to-substrate

distance. Under these conditions, molecular gas flow is achieved, resulting in effectively
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no collisions between the molecules in the impinging beam flux. MBE requires an ultra-
clean deposition environment, maintained by a liquid nitrogen-cooled shroud that acts as
a cryogenic pump to prevent water vapor and other volatile contaminants from reaching

the substrate surface.

RHEED electron gun Rotatingsample holder

lonization manometer

Principal shutter
Cell shutters Window

Airlock valve

Effusion cells

Effusion cells

Effusion cells Sample

transfer unit

Window

Fluorescentscreen
RHEED
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Figure 3.1: Schematic of the principal elements of a MBE reactor (from Ref. 46).

Molecular beam epitaxy (MBE) is fundamentally a kinetically controlled process gov-
erned by the dynamic interplay of evaporation, adsorption, desorption, surface diffusion,
and incorporation of elemental constituents*. Operating at deposition rates as low as 0.1
monolayers (ML) per second, MBE enables the growth of exceptionally pure films in an
ultra-clean environment*>. The precise control of material deposition is achieved through
effusion cell temperatures and mechanical shutters, which regulate source fluxes by open-
ing and closing in front of the effusion cells. This mechanism enables the formation of
heterostructures with atomically sharp interfaces and precisely controlled doping profiles,
allowing for both abrupt transitions in dopant concentration and type. While this level
of precision permits the achievement of monolayer-thick films, MBE faces practical limi-

tations in industrial applications due to its slow growth rate, high operational costs, and

47


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

inability to process multiple samples simultaneously.

3.2.2 Electron Beam Lithography (EBL)

Lithography is the process of transferring patterns from one medium to another?®’. Elec-
tron beam lithography (EBL) has been most widely implemented for patterning mesoscopic
structures or systems in electron-sensitive films with unique advantages of high resolu-
tion in feature size, high reliability in processing, high accuracy in positioning/alignment,
and high flexibility in custom pattern replication®®. EBL is analogous to photolithography,
which is commonly used to pattern larger micron-scale features. In EBL, a focused beam
of electrons, produced by a high-voltage source and an electron-emitting filament, is used
to trace a predefined two-dimensional pattern onto an electron-sensitive resist. The pat-
tern is defined by a 2D digital map divided into individual pixels*°. Magnetic fields focus
the beam, ensuring precise patterning. EBL is performed under high vacuum to minimize
scattering of the electron beam during its transit to the sample surface.

Different areas of the resist become soluble in a developer solvent depending on the
type of resist used. Positive resists become soluble to the developer solvent upon expo-
sure to the electron beam, as shown in Fig. 3.2. The impinging beam electrons break the
cross-linking bonds between the polymers of the resist, making them more soluble in the
developer®. When immersed in the developer solution, the exposed (developer-soluble)
regions of a positive resist dissolve, exposing the surface beneath the resist. In negative
resists, exposure to the electron beam strengthens the polymer bonds by cross-linking,
making them less soluble to the developer solution. After development, the exposed ar-

eas of the negative resist remain. The lithograpically-generated patterns can be transferred
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to the substrate material under the resist using a variety of methods such as etching or de-

position.

resist resist
—>
Substrate Substrate Substrate
Develop
s . . . A resist
positive resist negative resist .
Substrate Substrate‘

Figure 3.2: EBL patterning process.

A typical EBL system system consists of a scanning electron microscope (SEM), a preci-
sion stage, and a computer control system that precisely directs the electron beam’s shape
and position. The stage achieves nanometre-scale positioning accuracy in all three di-
mensions through a laser-interferometric system combined with servo-motors and piezo-
electric actuators®. To minimize beam spreading, the system operates at high accelera-
tion voltages of 100 kV>°.

Photolithography’s resolution is fundamentally limited by the wavelength of the ex-
posing photons (=400 nm). EBL overcomes this limitation by utilizing electrons instead of
photons, achieving a maximum resolution determined by the electrons’ de Broglie wave-
length. The electron wavelength depends on beam energy according to Eq. (3.2.1), where

E is expressed in keV“°. This enables the fabrication of features smaller than 10 nm*°.

1.266

A =
¢~ EOS5[1 + 0.9979E — 6E]

g (nm) (3.2.1)
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EBL offers the flexibility to draw an extremely wide range of custom patterns, elimi-
nating the need for physical masks required in photolithography. However, this advantage
comes with drawbacks. In EBL, each pixel in the pattern must be sequentially exposed to
the electron beam, resulting in relatively long write times on the order of tens of minutes
to hours, making it a relatively costly process. These limitations restrict the manufacturing
scale at which EBL can be applied efficiently. For industrial applications at larger scales,
techniques such as nano-imprint lithography (NIL) are more suitable due to their lower

cost and high throughput®?.

3.2.3 Plasma-Enhanced Chemical Vapor Deposition (PECVD)

Chemical vapor deposition (CVD) is the process of chemically reacting a volatile compound
of a material to be deposited, with other gases, to produce a nonvolatile solid that deposits
atomistically on a suitably placed substrate®2. The deposited film’s thickness, uniformity
and stoichiometry depend on the reactants supplied to the substrate surface. CVD growth
is characterized by (i) gas transport into the chamber and to the substrate, (ii) interface
chemical reactions to form the film, and (iii) purging of reaction byproducts from the cham-
ber. Figure 3.3 shows a typical PECVD reactor configuration.

High-temperature CVD processes for producing thin films and coatings have found in-
creasing applications in diverse technologies ranging from the fabrication of solid-state
electronic devices to the production of rocket engine and nuclear reactor components>2.
Low-temperature deposition of insulating and passivating films has been a strong driv-
ing force behind the development and adoption of CVD processing methods>2. Plasma-
enhanced chemical vapor deposition (PECVD) is an adaptation of traditional chemical va-

por deposition. It is primarily used for the deposition of dielectric and passivating films.
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Figure 3.3: Diagram of the fundamental components of a typical ECR-PECVD system.

The use of plasma primarily serves to lower the temperatures at which deposition can
occur. The necessary energy for the chemical reaction is provided by the plasma, thus en-
hancing the chemical reaction rates of the precursor gases>3 and lowering the temperature
at which deposition can occur. In PECVD, the plasma is typically excited via the injection
of process gases into the reaction chamber where a radio frequency discharge between
two electrodes, situated at the top and bottom of the chamber, is generated. Irrespective
of the plasma excitation method, to generate a plasma an equilibrium must be struck be-
tween the ionization and recombination processes in the bulk plasma®*°°. In the PECVD
system used to prepare the wafers Sections 3.5 and 3.6, a microwave frequency signal
was generated instead of a radio frequency signal. This method of plasma excitation can
achieve a high ion density at relatively low chamber pressures, on the order of a few mTorr
to a few Torr, allowing for the use of low energy ions*°. In the growth of SiO, films, the low
energy ions are ideal for the removal of hydrogen from the actively growing film without
causing damage°®.

At the relatively low pressures in PECVD, the electrons, owing to their extremely small
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mass, can attain high velocities before the polarity of the RF (or microwave) field reverses.
The heavier ions of the plasma, however, cannot achieve a high velocity before the RF
field polarity reverses. The electrons can be maintained at very high equivalent temper-
atures, while the heavier ions remain at ambient temperatures®>. The temperature dif-
ference allows the high-energy electrons to dissociate precursor molecules and generate
relatively large quantities of free radicals, processes that are highly improbable at low tem-
peratures®.

Compared to MBE, PECVD growth offers a more conformal nature and relatively lower
operational and equipment costs, making it more scalable for depositions below one mi-

cron®’. Line-of-sight to the substrate surface(s) is unnecessary, allowing PECVD deposition

to be carried out in parallel on multiple substrate surfaces.

3.2.4 Wet Etching

Wet etching is a chemical process in which solid materials are immersed in a corrosive so-
lution to selectively remove specific regions of the material. The etchant reacts chemically
with the exposed surfaces, dissolving the targeted areas and leaving behind the desired
structure®®. During the process, light agitation is necessary to ensure uniform material
removal. Agitation promotes consistent contact between the etchant and the material
while preventing the accumulation of waste byproducts, which can obstruct the reac-

4> Most wet etch processes are isotropic, removing material at an equal rate in all

tion
directions. While isotropy is beneficial for certain applications, it often leads to under-
cutting — where the material beneath masking or etchant-resistant layers is unintention-

ally removed. This characteristic makes wet etching unsuitable for applications requiring
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anisotropic etching, where material removal must be restricted to specific directions. Un-
dercutting, a key limitation of isotropic wet etching, is illustrated in Fig. 3.4.

1 mask

]

N YA S

material

substrate

Figure 3.4: lllustration of the process of wet-etching a thin film deposited on a substrate.
A masking layer is used to define a pattern. Isotropic etching causes undesirable lateral
undercuts, shown in orange.

The solubility of etch reaction products in the etchant solution is critical for maintain-
ing etch rate and profile uniformity>2. Insoluble reaction products can accumulate on the
material surface, hindering the reaction by blocking fresh reactants from accessing the re-
action site. The etch rate in wet etching primarily depends on the concentration of the
etchant, which is influenced by both the bulk concentration and the replenishment rate
of fresh etchant®. Additional factors, such as temperature and the efficiency of waste
removal from the reaction zone also significantly impact the etch rate. Wet etching is
characterized by high selectivity and repeatability, enabling reasonable control over the
material removal process. Moreover, its scalability facilitates simultaneous processing of
multiple substrates or large areas, making it particularly suitable for industrial fabrication
pipelines. This combination of high selectivity, scalability, and repeatability underscores

its utility in large-scale semiconductor manufacturing.
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3.3 Characterization Methods

3.3.1 Scanning Electron Microscopy (SEM)

SEM is a microscopy technique in which the surface of a specimen is imaged using an elec-
tron beam. In SEM, electrons generated via thermionic or field emission from an electron
gun cathode are focused down to a tight beam of just a few nm in width, using magnetic
condenser lenses. Using scanning coils, the electron beam is scanned, or rastered, across
the sample surface, mapping each pixel in a two-dimensional grid to construct an image.
SEM operates under high vacuum, ensuring low contamination within the electron col-
umn and specimen chamber. This increases the mean free path of the primary beam
electrons (PEs) by minimizing scattering before they reach the sample surface. Imping-
ing electrons from the primary beam interact with the sample surface through elastic and
inelastic scattering mechanismes, as illustrated in Fig. 3.5. A series of detectors collects the
scattered electrons, constructing a three-dimensional image of the sample surface. Typical
beam electron energies can range from 100 eV to 30 keV depending on the SEM resolution
and operating mode—either backscattered-electron (BSE) or secondary electron (SE) de-
tection mode*®. Depending on the operational mode, SEM can also provide information
about sample topography, material composition, and crystal structure. For example, BSEs
can be used to construct electron diffraction images, from which crystal orientation is de-

termined.
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Figure 3.5: Types of primary beam electron-specimen scattering interactions: (i) inelastic
scattering ionizes the surface atoms of the specimen, releasing secondary electrons, (ii) PEs
are elastically scattered by the atomic nuclei of the sample and are deflected backwards out
of the sample, (iii) tightly bound inner (K) shell electrons can be ejected from the specimen
when they scatter PEs. Higher energy electrons fill the vacancy in the electronic shell,
releasing energy in the form of characteristic X-rays from the specimen in the process.

Slight deflections of the PEs from inelastic scattering cause broadening of the beam within
the specimen.

SEM requires a sufficiently thick sample, such that the PEs deposit their energy through
scattering interactions over a finite (interaction) volume within the specimen. Otherwise,
the incident electrons would instead pass through the sample never reaching the detec-

tors. As the electron beam probes the specimen, the beam electrons may undergo elastic
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scattering through large angles (> 90 °) in which they are reflected backwards out of the
interaction volume, known as backscattering, or inelastic scattering through small angles,
which ejects loosely bound outer shell electrons of the surface atoms (i.e. SEs). Heavy ele-
ments, due to their higher atomic number (Z), and therefore greater number of electrons,
yield a larger fractions of BSEs. This is attributed to the increased repulsion between the
incident beam electrons and the bound electrons in the heavier atoms, which enhances
scattering. Electron scattering is responsible for the variation in pixel brightness (i.e. con-
trast) across the scanned area. Electrons scattered by heavier elements retain more ki-
netic energy compared to those scattered by lighter elements, striking the BSE detector
with greater energy, thus producing brighter images. Scattering depends strongly on the
specimen’s properties, including material composition, crystal structure, and sample to-
pography. To maximize detection, BSE detectors are typically positioned to encircle the
primary beam, allowing them to capture BSEs regardless of their scattering direction®>.
Secondary electrons (SEs) possess low kinetic energies (=10 eV>°) as they are ejected
from the outermost electronic shell of the surface atoms, limiting their mean free path.
Only SEs generated within the first few nm of the specimen are able to escape the sam-
ple. As a result, SEs must be accelerated towards the SE detector to ensure they can be
detected. This is accomplished by applying a positive bias of approximately 400V to a
collector grid, which attracts the electrons. They are then further accelerated towards a
phosphor screen or scintillator biased at several kV#°. Upon striking the detector, the ac-
celerated electrons generate a sufficiently bright flash for detection. SE emission is heavily
dependent on the specimen surface conditions°.

Figure 3.6 shows the fundamental components of a SEM. A basic SEM consists of an
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electron gun, anode, electromagnetic lenses, scanning coils and electron detectors. Elec-
tron gun assemblies consist of either thermionic or field-emissions guns (FEGs). Within the
electron gun assembly, the electron motion is controlled only by electrostatic fields. Elec-
trostatic lenses are formed when positive and negative electric fields are placed near each
other®®, such as the electron gun and anode within the electron column. A thermionic
electron gun supplies electrons by sufficiently heating a conductive metal filament, such
as tungsten, until the electrons posses enough thermal energy to overcome the material’s
work function and escape the filament. The filament temperature is modulated by ap-
plying a current to the filament. Increasing the filament current increases the number of
generated electrons up to a saturation point, beyond which no increase in electron gener-

ation is observed .

Electron gun

Anode
(accelerator)

Condenser 1lens
Scan coils

Objective lens

BSE Detector
SE Detector
Specimen

Figure 3.6: Diagram of the principal elements of a scanning electron microscope.
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FEGs are typically made by sharpening a metal filament such as single crystal tungsten
down to a ~100 nm radius tip, and applying a large negative bias, on the order of several
kV to the sharpened tip. Thermionic electron gun sources are less expensive than FEGs,
but produce less coherent electron beams. The anode plate is held at a positive charge,
creating a strong potential difference between the filament tip and the anode, capable of
overcoming the metal’s thermionic energy barrier. The potential gradient rips electrons off
of the filament, and accelerates them down the electron column towards the condenser
lens. In this way, emission is preferentially stimulated from the metal tip. FEG systems
require cleaner low pressure environments, as any debris stuck to the filament tip reduces
emission. However, they produce much smaller emitted beam diameters (thus better res-
olution)®. Moreover, FEGs generally have a longer filament life than thermionic electron
guns since they emit electrons without requiring high temperatures®°.

The brightness of an electron gun is a critical parameter, as it directly impacts image
guality. It quantifies the total electron current that can be focused onto the sample sur-
face and represents the total number of electrons that can be concentrated at a specific
point on the specimen per second>®. In general, a FEG provides higher electron source
brightness than a thermionic electron gun.

Electromagnetic lenses shape the electron beam within the SEM column by leveraging
the Lorentz force (Eq. (3.3.1)) to control the electron trajectories, causing them to spiral
and converge toward a focal point. The Lorentz force F describes the force an electron

travelling with velocity v experiences in the presence of a magnetic field B,

F=—evXB (3.3.1)

where e is the elementary charge. The magnetic condenser lens is a tightly wound copper
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coil encircling a cylindrically symmetric soft iron core with a central bore. Passing a current
through the coil generates an axially symmetric magnetic field ®* along the axis of the bore.
The iron core enhances and shapes the magnetic field. Beam electrons travelling parallel
to the optical axis are unaffected by the magnetic field. However, beam electrons travelling
along off-axis trajectories are deflected along a helical path down towards the focal point
by the radial component of the magnetic field>°. Varying the coil current adjusts the lens’
focal length. Since the magnetic field is strongest near the edge of the lens (i.e. bore
of the iron core) and weaker near the optical axis, electrons farther from the optical axis
experience a stronger deflecting force than those closer to it. Off-axis beam electrons
may converge prematurely before diverging again, resulting in a blurred spot rather than
a precise focal point. Distortions arising from variations in the electron path radius within
the beam are referred to as spherical aberration. Placing a small aperture after the lens
blocks off-axis electrons, reducing their influence on image formation while decreasing the
beam convergence angle and minimizing spherical aberration®?, but at the cost of reduced
beam brightness, which can impact image contrast.

For a given accelerating voltage (e.g. 15kV), the beam electrons exhibit a narrow en-
ergy distribution around a mean value (e.g. 15 keV). Consequently, electrons with slightly
different energies are focused at varying focal lengths along the optical axis, converging
in a disc rather than a single point, thus increasing the probe size and reducing image
sharpness. Beam electron energy spread is inversely proportional to the accelerating volt-
age>?, causing its impact to be more pronounced at lower voltages. This type of image
degradation caused by differences in beam electron energies is referred to as chromatic

aberration. Fluctuations in the accelerating voltage as well as the magnetic lens current

59


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

can lead to chromatic aberration®®. In reality, unavoidable spherical and chromatic aber-
rations prevent electromagnetic lenses from ever focusing electrons to a perfect point.

After passing through the condenser lens, radially opposing magnetic (scanning) coils
deflect the electron beam in both the x and y-directions°, rastering the beam across the
sample surface. The raster pattern starts at the top-left corner of the viewing window and
moves horizontally to the right until it reaches the edge of the scan area. The beam then
shifts down one line, and returns to the left side, repeating this process until the entire
window is scanned. Finally, the objective lens (another magnetic lens) focuses the electron
beam onto the sample. Emitted BSEs and SEs are collected by their respective detectors,
whose signals are amplified and sent to a video display system to generate the final SEM
image.

A JEOL-7000F and a FEI Magellan 400 SEM were used to image the NWs discussed in

Section 3.6.

3.3.2 Ellipsometry

Ellipsometry is a widely utilized and non-destructive optical measurement technique for
characterizing thin film thickness, optical constants and material properties. This tech-
nique operates by analyzing changes in the polarization of light caused by reflections within
the material®2. The precision of the determined parameters depends on the accuracy of
the fitted model. For well-defined samples, thicknesses can be precisely measured within
a few A,

In an ellipsometric measurement, a reference beam of light with a known polarization

state is directed obliquely onto the sample surface. Upon interaction with the sample, the
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incident light undergoes reflection or transmission, resulting in a change in its polariza-
tion. The altered polarization is then measured, and the relative change in polarization,
along with the phase difference, is calculated. To determine the optical constants and film
properties, a model of the sample is constructed based on the measured data, and regres-
sion analysis is applied to optimize the fit parameters by minimizing the mean square error

(MSE)83. A basic ellipsometer is illustrated in Fig. 3.7.
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Figure 3.7: lllustration of the general principal of ellipsometry and the components of a
basic ellipsometer.

A J.A. Woollam M-2000 Variable Angle Spectroscopic Ellipsometer (VASE) was used to

confirm the oxide film thickness in Section 3.5.

3.4 Fundamentals of Nanowire Growth

NWs are typically synthesized by either top-down (subtractive) or bottom-up (additive)
techniques. Top-down approaches employ the selective removal of material from thin film
layers, often via etching, to define the NW structure. With this method, the NW dimen-

sions and morphology can be controlled with a high degree of repeatability and uniformity.
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Top-down approaches also tend to scale quite well, allowing for a high NW growth through-
put. However, understanding and managing strain energy is crucial for successful thin
film growth. During deposition strain develops in thin films through two key mechanisms:
lattice parameter mismatch at hetero-interfaces and mechanical stress from the progres-
sive stacking of layers. Above a critical film thickness, accumulated strain energy can only
be relieved through the formation of dislocations. These strain-related challenges make
thin film growth a significant constraint in top-down synthesis, where both the substrate-
NW material system compatibility and critical film thickness ultimately dictate which types
of NWs can be successfully synthesized. In contrast, bottom-up epitaxial NW growth by-
passes these limitations, as strain is relieved along the free NW sidewall surfaces?. As a
result, NWs can tolerate identical lattice mismatches without forming defects due to their
high surface-to-volume ratio°. Various epitaxial methods can be used for bottom-up NW
growth. This chapter focuses specifically on selective-area epitaxy (SAE) vapor-solid (VS)
and vapor-liquid-solid (VLS) NW growth, as these techniques were used to synthesize the
NWs in Section 3.6.

In SAE, a patterned oxide layer is typically used as a template/mask to deterministically
control the NW location and size. The oxide layer promotes the preferential nucleation of
NWs on the exposed substrate in the mask openings while inhibiting nucleation on the ox-
ide surface. Utilizing an oxide layer also minimizes parasitic thin film/crystallite growth on
the surface between the NWs. In VLS growth a liquid metal catalyst droplet “seed particle”
mediates NW nucleation by collecting impinging adatoms supplied by vapor fluxes. His-
torically, Au nano-particles were a common metal catalyst®4-%6. However, in recent years,
self-assisted VLS growth has become a favored approach. In self-assisted growth, the seed

particle is a constituent of the NW so as to eliminate the risk of contamination from the
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catalyst, which can lead to the development of deep level defects within the NWs®’. Thus,
group lll metals, with their low melting temperatures, typically serve as seed particles for
the nucleation of 11I-V NWs®8. Lithographic techniques such as electron beam lithography
(EBL) can be used to pattern holes into the SiO, layer.

VLS droplet formation is critical for the nucleation of self-assisted VLS NWs. At the
NW growth temperature, the group V species vapor pressure exceeds that of the group Il
species. Under these conditions, liquid group Ill droplet formation is naturally favorable at
the growth temperature as the group V species is favoured to remain in the vapor phase,
and the group Ill species in the liquid phase®. At elevated growth temperatures, group I
adatom diffusivity is increased, resulting is longer diffusion lengths. During nucleation the
group lll adatoms diffuse across the oxide surface in a thermally activated random walk
process’?, where they undergo collisions and accumulate within the oxide mask holes,
forming liquid group lll droplets. In contrast, lower growth temperatures reduce group Il
adatom diffusivity, causing a smaller fraction of the impinging adatoms to reach the holes.
As a result, rather than accumulating within the holes, the group Ill adatoms condense on
the oxide surface. Group Il liquid droplet formation can be further enhanced by establish-
ing group lll-rich conditions at the substrate surface. The introduction of a group Il flux
prior to the initiation of the group V flux, commonly referred to as a “pre-deposition”, sup-
plies a large group Il flux to the substrate surface, forming liquid group Il droplets which
act as reservoirs for the collection of impinging growth species. Pre-deposition steps have
been used to promote sufficient filling of oxide mask holes for improved vertical llI-V NW

yield under appropriate growth conditions’*~7>

. In sub-optimal growth conditions, the
large group Il flux supplied to the oxide surface during pre-deposition can be deleterious

to vertical NW yield, instead increasing the population of parasitic crystallites within the

63


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

oxide holes and on the oxide surface.

NW growth is believed to be nucleated by three main pathways, illustrated in Fig. 3.8:
(i) direct impingement of the adatoms on the droplet, (ii) direct impingement on the NW
sidewalls, and (iii) surface diffusion or secondary flux due to desorption of the adatoms
after impingement on the substrate or NW sidewalls®”:7%77. Group Ill adatoms may diffuse
on the NW sidewalls, while group V diffusion is considered negligible due to the high vapor

2

pressure of group V species®. The phase transitions from vapor to solid are driven by

the chemical potential gradient between the vapor, liquid, and solid phases (u, > p; >
1) %878, Crystal growth continues through precipitation from the supersaturated liquid

droplet as long as this chemical potential hierarchy is maintained>%¢”.

ii.
iii.
<111>

4—)\p—>

Figure 3.8: VLS growth nucleation pathways: (i) direct impingement of the adatoms on the
droplet, (ii) diffusion of the group Ill (purple) adatoms along the sidewalls, and (iii) surface
diffusion of the adatoms after impingement on the substrate or NW sidewalls.
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Various NW properties including length, diameter, doping, composition and position
can all be controlled by the SAE-VLS process growth conditions. VLS growth conditions in-
clude substrate temperature, source impingement rates, and flux ratios. The impingement
rate of the growth species is the number of particles per unit time per unit area that strike
the substrate surface; and hence greatly influences the NW growth rates. The substrate
temperature is controlled to ensure condensation of the incident flux. For the growth of
[11-V NWs, the ratio of the incident group V to group Il flux is given by the V/III flux ra-
tio. Variations in V/III flux ratio can induce changes in growth rate and NW morphology.
The angle the droplet makes with the NW top facet and the sidewalls (i.e. the contact an-
gle) B is strongly correlated with the NW crystal phase. While bulk IlI-V semiconductors
typically form a cubic zinc-blende (ZB) crystal structure, they can instead adopt a wurtzite
(WZ) structure when grown as NWs under specific conditions. Namely, very small contact
angles (generally below 100 °) and very large contact angles (generally above 125 °) yield
the ZB crystal structure, otherwise the NW adopts a WZ crystal structure”®. Modulation of
the droplet size and shape can therefore be used to precisely control the NW crystal phase
and hence the optoelectronic properties of the NWs.

NW growth preferentially along the axial growth direction arises primarily from the di-
rect impingement of incoming flux on the droplet. Previous studies have demonstrated
that the vertical growth rate of IlI-V NWs is constrained by the availability of group V
adatoms to the group Il droplet, due to the large reservoir of group Il atoms present in
the droplet®®8. Consequently, increasing the supply of group V material to the droplet
increases the NW length. The NW diameter is strongly correlated to the droplet size 2. Ini-
tially, the droplet volume is determined by the size of the holes within the mask. However,

as NW growth progresses, the droplet volume is influenced by numerous factors such as
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the impingement rates of the group Il and V fluxes, the V/III flux ratio, substrate temper-
ature and surface energies at the liquid-solid interface of the NW, which can in turn alter
the resulting NW diameter. Since the droplet size controls both axial and radial growth
modes, and is strongly influenced by the V/IIl flux ratio’’, the growth rates can be regu-
lated by adjusting this ratio. Low V/III flux ratios correspond to increased group Il fluxes,
which yield larger droplets. At low V/III flux ratios, the increased arrival rate of the group llI
species leads to increased scattering from the oxide surface and direct deposition on the
droplet. Because the liquid droplet acts as preferential sink for the group Ill species’®, the
re-emitted group Ill material and the group Il material directly impinging on the droplet
are absorbed by the droplet, thereby increasing the droplet size and NW diameter as a
result.

Surface diffusion of the group Ill and V adatoms is heavily mediated by temperature.
At elevated growth temperatures the group Il adatom diffusivity is sufficient for the group
Il adatoms to diffuse along the NW sidewalls and reach the droplet at the top of the NW?2,
thereby contributing to axial NW growth. However, at low growth temperatures (~ 500 °C
for MBE) the suppression of group Il adatom diffusivity favors radial growth modes, lead-
ing to nucleation predominantly on the NW sidewalls? (i.e. vapor-solid (VS) growth). Shell
layers are formed through preferential VS growth on the NW sidewalls. Radial growth
modes can alter the NW morphology by widening the NW non-uniformly. In practice, con-
sumption of the group Il droplet is used to suppress axial growth and encourage radial
growth. Introducing a large group V flux (i.e. high V/IlIl ratio) encourages the precipitation
of solid llI-V material, thus consuming the surplus of group Il adatoms within the droplet.
Under these conditions, the group Il adatom diffusivity is suppressed?, resulting in nucle-

ation predominantly on the NW sidewalls for subsequent growth.
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3.5 Sample Preparation

Arrays of GaP p-i-n junction NWs were grown at McMaster University by gas source molec-
ular beam epitaxy (GS-MBE). The group Il (Ga) flux was supplied by thermal evaporation of
a solid Ga source and the group V (P,) flux was supplied by a phosphine gas (PH3) source.
A gas cracker was used to dissociate the PH; predominantly into P, and H, dimers. The

five NW array samples of interest are identified in Table 3.1.

Table 3.1: GaP nanowire sample identification.

Sample NW morphology Junctiontype Dopant(s)

A axial p Be
B core-shell p-i Be
C core-shell p-i Be
D core-shell p-i-n Be+Te
E core-shell p-i-n Be+Te

Fig. 3.9 outlines the substrate patterning process. NW arrays were grown on 3” (111)
+0.9 ° boron-doped low-resistivity (o < 0.005Q - cm) p*-Si substrates from Virginia Semi-
conductor Inc. The wafers had a thickness of (275 + 25) um and a dopant concentration
of 1 x 10'° cm™3. The NW arrays were grown using a SAE-VLS growth technique. The posi-
tions of the NWs on the substrate were controlled by a silicon oxide (SiO,) masking layer.
A 30 nm SiO, film was deposited across the entire wafer surface using electron cyclotron
resonance plasma-enhanced chemical vapor deposition (ECR-PECVD). The average oxide

film thickness was confirmed with ellipsometry (J.A. Woollam M-2000 VASE).
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A Etch Develop resist

Figure 3.9: Substrate patterning process. EBL and RIE are used to define the pattern within
square pads in the oxide layer. The mask holes are separated by the array pitch 4,,.

After the oxide deposition, the wafers were transported to the Toronto Nanofabrica-
tion Centre (TNFC) at the University of Toronto for EBL. At the TNFC, the wafers were spin-
coated (6000 rpm for 1 min) with an electron-sensitive positive resist composed of a 1:1
mixture of AR-P 6200.3 and Anisole, and were subsequently soft-baked on a hotplate for
1 min at 150°C. Hexagonal lattices of ~100 nm diameter circular holes were patterned
into 1 mm? square pads across the resist using EBL, with each hole serving as a nucle-
ation site for the growth of an individual NW. EBL was chosen due to its capability to re-
solve nanometre-scale features, which is essential for accurately defining the sub-micron
features of the NW array pattern. Following the EBL write process, the wafers were sub-
merged in developer solution (ZED-N50) for 2 min and gently agitated to develop the array
holes in the resist. The wafers were subsequently immersed in isopropyl alcohol (IPA) for
30 to 605, then dried with N, to halt development. Afterwards, the wafers were trans-
ported back to McMaster University, where each wafer was cleaved into six pie-shaped

pieces depicted in Fig. 3.10.
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Figure 3.10: a) Standard wafer pie piece shape and NW pad layout. The sample consists
of nine 1 mm? NW square pads, and a larger TEM pad. The row and column position of
each pad is specified by a tuple of the form (R;, C;). Each column contains identical NW pad
patterns. Columns 1 to 3 correspond to NW array pitches of 360 nm, 600 nm and 1000 nm,
respectively. The TEM pad is typically cleaved and used for NW characterization by TEM;
however, other characterization methods can be employed as well. NWs located on the
TEM pad have a pitch of 360 nm. b) Schematic of the core-shell p-i-n NW structure.

The NW array patterns were transferred to the SiO, mask using a short 75 s reactive ion
etch (RIE). A series of ultrasonically agitated baths were used to strip the electron sensitive
resist and clean the sample surface of any residue. The sample was sequentially immersed
and ultrasonically agitated in 1,3-dioxolane (AR-600-70) electron resist remover (5 min),
acetone (3 min), and IPA (3 min), then rinsed with DI water and dried using N,.

Immediately before MBE loading, the sample was treated with a 25s wet etch using
a 0.5 % concentration solution of buffered hydrofluoric (BHF) acid and DI water (10:1) to
remove any native oxide formed in the mask holes. Once in the MBE chamber, the sam-
ple was degassed at 300 °C for 15 min, followed by an inductively-coupled plasma (ICP)

cleaning step at 675 °C for 10 min.
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3.6 Results and Discussion

3.6.1 Be-doped Axial GaP NWs
3.6.1.1 Sample A

Table 3.2 specifies the growth protocol for the Be-doped GaP NWs grown in a simple two-
stage process, consisting of a pre-deposition step followed by the NW growth step. First,
Ga droplets were formed in the oxide mask holes using a 250 s Ga pre-deposition at 650 °C
with a Ga impingement rate corresponding to a 2D equivalent growth rate of 0.125 um/h.
Next, Be-doped NWs with a nearly 100 % yield were grown for 90 min by introducing the P,
species at a V/III flux ratio of 3. The substrate temperature and Ga impingement rate were
identical to the pre-deposition step. The Be dopants were incorporated using a nominal Be
flux corresponding to a carrier concentration of 1 x 10'° cm™3. NW growth was terminated

by closing the Ga, P, and Be fluxes.

Table 3.2: Sample A MBE growth protocol of Be-doped GaP NWs.

Segment | Time | Temperature Doping Ga Impingement Rate | V/IIl Flux Ratio
(°C) (cm~3) (um/h)
Start
Ga 250s 650 None 0.125 -
GaP | 90min 650 Be - 1x 10% 0.125 3
End

SEM was used to evaluate the NW yield and morphology. Fig. 3.11 shows the Be-doped
GaP NWs for 360 nm, 600 nm and 1000 nm pitches, respectively. The NW dimensions were

determined using Imagel by counting pixels and converting them to physical lengths based
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onthe calibrated scale bar in the SEM images. The imagesin Fig. 3.11b and c were obtained
of the two higher pitch NW pads, and at a high magnification, show crystallized droplets
clearly visible atop the NWs, supporting the presence of VLS growth. A few parasitic NWs
were observed outside of the NW pads, likely stemming from pinholes in the oxide, in-
dicating the growth conditions facilitated sufficiently long Ga diffusion lengths, enabling
adatoms to migrate across the substrate surface and accumulate in the mask holes to form
Ga droplets.

The NW measurements are summarized in Table 3.3. The NWs exhibited average lengths
of (3.6 £ 0.3) um, (3.8 £ 0.3) umand (3.9 £ 0.2) um for pitches of 360 nm, 600 nm and 1000 nm,
respectively. For a 360 nm pitch, the NWs exhibited average bottom and top segment di-
ameters of (121 £ 16) nm and (106 * 20) nm, respectively. Similarly, for a 600 nm pitch the
NW bottom and top segments measured (118 + 13) nm and (101 £ 7) nm, respectively. Fi-
nally, for a 1000 nm pitch the NWs exhibited bottom and top diameters of (110 + 14) nm

and (135 + 10) nm, respectively.

I

Figure 3.11: a)-c) SEM images of 30° tilted Be-doped GaP NWs from sample A NW ar-
rays with 360 nm, 600 nm and 1000 nm pitches, respectively. Spherical crystallized catalyst
droplets are visible atop the NWs.
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Table 3.3: Be-doped GaP NW length and diameter measurements for sample A.

Pitch Average length Average diameter (top) Average diameter (base) Tapering

(nm) (km) (nm) (nm) (%)

360 3.6+0.3 106 +9 121+8 -0.42
600 3.8+0.3 101+7 118+6 -0.45
1000  3.9%0.2 135+ 10 110+8 0.65

As expected, both NW length and diameter increased with pitch (Table 3.5). The forma-
tion of complete shell layers is essential for core-shell NW device performance, as incom-
plete coverage can distort the junction’s energy band profile and reduce carrier collection
efficiency. In general, the local V/III flux ratio of the fluxes entering the droplet differs from
the nominal V/III flux ratio®. Preceding studies of GaP NWs have shown that axial and ra-
dial growth rates vary with NW pitch, primarily due to beam shadowing and competition
for both incident and re-emitted flux among neighboring NWs®. This shadowing effect
becomes more pronounced in dense NW arrays and with longer NWs, as a larger fraction
of the impinging flux is blocked from reaching the NW base. Conversely, in sparser arrays,
the collection areas of adjacent NWs are less likely to overlap, hence each NW receives a
greater proportion of re-emitted flux, increasing the axial and radial growth rates.

The NWs exhibited uniform lengths and diameters, with minimal tapering between the
base and top NW segments for each pitch. The degree of tapering was quantified using
Eg. (3.6.1), which calculates the percentage change in NW diameter along its length. The
slight positive tapering exhibited for 360 nm and 600 nm pitches suggests slight shrinkage
of the Ga droplet during NW growth as Ga was consumed into crystal GaP’?, resulting in a

slight decrease in diameter below the droplet at the end the growth. Conversely, the slight
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inverse tapering observed for the 1000 nm pitch arrays suggests a slight expansion in the
droplet size during the 90 min NW growth, owing to the accumulation of Ga in the droplet,
resulting in slightly larger diameter at the NW tips. Along with reduced beam shadowing
and decreased overlap of flux collection areas at the larger pitch, VS deposition of the
secondary Ga flux on the NW sidewalls may have also contributed to NW widening. The
swelling and shrinking of the Ga droplet volume occurs as the droplet volume tries to reach

a stationary state mediated by a stable contact angle%78,

Doy — D
Seaper = (m"fbase) x 100 (3.6.1)

3.6.2 Be-doped Core-shell GaP NWs

The growth parameters of the undoped (intrinsic) layer of the core-shell NW junction were
investigated in the following two growths (Tables 3.4 and 3.6). Each growth began with an
identical Be-doped axial (core) NW growth step as in Table 3.2. However, for both samples
B and C, after the first 90 min, the Be effusion cell was immediately shuttered and the un-
doped GaP shell was grown for 37 min. During the shell growth the substrate temperature
was lowered to 520 °C to suppress surface diffusion of the growth species adatoms, thus
encouraging greater radial incorporation on the NW sidewalls over growth along the axial
direction. The V/III flux ratio was reduced from 3 to 2. Sample B and C are distinguished by
the Ga impingement rates of the undoped shell growth step; all other growth parameters

were identical between the two growths.
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3.6.2.1 SampleB

During the undoped shell growth, the Ga impingement rate was increased to 1 um/h. The
complete growth protocol is detailed in Table 3.4, with resulting NW length and diame-
ter measurements summarized in Table 3.5. The NW dimensions exhibited the expected
increase with pitch. Compared to Fig. 3.11, Fig. 3.12 reveals a distinct morphological trans-
formation in the core-shell NWs, characterized by prominent hexagonal faceting (partic-
ularly for a 1000 nm pitch) after the undoped shell deposition. This hexagonal structure,
consisting of {-110} side facets, is characteristic of VS grown NWs on [111] surfaces®?. The
emergence of these hexagonal sidewall facets in Fig. 3.12 suggests that VS deposition be-

comes the dominant growth mechanism following the Be-doped core segment formation.

Table 3.4: Sample B MBE growth protocol of Be-doped (p-i) GaP core-shell NWs.

Segment | Time | Temperature Doping Ga Impingement Rate | V/Ill Flux Ratio
(°C) (cm™) (um/h)
Start
Ga 250s 650 None 0.125 -
GaP | 90min 650 Be - 1x10% 0.125 3
GaP 37 min 520 None 1 2
End
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Figure 3.12: a)-c) SEM images of 30 ° tilted Be-doped (p-i) GaP core-shell NWs from sample
B NW arrays with 360 nm, 600 nm and 1000 nm pitches, respectively. The Ga impingement
rate during shell growth was 1 um/h.

Table 3.5: Be-doped core-shell GaP NW length and diameter measurements for sample B.

Pitch Average length Average diameter (top) Average diameter (base) Tapering

(nm) (um) (nm) (nm) (%)
360 41+0.3 197 + 10 144 + 10 1.30
600 42+03 226+ 12 160+ 11 1.57
1000  4.4%0.2 304+9 221+10 1.87

The shell thicknesses at the NW base and tips were calculated by comparing the NW
diameters measured in Table 3.5 with those recorded in Table 3.3, taking the difference
between these measurements. The total NW diameter is given by (D = d g + 2t; + 2t,),
where d . is the NW core diameter, and t; ,, are the undoped and n-shell thicknesses, re-
spectively. At the NW tips, the average intrinsic shell thickness was 45.5 nm, 62.5 nm and
84.5 nm for a 360 nm, 600 nm and 1000 nm pitch, respectively. Notably, the shell thick-
ness diminished significantly towards the base, measuring 11.5 nm, 21 nm and 55.5 nm for
each pitch, respectively, likely owing to beam shadowing and competition between adja-

cent NWs inhibiting uniform shell deposition along the NW. Smaller pitches and longer
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NWs exacerbate these effects. Nevertheless, for 600 nm and 1000 nm pitches, the aver-
age intrinsic shell thickness at the NW tips was reasonably close to the predicted nominal
thickness of 70 nm. The predicted shell thickness was calculated using,

1
2

5R—D 4Ftsin@ 1 1 362
et 1262

from Ref. 82. Here, SR is the shell thickness, F is the 2D equivalent growth rate in nm/s,
t is the deposition time, 0 is the molecular beam angle (6 = 35°), and D is the NW core
diameter.

The additional Ga adatom flux increased both the flux delivered to the droplet as well
as the flux re-emitted by the oxide surface, leading to higher droplet supersaturation, sus-
taining axial growth concurrent with lateral growth. Gallium adatoms within one diffusion
length of the droplet are preferentially captured for axial growth rather than contributing
to radial VS growth”°. The reduced V/III flux ratio led to accumulation of excess Ga in the
droplet, causing its expansion and an increase in the NW’s top diameter 8%, Meanwhile,
the reduced substrate temperature limited surface diffusion of growth species, restricting
adatom diffusion along the sidewalls up to the droplet. These growth conditions enhanced
VS deposition along the NW sidewalls, causing characteristic widening (i.e. inverse taper-
ing) of the NWs near their tips. Many of the NWs exhibited crystallites or partially formed
droplets at their top facet, indicative of complete or partial Ga droplet consumption, re-

spectively.
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3.6.2.2 SampleC

In the third growth (Table 3.6), compared to sample B, the undoped shell Ga impinge-
ment rate was reduced from 1 um/h to 0.5 um/h. Fig. 3.13 shows SEM images of sample
C; they reveal a morphology similar to sample B (Fig. 3.12). The reduced Ga impingement
rate produced NWs that were slightly smaller and significantly less tapered compared to
sample B. The resulting NW measurements are summarized in Table 3.7. The average ta-
pering factors across all pitches decreased by more than 50 % relative to those in Table 3.5.
This reduction in inverse tapering stems from decreased Ga flux to both the droplet and
oxide surface, limiting droplet expansion and sidewall incorporation during shell growth.
Consequently, the growth exhibits a more balanced distribution between axial and radial
modes. Additionally, fewer parasitic NWs were observed outside the NW pads, suggesting
a lower density of oxide pinholes. The reduced Ga supply further decreased the likelihood

of parasitic growth.

Table 3.6: Sample C MBE growth protocol of Be-doped (p-i) GaP core-shell NWs.

Segment | Time | Temperature Doping Ga Impingement Rate | V/IIl Flux Ratio
(°C) (cm™) (um/h)
Start
Ga 250s 650 None 0.125 -
GaP | 90min 650 Be - 1x 10%° 0.125 3
GaP 37 min 520 None 0.5 2
End
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Figure 3.13: a)-c) SEM images of 30 ° tilted Be-doped (p-i) GaP core-shell NWs from sample
B NW arrays with 360 nm, 600 nm and 1000 nm pitches, respectively. The Ga impingement
rate during shell growth was 0.5 um/h.

Table 3.7: Be-doped core-shell GaP NW length and diameter measurements for sample C.

Pitch Average length Average diameter (top) Average diameter (base) Tapering

(nm) (um) (nm) (nm) (%)
360 3.9£0.2 141+ 14 120+ 14 0.54
600 4.1+0.2 184 £ 17 145 £ 15 0.95
1000  4.2+0.2 206 + 24 182422 0.57

For 600 nm and 1000 nm pitches, the average intrinsic shell thickness at the NW tips
was 42 nm and 36 nm, respectively, closely matching the predicted thickness of 41 nm.
Shadowing is believed to have significantly influenced radial deposition at smaller pitches
and at the NW base. At a 360 nm pitch, the NWs exhibited an average intrinsic shell thick-
ness of 18 nm at the tips, with negligible deposition at the base. In contrast, a uniform
average shell thickness was observed at both the base and tip for a 1000 nm pitch, further

highlighting the strong influence of beam shadowing
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3.6.3 Be+Te-doped Core-shell GaP NWs

Lastly, the n-type Te-doped shell was grown, completing the core-shell p-i-n junction. Each
growth began with identical Ga pre-depositions and Be-doped axial NW core steps. The
undoped shells were grown according to either Table 3.4 or Table 3.6. During Te-doped
shell growth, the substrate temperature was maintained at 520 °C. The Te flux was in-
troduced for 7 min using a GaTe valved cracker cell operating at 550 °C, corresponding to

3 as confirmed by

a nominal flux corresponding to a carrier concentration of 5 x 1018 cm~
Hall effect measurements on thin film calibration samples. While the actual incorporation
of Te dopants in the GaP NWs remains to be fully characterized, it is expected to be approx-
imately an order of magnitude lower than the nominal value, consistent with observations

from other NW doping studies®3. As in Section 3.6.2, samples D and E are distinguished

by the Ga impingement rates during the Te-doped shell growth step.

3.6.3.1 SampleD

Doping can have a dramatic effect on the diffusion and hence the growth process and NW
morphology. Under certain growth conditions summarized Table 3.8, the incorporation of
a Te-dopant flux resulted in highly unusual NWs exhibiting extreme positive tapering as
imaged using SEM (Fig. 3.14). These remarkably tall and thin GaP “nanoantenna”, display
novel morphology and crystal structure. The GaP NWs containing nanoantenna structures
exhibit abrupt transitions from inverse to positive tapering, whereas NWs without antenna
structures display only inverse tapering. NW tip diameters as small as 5 nm were observed.

The mean NW diameter decreases linearly with the nanoantenna length. Notably, TEM
analysis in Ref. 81 revealed quasi-periodic oscillations in NW diameter along the tapered

segments, which were primarily attributed to dynamic fluctuations in the size and shape of
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the catalyst droplet at the NW tip. These fluctuations, driven by variations in material sup-
ply, consumption, and phase transitions, emerged from the introduction of the Te dopant
species under these specific growth conditions. The diameter oscillations correlate with
variations in contact angle and crystal phase, where the contact angle fluctuates around a
mean value, oscillating between favouring ZB stacking and longer WZ segments®!. The nar-
row quasi-periodic segments of sawtooth faceting of the NW sidewalls containing polytypic
ZB/WZ structures along the nanoantenna originate from the accumulation of Te on the NW
sidewalls, which is believed to modify the surface energetics along the {-110} facets?, sup-
pressing Ga adatom impingement and diffusion into the droplet®!. Te atoms replace Ga

atoms in the solid GaP, enhancing Ga desorption from the sidewalls®?.

Table 3.8: Sample D MBE growth protocol of Be+Te-doped (p-i-n) GaP core-shell NWs.

Segment | Time | Temperature Doping Ga Impingement Rate | V/IIl Flux Ratio
(°C) (cm™) (um/h)
Start
Ga 250s 650 None 0.125 -
GaP | 90min 650 Be-1x10% 0.125 3
GaP 37 min 520 None 1 2
GaP 7 min 520 Te-5x 108 1 2
End
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|

Figure 3.14: a)-c) SEM images of 52.8 ° tilted Be+Te-doped (p-i-n) GaP core-shell NWs from
sample D NW arrays with 360 nm, 600 nm and 1000 nm pitches, respectively. d)-f) SEM
images of the 30 ° tilted nanoantenna in the 600 nm pitch array with increasing magnifi-
cation. Hexagonal faceting of the NWs sidewalls is indicative of VS radial growth. The Ga
impingement rate during shell growth was 1 um/h.

A complete discussion of the nanoantenna is outside the scope of this thesis. Diak
et al. propose a growth model for the Te-doped nanoantenna in Ref. 81. Structural and
optical characterization of the ultrathin NWs can be found in Ref. 84. The SEM images of
Fig. 3.14 demonstrate that nanoantenna formation is highly dependent on array pitch. The
antennas were restricted to the perimeter of the array or sparsely distributed at random
throughout the array in Fig. 3.14a and c (360 nm and 1000 nm pitch), respectively, whereas
their presence was dominant throughout the array in Fig. 3.14b (600 nm pitch). At smaller
pitches, shadowing can significantly restrict the flux delivered to interior NWs within dense
arrays, leading to local Ga-rich conditions (V/III ratio < 1)8%. In contrast, most of the re-
emitted flux is captured by perimeter NWs, where reduced competition for flux collection

effectively increases the local V/IIl flux ratio, establishing P-rich conditions (V/I1l > 1)8L. This
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elevated V/Ill ratio at the perimeter promotes rapid axial growth and positive tapering due
to accelerated droplet shrinkage in the unshadowed NWs. Antenna formation is therefore
more favourable in the absence of shadowing and flux collection competition. However, at
large pitches where shadowing is negligible, Ga-rich conditions can arise as the additional
supply of Ga adatoms to the droplets reduces the V/III flux ratio below unity3:.

The NW measurements are summarized in Table 3.9. For NWs without nanoantenna,
excessive Ga adatom supply led to increased sidewall deposition, resulting in unexpected
widening at both the base and tips. The average Te-doped shell thickness at the NW base
was approximately 6 nm, 16 nm and 29 nm for 360 nm, 600 nm and 1000 nm pitches, re-
spectively, closely matching the predicted nominal thickness of 19 nm for the 600 nm pitch
arrays. In contrast, the Te-doped n-shell thickness at the NW tips greatly exceeded expec-
tations, measuring 25.5 nm, 60.5 nm and 31 nm for each pitch, respectively. Sample D pro-
duced taller NWs (Table 3.9) than those grown under the conditions specified in Table 3.4,

highlighting the concurrent progression of axial and radial growth modes.

Table 3.9: Be+Te-doped core-shell GaP NW length and diameter measurements for NWs
without nanoantenna in sample D. The tapered nanoantenna segments were 4.5 um to
5 um tall.

Pitch Average length Average diameter (top) Average diameter (base) Tapering

(nm) (um) (nm) (nm) (%)
360 4.4+0.1 247+24 156 + 20 2.10
600 4.5+0.1 347 %31 192 + 37 3.41
1000  4.6+0.1 366 + 31 279 + 44 1.90
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3.6.3.2 SampleE

The growth protocol for Be+Te-doped GaP NWs is detailed in Table 3.10. The final NW

structure incorporated undoped and Te-doped shells, synthesized at a Ga impingement

rate of 0.5 um/h. As shown in Fig. 3.15, this protocol successfully suppressed nanoantenna

formation across all array pitches, which can be attributed to the reduced effective V/III flux

ratio and resulting Ga-rich growth conditions. These findings highlight the critical role of

precise growth conditions in controlling nanoantenna formation, demonstrating that such

structures emerge only under specific dynamic growth parameters.

Table 3.10: Sample E MBE growth protocol of Be+Te-doped GaP core-shell NWs.

Segment | Time | Temperature Doping Ga Impingement Rate | V/III Flux Ratio
(°C) (cm™) (um/h)
Start
Ga 250s 650 None 0.125 -
GaP 90 min 650 Be-1x 10%° 0.125 3
GaP 37 min 520 None 0.5 2
GaP | 17min 520 Te-5x 10'® 0.5 2
End
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Figure 3.15: SEM images of 30 ° tilted Be+Te-doped (p-i-n) GaP core-shell NWs from sample
E NW arrays with 360 nm, 600 nm and 1000 nm pitches, respectively, at a)-c) low d)-f) high
magnifications. The Ga impingement rate during shell growth was 0.5 um/h.

Consistent with the trends documented in Section 3.6.2.2, this protocol resulted in
a significant reduction in average tapering factors across all array pitches, showing more
than 50 % decrease compared to the tapering factors in Table 3.9. The decreased Ga flux
re-emitted from the oxide surface and reduced flux into the droplet diminished both ra-
dial deposition on the NW sidewalls and Ga droplet expansion, resulting in less NW widen-
ing and consequently, reduced inverse-tapering. The Te-doped shell exhibited consistent
thickness between the NW base and tips, measuring 9nm, 16 nm and 19.5 nm for the
360 nm, 600 nm and 1000 nm pitches, respectively. These measured thicknesses aligned
well with the predicted n-shell thickness of approximately 10 nm, indicating a more uni-

form shell deposition under these growth conditions.
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Table 3.11: Be+Te-doped core-shell GaP NW length and diameter measurements for sam-
ple E.

Pitch Average length Average diameter (top) Average diameter (base) Tapering

(nm) (um) (nm) (nm) (%)
360 43+0.2 170+ 22 138+ 25 0.74
600 45+0.2 215+18 17721 0.85
1000  4.6+0.2 253+24 221+23 0.70

3.7 Conclusions

This investigation has demonstrated the successful development and optimization of Be+Te-
doped core-shell GaP NW growth protocols, culminating in the fabrication of NW struc-
tures suitable for BV device applications. The optimized growth parameters, detailed in Ta-
ble 3.10, yielded core-shell GaP p-i-n NWs with precisely controlled dimensions, exhibiting
diameters ranging from 138 nm to 253 nm and lengths spanning 4.3 um to 4.5 um. These
NWs were subsequently integrated into BV devices, with their performance characteristics
analyzed in Chapter 5.

Axial NW BV devices also merit investigation, particularly given the superior PV diode
performance demonstrated for axial NWs in Ref.85. Motivated by this, efforts were orig-
inally undertaken to develop axial GaP NW growth protocols capable of producing suffi-
ciently tall (= 10 um) NWs with uniform diameters. Although axial p-i-n GaP NWs 200 nm
to 300 nm wide and 7 um to 8 um tall were successfully grown, the resulting morphology
was highly undesirable. Severe inverse tapering was observed (not shown), leading to bul-

bous NWs with tip diameters nearly twice that of the base. As a result, the NWs were
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highly prone to breaking during device processing. Moreover, the extended growth times
required to achieve such heights via MBE—often exceeding 8 h—render this approach im-
practical for scalable fabrication in a setting with shared resources. In contrast, these lim-
itations were less pronounced in core-shell GaP NW growths, prompting a shift in focus
solely toward the core-shell geometry.

A significant ancillary finding emerged during this investigation: the discovery of novel
positive-tapered ultrathin GaP NWs exhibiting fascinating structural characteristics. These
NWs, grown under conditions specified in Table 3.8, displayed periodic transitions between
ZB and WZ crystal phases that correlated directly with diameter oscillations. While these
structures proved suboptimal for betavoltaic applications, their unique dimensional and
structural properties suggest promising applications in photonic devices, particularly in
single-photon emission and detection systems, as extensively documented by Diak et al.
in Refs. 81 and 84.

Several avenues for future investigation have emerged from this work. Primary among
these is the need to address parasitic growth between NWs and optimize droplet consump-
tion dynamics during the growth process. Furthermore, comprehensive characterization
studies are warranted to elucidate the spatial distribution of dopants within the NW struc-
ture, precisely map the crystal phase transitions, and quantify the optical properties of
these novel nanostructures. Such investigations would not only enhance our understand-
ing of the growth mechanisms but also facilitate the optimization of these NWs for specific
technological applications.

The findings presented in this chapter establish a robust foundation for the controlled
synthesis of doped GaP NWs while simultaneously opening new pathways for the develop-

ment of advanced photonic devices. The demonstrated ability to control NW morphology
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and composition, coupled with the unexpected discovery of novel structural phenomena,
underscores the rich potential of 11l-V semiconductor NW systems in next-generation elec-

tronic and photonic applications.
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Chapter 4

Device Fabrication

4.1 Introduction

This chapter begins with a technical background and summary of the major device pro-
cessing techniques, followed by a more detailed description of the procedures used to
fabricate the NW device. Additional standard operating procedure (SOP) details for the
device processing steps in subsequent subsections are provided in Appendix X.

Figure 4.1 outlines the device processing workflow. To fabricate the device, the NW
arrays were first encapsulated within a thermoset spin-on dielectric polymer film. The
hardened polymer film provided structural support for the NWs and a planar surface to
deposit the top metal contacts. After encapsulation, the polymer film was back-etched by
reactive ion etching, leaving only a short segment of the NW tips exposed. Photolithogra-
phy was used to define the top contact patterns in a photoresist masking layer. Followed
by sputter deposition of the metal contact layers to transfer the top contact patterns to
the planarized NW arrays. The rear contact was then deposited and device processing was

completed with a rapid thermal annealing of the device contacts.
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Figure 4.1: Device fabrication process flowchart.

4.2 Background

4.2.1 Reactive lon Etching (RIE)

Dry etch processes use reactive gas plasmas to anisotropically etch materials. Reactive
ion etching is an ion-assisted, energy-driven, chemical reaction dry etch process®® com-
monly used in microelectronic device fabrication. The sample is placed on the bottom
electrode plate within the chamber. lon fluxes generated by a low-pressure plasma are
accelerated towards the sample by a DC electric field bias that exists between the top and
bottom electrodes in the chamber. The positively charged accelerated ions bombard the
sample surface resulting in a combination of physical etching, due to a transfer of momen-
tum between the ions and the sample atoms/molecules, and chemical etching due to the
chemical reactions that take place between the chemically active radicals and the sample
atoms/molecules.

Inductively-coupled plasma reactive ion etching (ICP-RIE) is an RIE process that allows
for independent control of the plasma density without affecting ion energy®. In ICP-RIE
(see Fig. 4.2), the plasma is generated separately by passing an AC current through a con-

ductive coil wrapped around the chamber within the chamber shroud. The oscillating

89


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

electric field induces a fluctuating magnetic field, which will in turn induce a circulating
electric field at the top of the chamber®. The electrons in the chamber are accelerated
by the electric field and ionize the gas molecules within the chamber via impact ionization
or create reactive radicals. A plasma is excited when the rate at which ions are generated
exceeds the rate at which electrons and ions recombine. The existence of the plasma is
observed by the glow discharge produced as energy is released by the recombination of

the electrons and ions in the chamber.

gas inlet
vacuum chamber
—
showerhead
plasma
bottom electrode

— RF power supply
44|; ‘ RF matching
— network

substrate

Figure 4.2: Configuration of a typical RIE system.

The positive ions produced in the plasma are accelerated towards the substrate by the
application of a radio frequency (RF) power signal, generated by an RF power supply, to
a capacitively coupled electrode at the top of the chamber. In ICP-RIE systems, power is
typically supplied at a frequency of 13.56 MHz. Due to their extremely low mass, the elec-
trons are able to achieve a high velocity before the electric field polarity reverses. The
heavier ions are unable to build up significant momentum in either direction before the
field changes, resulting in only electrons colliding with the bottom electrode*. The accu-
mulation of negative charge (electrons) on the bottom electrode establishes a DC electric

field between the top and bottom electrodes. The positive ions are accelerated towards
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the sample by the DC electric field, resulting in physical etching of the sample surface. The
chemically active radicals formed by ionization of the gas molecules are unaffected by the
DC field; they reach the sample in a much more isotropic manner®. The main disadvan-
tage of RIE is convective heating, which is reduced by placing the wafers on a cooled stage
to restrict the temperature®®.

Etch results are often evaluated using the dimensionless quantities of selectivity and
anisotropy, defined in Egs. (4.2.1) and (4.2.2), respectively. Selectivity describes how much
faster one type of material is etched relative to another material. Anisotropy describes the
preferential nature of an etch process. It is often defined by the ratio of the lateral etch
rate to the vertical etch rate. In RIE, these directions are of primary interest. In practice, a
negligible lateral etch rate, as close to zero as possible is desired, resulting in almost exclu-

sive vertical etching. Isotropic etches have a 1:1 lateral to vertical etch rate relationship.

Isotropic etching is highly undesirable for many semiconductor fabrication applications.

_ Material 1 Etch Rate
" Material 2 Etch Rate

(4.2.1)

Lateral Etch Rate
A=1-— : (4.2.2)
Vertical Etch Rate

4.2.2 Photolithography

Photolithography is the process of transferring micron-scale features from a physical mask
onto a substrate using light. A photosensitive resist, commonly referred to as a “photore-
sist”, is deposited on the substrate surface via spin-coating. The substrate is then carefully

positioned below a chromium shadow mask using a mask aligner and exposed to specific
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wavelengths of UV light emitted from a mercury arc lamp. Following exposure, the sub-
strate is immersed in a developer solvent to resolve the patterns in the photoresist. The
patterning process is illustrated in Fig. 4.3

Photoresist is composed of three primary components: a polymer resin, a sensitizer,
and a casting solvent®’. The polymer resin serves as a binding agent that imparts essential
structural and chemical properties to the resist. It ensures strong adhesion to the substrate
while forming a structural matrix to encapsulate the photosensitive components. After de-
velopment, the resin provides the masked regions of the substrate with protection against

various chemical and physical etchants and processes.

BN B

resist
—> —>
Substrate Substrate Substrate
Develop
resist
positive resist negative resist
Substrate Substrate|

Figure 4.3: Photolithography patterning process.

The sensitizer in a photoresist contains photoactive compounds that mediate chemical
reactions within the polymer matrix®’. Photochemical reactions alter the chemical struc-
ture of the polymer chains within the matrix upon exposure to specific wavelengths of
light. The nature of these reactions depends on the resist type, with distinct mechanisms

for positive and negative resists, as previously described in Section 3.2.2. Common UV
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emission wavelengths employed in this process include h-line (465 nm), g-line (405 nm),
and i-line (365 nm)®. Furthermore, the type and concentration of the sensitizer signif-
icantly influence the photoresist’s sensitivity to light, thereby determining the required
exposure energy and the resolution of the resulting features.

The solvent in a photoresist fulfills three primary functions. First, it dissolves the pho-
toresist components to produce a uniform, low-viscosity liquid solution necessary for spin-
coating. Adjusting the solvent concentration enables precise control over the viscosity,
allowing for precise control of the film thickness during deposition. Second, the solvent
facilitates uniform distribution of the resist across the substrate, ensuring consistent cov-
erage and film quality®”-88. Finally, during the soft-bake process, the solvent is removed
through evaporation, leaving behind a solid, uniform film suitable for subsequent exposure
steps.

The relatively fast exposure times used in photolithography coupled with the ability
to expose multiple substrates in parallel, make photolithography a highly scalable, high-
throughput process. These features, along with its high resolution, have made photolithog-

raphy a cornerstone of modern microfabrication and semiconductor manufacturing.

4.2.3 Magnetron Sputter Deposition

Sputter deposition, illustrated in Fig. 4.4, often referred to as “sputtering”, is a solid-source
ion plating physical deposition process®. Sputtering uses the kinetic energy of ions from a
plasma to eject atoms from a solid source target and propel the ejected particles towards
the surface of a substrate, where they condense to form a thin film. It does not rely on
heat to melt or evaporate the target material. As a result, materials with very high boiling

points, such as tungsten and ceramics for example, can be easily sputtered®°.
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Figure 4.4: Diagram of the magnetron sputtering process. Modified from Ref. 91.

Magnetron sputtering requires a high vacuum environment (1 x 10 Torrto 1 x 107 Torr).
The chamber is evacuated to remove contaminants such as water vapor, residual gases,
oxygen, or hydrocarbons. The low pressure environment also allows for efficient plasma
generation. Moreover, reducing the presence of contaminants increases the mean free
path of particles in the chamber, creating a more direct pathway to the sputter target,
contributing to better overall film uniformity, adhesion and quality. After evacuation, the
chamber is back-filled with an inert process gas, such as Ar or Kr, that is used to excite a
plasma. The plasma is generated by applying a large negative voltage between the cath-
ode, which is connected to the target, and the anode. The electric potential repels free
electrons from the negatively charged cathode, accelerating them away from the target.
Magnetron sputtering uses a magnetic field to control the speed and trajectory of the
charged particles. The interaction between the magnetic and electric fields confines the
electrons along a spiral path in the vicinity of the target surface®2. This increases the den-

sity of ions bombarding the target, resulting in a high sputtering rate®®. Electrons are
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ejected from the valence shell of the gas atoms as they collide with the accelerated free
electrons, ionizing the inert process gas within the deposition chamber. Sputtering occurs
as the positively charged ions within the plasma are accelerated towards the cathode and
bombard the target surface. Restricting the plasma to the target surface also protects the
substrate from ion bombardment.

A major side effect of bombarding the target with ions is the build up of heat within
the target. Overheating of the target during deposition can result in thermal cracking or
uneven erosion of the target, as well as possible damage of the substrate. Therefore,
cooling systems for the targets are required. Magnetron sputtering systems typically use
water-cooled target mounting plates to efficiently dissipate heat from the target during
deposition. The high vacuum environment also limits convective heat transfer within the
chamber, allowing for better temperature control of the substrate and other sputtering
components within the chamber°.

Multiple magnetron sputtering variations exist, including DC, pulsed DC, and RF varia-
tions. DC magnetron sputtering requires an electrically conductive target surface. Whereas
RF magnetron sputtering does not require the target surface to be electrically conduc-
tive. However, RF sputtering requires additional specialized equipment such as impedance
matching network controllers, and RF power supplies, making it more expensive than DC
variations. The components of a DC/RF magnetron sputtering unit are shown in Fig. 4.5. A
Torr International CRC-600 DC/RF magnetron sputtering system (see Fig. 4.5 b) was used
to deposit the metal contacts discussed in Section 4.4.

In DC sputtering the power supplied to the target is controlled by a high voltage (HV)
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power supply unit, which allows the user to independently set the DC voltage and cur-
rent. A constant voltage is applied to the cathode. Higher voltages enhance the elec-
tric field strength between the anode and cathode, which ionize more gas particles and
subsequently accelerate the positively charged gas ions more quickly towards the tar-
get, thereby increasing their kinetic energy. Higher energy ions are more likely to eject
atoms/molecules from the target, effectively increasing the deposition rate. Increasing
the DC current also increases the power. In general, higher powers raise the plasma en-

ergy and density.

a) b)

RF target
target
crystal thickness ’\Shutters
monitor
. deposition
rotating plume

stage

Figure 4.5: a) Deposition chamber schematic. Modified from Ref. 93. b) Torr International
CRC-600 DC/RF magnetron sputtering system (from Ref. 93).

RF sputtering is typically used to deposit insulating/non-conductive materials. Bom-
barding non-conductive target materials with positive ions causes charge accumulation on

the surface of the target. The accumulated positive charges on the target surface repel
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additional incident positive ions originating from the plasma, thus halting the sputtering
process. Charge accumulation can also result in arcing between the target and other com-
ponents within the deposition chamber, which can damage the system and substrate. In RF
magnetron sputtering, a high voltage alternating current (HV/AC) power supply is used to
reverse the polarity of the voltage at the cathode (i.e. target surface) at regular intervals
to prevent charge build up. An impedance-matching network between the power supply
and deposition chamber is required to reduce the reflected power in the circuit*%°>.

Both the sputter deposition rate and film quality depend on a variety of parameters
including chamber pressure, gas flow rate, power, and sample placement. The deposition
rate is primarily controlled through the deposition power and chamber pressure. Depo-
sition pressure is controlled via the process gas flow rates, which directly affects plasma
stability. Higher flow rates raise the plasma density and thus the sputtering rate. Low gas
flow rates can extinguish or suppress plasma excitation due to an insufficient number of
atoms present to sustain ionization. Excessive flow rates can also destabilize the plasma
by reducing the MFP of particles in the deposition plume. Ideally, the sample should be
placed towards the center of the deposition plume to effectively receive the sputtered
material. The stage is rotated continuously to ensure a uniform deposition.

The sputter yield,

Atoms Removed

Sputter Yield = - , (4.2.3)
Incident lons

plays a crucial role in determining the deposition rate. It is defined as the ratio of tar-
get surface atoms removed to the number of incident ions bombarding the target surface.
Various factors influence the sputter yield, including the energy of the incident particles,
the target material, the angle of particle incidence, and the crystal structure of the target

surface®. Overall, magnetron sputtering is an efficient, low temperature PVD process that
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is widely used in a variety of semiconductor and electronic device manufacturing applica-

tions.

4.2.4 Rapid Thermal Annealing (RTA)

RTA is a semiconductor manufacturing process where samples are quickly heated to tem-
peratures between 300 °Cto 1000 °Cin controlled atmosphere, using high-powered lamps.
This heating process typically lasts for several seconds to minutes, followed by a swift cool-
ing phase. RTA selectively activates thermal processes within materials, improving metal
film properties including surface morphology, optical characteristics, and electrical per-
formance. Specifically, RTA enhances contact quality by promoting grain growth in metal
films, thereby reducing contact sheet resistance. Additionally, RTA facilitates metal-metal
alloying and metal diffusion into the semiconductor lattice, both of which are essential for
the formation of reliable and high-quality electrical contacts. The rapid thermal cycling
inherent to RTA minimizes the thermal budget, reducing the potential for damage to the

underlying semiconductor while optimizing material properties for device performance.

4.3 Planarization and Back-Etching

Planarization was necessary to obtain a planar surface near the NW tips for top contact
deposition, as an external ®3Ni source was used to test the device’s BV response. Follwing
NW characteration, the sample was planarized using Cyclotene 3022-35, a thermosetting
spin-on dielectric polymer derived from bisbenzocyclobutene monomers (BCB). BCB was
employed to backfill the volume between NWs. Widely used in microelectronics®®, BCB

offers low moisture absorption, a low dielectric constant, high resistivity (1 x 10%° Q - cm)
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and a high breakdown voltage (5.3 x 10° V//cm). Its low dielectric constant reduces capaci-
tive coupling and minimizes charge trapping, thereby limiting the buildup of stray charges
in the device. Additionally, encapsulating the NWs in BCB enhances structural rigidity, elec-
trically insulates neighboring NWs, and prevents unintended contact between the device’s
top and bottom electrodes.

The sample was loaded on a spinner (Laurell WS650MZ-23NPP) and BCB was drop-cast
onto the stationary sample. After sitting for 5 minutes, the sample was spun at 5000 rpm
for 77 s, at a ramp of 300 rpm/s. The sample was then soft-baked on a hotplate at 100 °C
for 90s. Depending on the desired final BCB film thickness, additional BCB layers were
deposited by repeating the drop-casting, spinning and soft-baking steps for each additional
layer. Following the final soft-bake step, the sample was cured in a nitrogen glove box for
65 min at 250 °C. In total, three layers of BCB were deposited.

Figure 4.6 shows SEM images of top-down and 30 ° tilted views, respectively, of the
cured BCB film encapsulating the Be+Te-doped GaP NW arrays (Section 3.6.3.2) for 360 nm,
600 nm and 1000 nm pitches. The uniformity of the resultant BCB film exhibits significant
dependence on array pitch, a relationship primarily governed by the systematic variations
in NW morphology across different array pitches. Experimental observations presented
in Chapter 3 demonstrate that both NW diameter and length increase with array pitch, a
phenomenon attributed to two key mechanisms: reduced competition between adjacent
NWs for impinging flux capture and diminished shadowing of incident flux by neighbouring
NWs. This scaling behavior manifests in the formation of taller and wider NWs at larger
array pitches. The increased inter-NW spacing of larger pitches provides expanded sur-
face area for BCB deposition, facilitating more uniform film infiltration during spin-coating.

Moreover, the mechanical stability of the NW array is enhanced at larger pitches, where
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the imbalance of tensile and shrinking forces exerted by the film is minimized, resulting
in substantially reduced NW bending. This correlation between array pitch and film mor-
phology highlights the crucial role of the structural arrangement of the NWs in achieving

optimal film uniformity.
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Figure 4.6: SEM images of top-down (a-c) and 30 ° tilted views (d-f) of the Be+Te-doped
NW encapsulated in BCB for 360 nm, 600 nm and 1000 nm pitches, respectively.

Once cured, BCB is chemically inert to most wet etchants and remains largely unaf-
fected by subsequent processing steps. Its demonstrated resistance to SEM electron beam
exposure (1 keV to 30 keV) further indicates strong stability under low-energy electron ra-
diation. As such, BCB is well-suited for use in BV devices exposed to sources such as 63Ni,
whose low-energy s pose minimal risk of polymer degradation. To expose 200 nm to
300 nm of the NW tips for contacting, BCB was selectively removed using RIE in a Technics
Series 800 Micro RIE system with a gas mixture of CF4, O, and N,. The back-etch param-
eters are detailed in Table A10. Prior internal BCB thin film etch rate studies conducted by
Ara Ghukasyan (former PhD student) were used to calibrate the estimated BCB etch rate

(tetech = 26.2nm/min). To minimize surface roughness and reduce damage to exposed
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NWs from the physical component of RIE, longer etch times were segmented into shorter

intervals (e.g., a 20 min etch was divided into four 5 min steps).

4.4 Metal Contact Patterning and Deposition

Photolithography was used to define the top contact positions on the sample surface. Mi-
croposit S1818 and S1827 positive resists were employed to pattern the transparent and
opaque contacts, respectively. The photoresist was first drop-cast onto the stationary sam-
ple, allowing it to sit for 1 min, followed by spinning at 4000 rpm for 30 s. After soft-baking
on a hotplate at 110 °C for 2 min, the contact patterns were transferred using a physical
chromium shadow mask and manual contact mask aligner (KARL SUSS MJB-3). Following
exposure, contact patterns were developed by gentle agitation in MF-319 developer for
50s. A 90s rinse in deionized water followed by N, drying completed pattern develop-
ment. Photolithography quality was subsequently evaluated under an optical microscope.

The choice of contact metals is critical to device performance. Materials that form
ohmic contacts with both the substrate and NWs are preferred to ensure efficient carrier
extraction. Additionally, since the device was exposed to an external ®3Ni source to evalu-
ate its BV response, it was essential that the top contact remain transparent to -particles
in the active area. [-particles interact more strongly (via scattering and energy losses) with
high atomic number (Z) materials due to their higher electron density. As a result, gold is
significantly more absorptive than indium-tin-oxide (ITO). To address this, an ITO/Au stack
was used to form the top contact: 100 nm of ITO was deposited to directly contact the
NWs, preserving beta transparency, while 150 nm of Au was added on top to provide a
durable probing surface. 400 nm of Al was deposited over the entire rear surface to form

the back contact. Two photolithography steps, shown in Fig. 4.7, were used to define the
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top contact stack. In the first step, the transparent ITO layer was patterned, followed by
the definition of the opaque Au contact pad in the second. Both top and rear contacts were
deposited via magnetron sputtering (Torr International CRC-600 DC/RF, see Fig. 4.5). After
each deposition, the sample was immersed in an acetone bath to lift off the photoresist

mask, leaving the patterned metal layers intact.

N %,—ITQU b)
//%% 'E”geggv(\jl 1T0) /— Au

——QO
Planarized NWs

Transparent Opaque Final result

contact pattern contact pattern (after lift-off)

Figure 4.7: a) Device top contact patterns. b) Cross-section of the NW pad after lift-off.

Figure 4.8: Processed GaP NW array BV devices, identical to the NW pad layout shown in
Fig. 3.10a

Figure 4.8 shows an optical micrograph of the processed NW BV device sample. In
certain instances, liftoff can present significant challenges, potentially requiring extended
periods ranging from hours to days. When faced with such difficulties, controlled ultra-

sonic agitation (sonication) may be judiciously employed to facilitate the liftoff process.
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In our experimental work, the sample was immersed in acetone for approximately 13 h
overnight, with no discernible progress observed in the liftoff process. Subsequently, mul-
tiple brief sonication periods of 10s to 15 s duration were strategically applied to induce
delamination of the photoresist mask.

It is crucial to note that sonication, while effective, introduces potential risks of struc-
tural damage to the sample, as the mechanical forces generated during this process can
inadvertently remove desired layers along with the photoresist. As evidenced in Fig. 4.8,
this phenomenon manifested as localized peeling of both the metallic contacts and adja-
cent regions, exposing the underlying Si substrate beneath the NWs. The structural com-
promise resulting from sonication-induced damage likely contributed to the suboptimal

performance observed in several of the NW contact pads.

4.5 Annealing

Thermal annealing was conducted with an RTA unit. The temperature profile consisted of
a linear ramp at a rate of 6.66 °C/s until reaching the target temperature of 400 °C. The
sample was then maintained at this temperature for 30 s, followed by a controlled cooling
phase until the temperature decreased to 50 °C.

Despite its advantages, RTA often induces cracking in fragile ITO films, leading to in-
creased sheet resistance and degraded electrical conductivity. Distinct cracks in the ITO
layer are visible in SEM images Fig. 4.9b and c. Similar ITO morphologies were observed at

600 nm and 1000 nm.

103


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

( > P Pe
" 8

T

o -

A
Figure 4.9: Top-view SEM images of a 360 nm pitch NW pad with an ITO/Au bilayer top

contact. The ITO and Au films exhibit distinct morphologies, with cracks in the ITO layer
visible in (b) and (c).

4.6 Conclusions

This chapter provided a comprehensive overview of the fabrication processes used to de-
velop the NW devices, beginning with a general discussion of key processing techniques
and culminating in a detailed account of the specific procedures implemented. The fabri-

cation workflow was designed to ensure structural integrity and electrical functionality of
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the devices, incorporating polymer encapsulation for mechanical stability, selective etch-
ing to expose the NW tips, and precise photolithographic patterning for top contact forma-
tion. The sequential deposition of metal contacts and final thermal annealing step com-
pleted the device processing, establishing the electrical interfaces necessary for subse-
guent characterization and performance evaluation. The methodologies outlined in this
chapter form the foundation for the experimental studies presented in the following sec-
tions. A structured approach to NW device fabrication is essential for reproducibility and
performance optimization, particularly given the sensitivity of nanoscale architectures to
processing conditions.

While the fabrication process was carefully designed, several challenges were encoun-
tered. Achieving uniform BCB film thickness across varying NW pitches proved difficult, as
differences in NW density affected polymer flow and planarization. Additionally, the pho-
tolithography process required optimization to improve contact pattern liftoff, particularly
in cases where adhesion between the photoresist and underlying layers led to incomplete
metal removal. Another critical issue was minimizing cracking in the ITO top contact layer,
which compromised electrical continuity and device performance. Addressing these chal-
lenges requires iterative process refinements, highlighting the complexity of integrating

NW-based architectures with conventional microfabrication techniques.
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Chapter 5

Betavoltaic Device Measurements

5.1 Introduction

Electrical characterization techniques provide validation and essential insights into the fun-
damental properties and operational performance of electronic devices. For optoelec-
tronic devices, particularly BV generators and solar cells, current-voltage (I-V) characteri-
zation serves as a crucial analytical method for quantifying key performance parameters.
The |-V characteristic curves are obtained by measuring the device’s current response to
an applied bias voltage, which is systematically swept across a predetermined range of
values. |-V characteristics taken in the dark reveal information about the diode character-
istics of the device which can be obtained by fitting the I-V traces to diode models>°. In
the case of BV devices, |-V responses measured under radioisotope exposure provide EHP
generation information and energy conversion efficiency data. These parameters include
the maximum power point Pp,,, the corresponding current I, and voltage V,, at this

point, as well as the short-circuit current I, open-circuit voltage V., fill factor FF, and
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energy conversion efficiency . Beyond these primary performance metrics, |-V character-
istics provide insights into device contact quality (e.g., distinguishing between ohmic and
Schottky behavior) and allow for the quantification of material resistivity.

The |-V responses of the p-i-n GaP NW BV device fabricated from the centre 600 nm
pitch pad (position R,, C,) in sample E in Chapter 4 were recorded under both dark con-
ditions and exposure to the solid 3Ni source, using a four-point probe configuration with
a Keithley 2400 source meter unit (SMU). The forward biased dark traces are fitted to a
lumped parameter equivalent circuit model in Section 5.4 to assess the diode and contact
guality. The energy conversion efficiency is derived from the BV response |-V curves and
compared to existing devices in literature. Finally, the BV device efficiency is compared to

predicted values from the analytical model in Chapter 2.

5.2 Four-wire Sensing

Four-wire (or four-point probe) sensing is a precision measurement technique essential for
accurate |-V characterization, particularly when measuring low-resistance or high-precision
components. This method employs separate pairs of current-carrying and voltage-sensing
wires to eliminate measurement errors caused by lead resistance. While conventional two-
wire setups include voltage drops from both test leads and the device under testing (DUT)
in their measurements, the four-wire configuration isolates these effects. In a typical im-
plementation (illustrated in Fig. 5.1), a test current is applied through the outer probes
while the inner probes measure the resultant voltage drop across the sample surface. The
sheet resistance is then calculated using this measured voltage and the known applied
current.

The effectiveness of this technique stems from the high impedance of the voltmeter’s
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voltage-sensing circuit, which prevents significant current flow through the voltage mea-
surement path. This configuration effectively eliminates the variable contact resistance
at the probe-device interface, which could otherwise introduce random errors between
measurements®?. For |-V characterization of semiconductor devices, the four-wire con-
figuration connects positive current and voltage probes to the device’s cathode terminal,
while negative current and voltage probes connect to the anode terminal. This arrange-
ment enables simultaneous current measurement and voltage application, ensuring pre-

cise characterization of the device’s electrical properties.

(1)
D

Figure 5.1: lllustration of the four-point probe method for measuring sheet resistance,
where the probes are equally spaced by a distance s.

5.3 Experimental Methodology

Prior to electrical characterization, the annealed sample was affixed to a 26-gauge (0.455 mm)
copper plate using a two-component silver-filled (Ag) epoxy. The copper plate provides a

large conductive platform for electrical probe attachment. EPO-TEK H20E, a 100 % solid
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Ag-filled epoxy, is specifically formulated for chip bonding in microelectronic and opto-

electronic applications®’

. The dispersed Ag particles within the epoxy establish a low-
resistance conductive pathway between the sample’s rear contact and the copper plate,
thereby ensuring a reliable electrical connection with the probes. Additionally, the high
thermal conductivity of Ag epoxy (29 W/m-K) facilitates effective heat dissipation, con-
tributing to improved thermal management during operation.

Figures 5.2 and 5.3 depict the solid ®3Ni source and the probing station used for |-V
characterization, respectively, which integrates four precision micro-manipulator probes
interfaced with a Keithley 2400 source meter unit. The measurement process was auto-
mated through custom Python software operated from a laptop computer, enabling pre-
cise control over measurement parameters, including voltage sweep range, step size, and

current compliance limits, thus ensuring consistent and reproducible electrical character-

ization of the DUT. The source activity was estimated to be ~12.15 mCi.

©Ni foil

Figure 5.2: A cylindrical ®3Ni source embedded in a repurposed electron capture detector

column. The source was fabricated by irradiating a rectangular foil sheet, which was sub-
sequently rolled into a cylinder. Here, h denotes the cylinder height (10.70 £ 0.02 mm), t
represents the foil thickness (0.58 + 0.02 mm), and d is the inner diameter of the resulting
structure (6.58 £ 0.02 mm). The cylinder dimensions were measured with digital calipers.

109


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

Figure 5.3: Four point probe electrical measurement setup. The bore of ®3Ni source was
positioned above the sample at angle (relative to the horizontal) to expose the foil to NW
pads below. A Keithley 2400 source meter unit (SMU) was used to simultaneously source
the biasing voltage and measure the device current.
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5.4 Results and Discussion

The current density-voltage (J-V) characteristics presented in Fig. 5.4 were obtained by
normalizing the measured device current with respect to the contacted area of the NW
pad (0.01 cm?). Due to constraints in source positioning—necessary to avoid interference
with the micro-manipulator probes—significant results could only be obtained from the
central 600 nm pitch NW pad (position R,, C,). Device efficiency was determined as the

ratio of output power density P, to input power density P;,:

— Pout — ]mmep
Pin (;bOE
A

The source activity ¢y, mean f particle energy E in Joules, and source area A are the

(5.4.1)

primary parameters governing the input power density. A comprehensive outline of the
power input calculation is presented in Appendix XI.

The experimental results presented in Figure 5.4 elucidate the BV effect in GaP NW
diodes, wherein f radiation induces carrier generation, enhancing the S-current. The
fundamental diode characteristics remain preserved, exhibiting rectifying behavior anal-
ogous to conventional PV and photodiode devices. While the J-V profiles under dark and
p-irradiated conditions demonstrate substantial overlap, a modest current enhancement
is observed at low voltage regimes. In reverse bias, the current density remains small,

indicating low leakage current.
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Figure 5.4: Electrical characterization of the 600 nm pitch array BV device: a) dark (blue)
and active (purple) J-V characteristics on linear scales, b) corresponding J-V characteristics
on semilogarithmic scales, c) J-V curve in the power generation region highlighting the
short-circuit current density (/., green) and open-circuit voltage, with the shaded region
illustrating the suboptimal fill factor, and d) power curve identifying the maximum power
point.
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The J-V characteristics of the core-shell p-i-n GaP NW diodes are fundamentally gov-
erned by both contact architecture and NW morphology. Structural defects in the ITO top
contact layer, specifically the formation of microscopic cracks (documented in Fig. 4.9), in-
troduce spatial inhomogeneities in current distribution. These imperfections potentially
manifest as increased series resistance and diminished carrier collection efficiency. Al-
though the ITO/Au bilayer contact structure was engineered to optimize charge extrac-
tion, discontinuities within the ITO film may induce localized current crowding phenom-
ena, thereby amplifying ohmic resistive losses. Furthermore, while the 400 nm Al back
contact typically establishes an ohmic interface with p-type Si substrates, the potential
formation of Schottky barriers—arising from either interfacial oxidation or compromised
adhesion—may contribute additional contact resistance. As demonstrated by Anchugov et
al. in Ref. 98, such Schottky-type contacts characteristically result in degraded fill factors
and conversion efficiencies, consistent with the observations presented in Fig. 5.4c and
d. The linear behavior observed in the J-V characteristics within the BV-operating regime
manifests as a triangular region (shaded region highlighted in Fig. 5.4c), indicative of a low
fill factor and suboptimal energy conversion.

Drawing upon the framework established in Chapter 2, we conducted simulations of
the J-V characteristics for our GaP NW array BV device with 600 nm pitch spacing. The
experimentally determined efficiency parameters in Fig. 5.4 demonstrate significant di-
vergence from the theoretical predictions generated by our model, as detailed in Fig. 5.5.
Notably, the measured energy conversion efficiency is approximately 3 times lower than
expected. This reduction is primarily attributed to the order of magnitude diminished
open-circuit voltage observed in our device. The most significant discrepancies likely arise

from two factors: an actual Te doping level that is at least an order of magnitude lower
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than expected®?, and cracking in the ITO layer. As discussed and supported by the pre-
dictions in Sections 2.3.1.3 and 2.3.1.5, reduced doping levels lead to a wider depletion
region, which lowers the built-in electric potential of the junction and consequently re-
sults in a smaller open-circuit voltage. In our simulations for the grown NW core diameter,
intrinsic and n-shell thicknesses (101 nm, 41 nm, 16 nm, respectively), an actual Te doping
on the order of 1 x 1017 cm™ is predicted to result in a fullly depleted junction—violating
the model assumptions. Unintentional full depletion can also lower the built-in potential
and elevate series resistance within the junction, contributing to the observed degraded
device performance.

The NW morphology strongly influences the device’s electrical characteristics. While
the radial p-i-n junction architecture facilitates enhanced carrier separation, thereby min-
imizing recombination losses and improving rectification properties, the inherent indirect
bandgap nature of ZB GaP renders these devices particularly susceptible to surface-state
phenomena. Additionally, surface recombination in GaP has been shown to significantly
hinder device performance!!. These surface states function as charge carrier traps and
potentially contribute to elevated leakage currents. In scenarios of incomplete surface
passivation, enhanced recombination effects become particularly pronounced at low for-
ward bias conditions. Inconsistent dopant incorporation, combined with the absence of a
passivating layer, likely led to the formation of surface defects that contribute to an ele-
vated ideality factor. These non-uniformities hinder carrier extraction, degrading overall
device performance.

Underestimating source activity and/or the EHP generation rates within the NWs is a
strong candidate for explaining the unexpectedly low theoretical /. compared to the ex-

perimental value, which is directly proportional to the number of generated and collected
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carriers. Structural analysis presented in previous chapters revealed variations in crystal
structure along the NW length, which could significantly impact carrier generation and
transport. The most significant sources of performance degradation originate from issues
related to NW growth and device fabrication challenges. Addressing these limitations in
future work will require optimizing top contact deposition to ensure ohmic contact for-
mation and low Ry, sufficient dopant incorporation within NWs and implementing surface
passivation strategies to suppress recombination losses, and enhance charge collection
efficiency. Furthermore, the robustness of our model can be improved by incorporating
a broader range of NW morphologies, and a more refined treatment of EHP generation

within the NWs.
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Figure 5.5: Simulated J-V characteristics of the 600 nm pitch GaP NW array BV device. The
simulation parameters were D = 215nm, dp = 101nm, t, = 15.5nm, L = 4.484 um,
N, =1x10®cm™3, N, =5x10¥cm3andd : p = 0.3583.

In comparison to previous work, GaP NW BV devices reported by McNamee in Ref. 49
achieved conversion efficiencies ranging from 0.01 % to 0.031 %, providing a useful bench-
mark for contextualizing these results. The present work demonstrates an order of mag-
nitude enhancement in conversion efficiency, representing a demonstrable advancement

in GaP NW-based BV technology.
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5.4.1 Equivalent Circuit Diode Model

The net current generated by an ideal biased p-n junction device is governed by the Shock-

ley diode equation in Eq. (5.4.2):

el

Here V is the applied voltage, I, is the saturation current, g is the elementary charge, kj is
the Boltzmann constant, and T is the absolute temperature of the diode. In reality, exper-
imental diode |-V characteristics deviate from the ideal diode curve due to the presence of
intrinsic and extrinsic parasitic loss mechanisms. Non-ideal diode behaviour is modeled us-
ing an ideality factor n, as well as parasitic shunt and series resistances. The ideality factor
represents how close the diode behaves to an ideal diode. The series resistance repre-
sents the ohmic voltage drop at the contacts and through the semiconductor material °°.
Series resistance mainly acts to reduce the applied voltage available to the junction. The
shunt resistances act as sinks for leakage currents. In an ideal diode the series resistance
is zero, the shunt resistances are infinite, and the ideality factor is unity. Numerous meth-
ods have been developed to extract these diode parameters from experimental forward
bias dark |-V characteristics1°. The majority of these methods extract diode parameters
from restricted regions of the forward bias |-V curve. Using different regions of the I-V
curve analytically reduces the diode equation to a more manageable form. Within these
restricted regions certain parameters (often shunt or series resistance effects) are assumed
to be negligible, allowing for other parameters to be readily extracted from the I-V charac-
teristics. These methods are only valid when these distinct regions are present in the |-V

characteristics 1°1. In the presence of non-negligible series and shunt resistances, most of
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the methods discussed in Ref. 100 fail.

Ref. 101 provides a single-exponential diode lumped parameter equivalent circuit model
to describe the most general case in which both series and shunt resistances are not neg-
ligible. The equivalent circuit shown in figure 5.6 assumes a general diode modeled by a
single exponential-type ideal junction %1, The series resistance is given by R, and two par-
asitic shunt conductances are included for the sake of completeness. To avoid dealing with
limiting cases in which the shunt resistances tend to infinity, parasitic shunt conductances,
Gp, and G,,,, are used in the model. Gpl,z represent shunt conductance at the junction and

periphery, respectively.

Rs
VW

n, |

Y

Figure 5.6: Single-exponential diode equivalent circuit with parasitic loss elements.

The forward bias terminal current I, in Fig. 5.6 is given by the transcendental equation:

V(1 + RsGy,) — IR
1=IO{EXPI ( s pz) s

— 1t + (V= IR)G,, + VG, (1+RsGy) (5.4.3)
thh 1 2 2

where n is the ideality factor, I is the saturation current, V;,, = kgT/q is the thermal
voltage, q is the elementary charge, kg is the Boltzmann constant, and T is the diode
temperature. Explicit analytical solutions for the terminal current and voltage in terms of

the diode parameters are obtained using the special Lambert W function, which is defined
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as the solution to Eq. (5.4.4) L.

W(x)exp [W(x)] =x (5.4.4)

The explicit analytical solutions for the terminal current and voltage are given by Egs. (5.4.5)

and (5.4.6):

nv, IyRsd di(V + IhR
| = thW{ 0fts 1exp[ 1( 0 s)

= +d,(VG, —1,)+VG 5.4.5

IoR I, R
V= —thhdZW{ 012 exp Kl + d—°> 12 l} +1dy (Rs + Ryp) + IpRy;  (5.4.6)
2

thhdZ thh
d, = ! (5.4.7)
27 1+RsG,, o
1
Ry (5.4.8)

" Gp, + Gy, G, Gy R,
where W represents the principal branch of the Lambert W function, and R, is expressed
in units of resistance. The terminal current consists of real values, therefore, the princi-
pal branch of the Lambert W function is used. Based on the J-V characteristics obtained
for the NW diode devices fabricated from sample E, the devices were believed to contain
considerable parasitic series resistances and shunt conductances. As a result, the model
in Ref. 101 was believed to be an appropriate model for the I-V characteristics of sample
E devices.

The terminal current model in Eq. (5.4.5) was implemented using the LMFIT Python

package®3, and the diode parameters were obtained using a non-linear least squares curve
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fitting routine based on the Levenberg-Marquardt algorithm (LMA) from 3. The LMA is ad-
equately suited for this problem because it efficiently handles nonlinear least squares mod-
els like Eq. (5.4.5), especially when provided with reasonable initial parameter estimates.
In contrast, attempts to use methods such as the Trust Region Reflective (TRF) algorithm in
this context failed to produce any reasonable fits. This was likely due to the model’s strong
parameter coupling and sensitivity, which can lead to poor Jacobian approximations and
slow convergence.

The LMA determines the model parameters by minimizing the squares of the devi-
ations of the model from the empirical data through an iterative process. An objective

function similar to S(v) in Eq. (5.4.9),

N
S(V) — Z [ylmeasured _ yl[nodel(v)]z (5.4.9)

model

is the set of experimental data, y;

measured
i

where y is the resulting data calculated by
the model, v is the set of parameters to be optimized, was used to determine the model
parameter values. An array of initial guess parameter values was passed to the model and
the LMA routine was initiated. The resulting fit was assessed by comparing the coefficient
of determination (R?) value to a threshold value and iteratively adjusting the initial guess

parameters until an acceptable R? value was obtained.
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‘ Initialize n, Rs, Rp1, Rp2, Io J

Compute Fit

Adjust n, Rs, Rp1, Rpa, Io

initial guess values

Figure 5.7: Equivalent circuit diode model parameter extraction program flowchart.

Theoretical fits to the experimental forward-bias J-V characteristics, depicted in Fig. 5.8,
enable quantitative assessment of the agreement between the theoretical model and ex-
perimental observations. The BV device from Sample E demonstrated non-ideal diode
behavior, characterized primarily by elevated series resistance and a high ideality factor.
While diminished shunt resistances typically facilitate deleterious leakage currents—with
values below 1 kQ - cm? known to significantly compromise device performance'%2—the
observed shunt resistances at both the junction and peripheral regions suggest negligible
shunt-induced effects in this particular device. It is noteworthy that elevated saturation
current densities frequently correlate with devices exhibiting large shunt resistances. The
observed ideality factor of 4.59 indicates substantial deviation from ideal diode behavior,
potentially signifying the presence of crystallographic defects within the semiconductor
structure. This hypothesis is supported by TEM analysis reported in Ref. 81, which re-

vealed twinned ZB structures throughout GaP NWs fabricated under conditions analogous
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to those employed for sample E. Consequently, the presence of similar structural defects
within these NWs is anticipated. Furthermore, suboptimal surface passivation, combined
with the characteristically high surface recombination velocity of GaP, likely contributed
to enhanced surface recombination along the NW sidewalls, degrading diode performance

and increasing non-ideal behavior.

Table 5.1: Sample E 600 nm pitch BV device diode fit parameters.

n Rq Ry, R, Jo R?

kQ-cm?  Q-cm? Q- cm? A/cm?

4.59 1.55 1.35x10° 1.00x1019 4.35x10°% 0.999845
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Figure 5.8: Sample E 600 nm pitch BV device forward bias dark J-V characteristics (grey)
and the diode model fit (red) on (a) linear and (b) semilogarithmic scales.

The values presented in Table 5.1 are within acceptable ranges when compared to ex-

tracted diode parameter values from various semiconductor diode devices in literature 109192,
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However, numerous limitations of the LMA algorithm combined with the nature of the
experimental J-V data pose limitations to the accuracy with which the diode parameters
could be extracted. The primary disadvantage of the LMA algorithm — common to other
iterative optimization algorithms — is its inability to guarantee that the resulting parame-
ters that produce the minimized objective function are the parameters corresponding to
the global minimum of the objective function. At low voltages, deviations in the model
J-V curves from the experimental curves were observed in Fig. 5.8, in which the model J-V
curves demonstrated ohmic behaviour as opposed to rectification. At high voltages, how-
ever, the model was a near perfect match to the experimental data for all devices. The
poor fit observed at low voltages for these devices may have been due to the optimization
routine becoming trapped in local minima during optimization. Multiple combinations of
parameters exist that yield a local minimum of the objective function, therefore it may be
possible that the set of values in Table 5.1 are not unique. In addition, the resulting set
of parameters obtained from the LMA fit depend strongly on the initial guess values pro-
vided to the algorithm. Wildly different results are produced if the initial parameters are
not close to the actual parameter values. This places a constraint upon the user to pro-
vide guesses within an acceptable range of the actual parameters, which can be extremely

difficult to deduce in the case where many combinations of parameter values exist.

5.5 Conclusions

This chapter has detailed the fabrication, characterization, and performance evaluation of
GaP NW BV devices, providing insights into the challenges and limitations encountered.

The measured J-V characteristics demonstrated significant deviations from the simulated
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predictions, with conversion efficiencies lower than expected. These discrepancies pri-
marily stem from reduced open-circuit voltage, which can be attributed to increased se-
ries resistance from ITO cracking, recombination losses due to surface defects, and non-
uniformities in B radiation absorption. Using the equivalent circuit model provided in
Ref. 101, the diode ideality factor, series and shunt resistances, and saturation current
values were successfully extracted from experimentally obtained forward bias J-V charac-
teristics for the NW BV device. The values obtained were within acceptable ranges for
each of the diode parameters, however further research is required to determine the ac-
curacy of the values in Table 5.1. Due to the aforementioned limitations of the Levenberg-
Marquardt algorithm, the values in Table 5.1 are not necessarily unique. The implementa-
tion of a more robust search optimization routine is required to determine if the parame-
ters in Table 5.1 correspond to a global minimum of the objective function. Despite these

limitations, the results provide a foundation for further optimization.
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Chapter 6

Conclusions

6.1 Thesis Summary

This thesis presented a comprehensive investigation of core-shell GaP NW BV devices,
encompassing their growth, theoretical modeling, fabrication, and performance charac-
terization. Our research has advanced the field through developments in controlled NW
synthesis, device processing methodologies, and theoretical frameworks, while simulta-
neously identifying critical challenges and opportunities for future optimization.

A theoretical model was developed to predict the I-V characteristics of NW BV devices,
providing a quantitative framework for understanding charge transport in radial p-i-n junc-
tions. By solving Poisson’s equation and the minority carrier continuity equations in cylin-
drical coordinates, analytical expressions were derived to describe carrier transport and
recombination. The model highlighted the interplay between NW geometry, doping con-
centrations, and device efficiency, revealing a trade-off between maximizing absorber vol-
ume and source volume. Additionally, it suggested potential performance enhancements

through material selection, including GaAs, Si, and alternative BV materials such as SiC,
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GaN, and diamond. Future validation of this model through experimental measurements
will be critical in refining its predictive accuracy, particularly in accounting for stochastic
B-particle interactions and charge carrier generation dynamics.

We demonstrated the successful development and optimization of Be+Te-doped core-
shell GaP NW growth protocols. Precise tuning of the growth parameters enabled the
fabrication of NWs with controlled dimensions, making them suitable for integration into
BV devices. A key finding from this work was the discovery of ultrathin GaP NWs exhibiting
periodic transitions between zinc-blende (ZB) and wurtzite (W2Z) crystal phases, correlat-
ing with diameter oscillations. While these structures were not ideal for BV applications,
they suggest potential for photonic devices, particularly in single-photon emission and de-
tection.

Device fabrication followed a structured workflow designed to ensure the mechani-
cal stability and electrical functionality of the NW arrays. Key processing steps included
polymer encapsulation for structural support, selective etching to expose NW tips, pho-
tolithographic patterning for top contact formation, and sequential metal deposition fol-
lowed by thermal annealing. These steps established the necessary electrical interfaces
for subsequent device characterization. Given the sensitivity of nanoscale architectures
to processing conditions, reproducibility and optimization of fabrication methodologies
remain critical for device performance enhancement.

Experimental characterization of the NW BV devices revealed significant deviations
from the predicted J-V characteristics, primarily due to open-circuit voltage losses. These
discrepancies were largely attributed to ITO cracking, increased surface recombination,
and non-uniformities in § radiation absorption. Several fabrication challenges were iden-

tified, including maintaining uniform benzocyclobutene (BCB) film coverage across varying
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NW pitches, photolithographic pattern fidelity during liftoff, and minimizing ITO film crack-
ing. Addressing these limitations will be crucial for improving device efficiency. Overall,
this work establishes a foundational understanding of GaP NW BV device development

while highlighting key areas for refinement.

6.2 Future Work

Future research directions should focus on several key areas for optimization. Regarding
NW growth, priorities include mitigating parasitic growth, optimizing conducting compre-
hensive characterization of dopant distribution, crystal phase transitions, and droplet con-
sumption dynamics. Enhanced understanding of dopant profiles within NWs is crucial for
accurate device modeling and likely the most critical path towards higher efficiency NW
BV device performance. Doping assessments of the p-i-n GaP NWs—similar to Ref. 83—
should be carried out to verify the agreement between the NW doping and thin film cal-
ibration samples. Additionally, incorporation of more sophisticated models for § radia-
tion absorption and carrier generation within NW arrays would strengthen the theoretical
framework for predicting device behavior.

Device fabrication improvements should concentrate on three primary aspects: opti-
mization of the metal top contact deposition protocols, development of effective surface
passivation strategies to suppress recombination phenomena, and refinement of NW en-
capsulation methodologies to enhance charge collection uniformity are important consid-
erations. Alternative top contact metals such as Ni or Al that may be be more compatible
with established the established BV device processing techniques, as well as better suited
for BV applications merit investigation. A particularly promising avenue for future investi-

gation is the electrodeposition of top contacts, which could potentially eliminate the need
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for planarization and back-etching steps. This approach, demonstrated by Monaico et al. in
Ref. 103 for various metals on llI-V nanoscale semiconductors, offers the potential for con-
formal Ni coating of NWs. Significantly, this technique could enable direct integration of
N radioisotope sources, aligning with the three-dimensional source geometry proposed
in Chapter 2. Investigation of Through systematic address of these challenges, future it-
erations of GaP NW BV devices could achieve substantial improvements in efficiency and
operational stability, advancing their potential for practical implementation in low-power

energy harvesting systems.

128


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

References

[1] M. A. Prelas, C. L. Weaver, M. L. Watermann, E. D. Lukosi, R. J. Schott, and D. A.
Wisniewski, “A review of nuclear batteries,” Progress in Nuclear Energy, vol. 75, pp.

117-148, 2014.

[2] N.I. Goktas, P. Wilson, A. Ghukasyan, D. Wagner, S. McNamee, and R. R. LaPierre,
“Nanowires for energy: A review,” Applied Physics Reviews, vol. 5, no. 4, p. 041305,

12 2018.

[3] T. R. Alam, M. T. Tchouaso, and M. A. Prelas, “Summary of the design principles of

betavoltaics and space applications,” Photovoltaics for Space, pp. 293-345, 2023.

[4] S. McNamee, D. Wagner, E. M. Fiordaliso, D. Novog, and R. R. LaPierre, “GaP

nanowire betavoltaic device,” Nanotechnology, vol. 30, no. 7, p. 075401, 2018.

[5] T.Smith, J. Greenborg, and W. Matheson, “Benefit/risk analysis of cardiac pacemak-
ers powered by betacel® promethium-147 batteries,” Nuclear Technology, vol. 26,

no. 1, pp. 54-64, 1975.

[6] C.A.Klein, “Bandgap dependence and related features of radiation ionization ener-
gies in semiconductors,” Journal of Applied Physics, vol. 39, no. 4, pp. 2029-2038,

1968.

129



Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

L. C. Olsen, P. Cabauy, and B. J. Elkind, “Betavoltaic power sources,” Physics today,

vol. 65, no. 12, pp. 35-38, 2012.

W. Sun, N. P. Kherani, K. D. Hirschman, L. L. Gadeken, and P. M. Fauchet, “A three-
dimensional porous silicon p—n diode for betavoltaics and photovoltaics,” Advanced

Materials, vol. 17, no. 10, pp. 1230-1233, 2005.

R. Brendel and U. Rau, “Effective diffusion lengths for minority carriers in solar
cells as determined from internal quantum efficiency analysis,” Journal of Applied

Physics, vol. 85, no. 7, pp. 3634-3637, 1999.

C. Zhou, J. Zhang, X. Wang, Y. Yang, P. Xu, P. Li, L. Zhang, Z. Chen, H. Feng, and W. Wu,
“Betavoltaic cell: The past, present, and future,” ECS Journal of Solid State Science

and Technology, vol. 10, no. 2, p. 027005, 2021.

D. L. Wagner, “SIMULATION AND OPTIMIZATION OF NANOWIRE-BASED BETA-
VOLTAIC GENERATORS,” Master’s thesis, McMaster University, Hamilton, Ontario,

May 2020.

M. Tang, J.-S. Park, Z. Wang, S. Chen, P. Jurczak, A. Seeds, and H. Liu, “Integration
of lll-V lasers on Si for Si photonics,” Progress in Quantum Electronics, vol. 66, pp.

1-18, 2019.

D. Mui, Z. Wang, and H. Morkog, “A review of IlI-V semiconductor based metal-
insulator-semiconductor structures and devices,” Thin solid films, vol. 231, no. 1-2,

pp. 107-124, 1993,

D. Wagner, D. Novog, and R. R. LaPierre, “Simulation and optimization of current

130


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

generation in gallium phosphide nanowire betavoltaic devices,” Journal of Applied

Physics, vol. 125, no. 16, 2019.

P. Cabauy, L. C. Olsen, B. Elkind, T. E. Adams et al., “Micropower betavoltaic hybrid

sources,” in 44th Power Sources Conference, 2010, pp. 14-17.

BetaBatt, “Betabatt technology & market overview,” 2010. [Online]. Avail-
able: http://www.betabatt.com/files/BetaBatt%20Technology%20&%20Market%

200verview%20-%20November%202010.pdf

——, “Betabatt market summary,” 2010. [Online]. Available: http://www.betabatt.

com/files/BetaBattery%20Market%20Summary%20-%20March%202010.pdf

S. Aydin and E. Kam, “Investigation of nickel-63 radioisotope-powered gan beta-
voltaic nuclear battery,” International Journal of Energy Research, vol. 43, no. 14,

pp. 8725-8738, 2019.

B. M. Kayes, H. A. Atwater, and N. S. Lewis, “Comparison of the device physics princi-
ples of planar and radial p-n junction nanorod solar cells,” Journal of Applied Physics,

vol. 97, no. 11, p. 114302, 2005.

M. Spencer and T. Alam, “High power direct energy conversion by nuclear batteries,”

Applied Physics Reviews, vol. 6, no. 3, 2019.

A. Belghachi, K. Bozkurt, H. Moughli, O. Ozdemir, B. Amiri, and A. Talhi, “A model for

Ni-63 source for betavoltaic application,” arXiv preprint arXiv:1903.09098, 2019.

H. A. Bethe, J. Ashkin et al., “Experimental nuclear physics,” Wiley, New York, 1953.

131


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece
http://www.betabatt.com/files/BetaBatt%20Technology%20&%20Market%20Overview%20-%20November%202010.pdf
http://www.betabatt.com/files/BetaBatt%20Technology%20&%20Market%20Overview%20-%20November%202010.pdf
http://www.betabatt.com/files/BetaBattery%20Market%20Summary%20-%20March%202010.pdf
http://www.betabatt.com/files/BetaBattery%20Market%20Summary%20-%20March%202010.pdf

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

U. of Illinois Urbana-Champaign, “Npre 441: Radiation interaction with mat-
ter,” https://courses.grainger.illinois.edu/npre441/sp2023/, University of Illinois

Urbana-Champaign, 2023.

C. Donolato, “An analytical model of SEM and STEM charge collection images of
dislocations in thin semiconductor layers: |. minority carrier generation, diffusion,

and collection,” physica status solidi (a), vol. 65, no. 2, pp. 649-658, 1981.

A. Sachenko, A. Shkrebtii, R. Korkishko, V. Kostylyov, M. Kulish, and . Sokolovskyi,
“Efficiency analysis of betavoltaic elements,” Solid-State Electronics, vol. 111, pp.

147-152, 2015.

National Institute of Standards and Technology (NIST), “Estar - Stop-
ping Power and Range Tables for Electrons,” https://www.nist.gov/pml/

stopping-power-range-tables-electrons, 2021.

D. L. Wagner, D. R. Novog, and R. R. LaPierre, “Design and optimization of nanowire

betavoltaic generators,” Journal of Applied Physics, vol. 127, no. 24, p. 244303, 2020.

L. Katz and A. S. Penfold, “Range-energy relations for electrons and the determi-
nation of beta-ray end-point energies by absorption,” Reviews of Modern Physics,

vol. 24, no. 1, p. 28-44, 1952.

C. A. Klein, “Bandgap Dependence and Related Features of Radiation lonization En-

ergies in Semiconductors,” Journal of Applied Physics, vol. 39, pp. 2029-2038, 1968.

A. Sachenko, I. Sokolovskyi, and M. Evstigneev, “Betavoltaic generation function in
silicon,” in 2017 IEEE 44th Photovoltaic Specialist Conference (PVSC). |EEE, 2017,

pp. 663—666.

132


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece
https://courses.grainger.illinois.edu/npre441/sp2023/
 https://www.nist.gov/pml/stopping-power-range-tables-electrons 
 https://www.nist.gov/pml/stopping-power-range-tables-electrons 

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

A. V. Sachenko, A. I. Shkrebtii, R. M. Korkishko, V. P. Kostylyov, M. R. Kulish, I. O.
Sokolovskyi, and M. Evstigneev, “Analysis of the attainable efficiency of a direct-
bandgap betavoltaic element,” Journal of Physics D: Applied Physics, vol. 48, no. 45,

p. 455101, 2015.

H. San, S. Yao, X. Wang, Z. Cheng, and X. Chen, “Design and simulation of GaN based
schottky betavoltaic nuclear micro-battery,” Applied Radiation and Isotopes, vol. 80,

pp. 17-22, 2013.

I. Kovalev, V. Sidorov, P. Zelenkov, A. Khoroshko, and A. Lelekov, “Electron-hole pairs
generation rate estimation irradiated by isotope nickel-63 in silicone using geant4,”
in IOP Conference Series: Materials Science and Engineering, vol. 94. 10P Publish-

ing, 2015, p. 012024.

T. K. Ghosh and M. A. Prelas, Energy resources and systems: volume 1: fundamentals

and non-renewable resources. Springer, 2009.

M. A. Leilaeioun, “Fill factor loss mechanisms: Analysis and basic understanding in

silicon hetero-junction solar cells,” Ph.D. dissertation, Arizona State University, 2018.

A. Belghachi, K. Bozkurt, O. Ozdemir, and O. Avci, “Enhancement of Ni-63 planar
source efficiency for betavoltaic batteries,” Journal of Physics D: Applied Physics,

vol. 53, no. 44, p. 445501, 2020.

M. L. Young and D. R. Wight, “Concentration dependence of the minority carrier
diffusion length and lifetime in GaP,” J. Phys. D: Appl. Phys., vol. 7, no. 13, pp. 1824-

1837, 1974.

E. F. Schubert, Doping in Ill-V semiconductors. E. Fred Schubert, 2015.

133


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

N. Arora, J. Hauser, and D. Roulston, “Electron and hole mobilities in silicon as a
function of concentration and temperature,” IEEE Trans. Electron Devices, vol. 29,

pp. 292-295, Feb. 1982.

M. Sotoodeh, A. Khalid, and A. Rezazadeh, “Empirical low-field mobility model for
I1I-V compounds applicable in device simulation codes,” Journal of applied physics,

vol. 87, no. 6, pp. 2890-2900, 2000.

M. Lundstrom, M. Klausmeier-Brown, M. Melloch, R. Ahrenkiel, and B. Keyes,
“Device-related material properties of heavily doped gallium arsenide,” Solid-state

electronics, vol. 33, no. 6, pp. 693-704, 1990.

M. Lundstrom, Fundamentals of Carrier Transport, 2nd ed. Cambridge: Cambridge

University Press, 2000.

M. Newville, R. Otten, A. Nelson, A. Ingargiola, T. Stensitzki, D. Allan, A. Fox, F. Carter,

R. Osborn, D. Pustakhod et al., “Imfit/Imfit-py: 1.0. 3,” Zenodo, 2021.

H. Kiinzel, “Molecular beam epitaxy of IlI-V compounds,” Physica B+C, vol. 129,

no. 1, pp. 66—80, 1985.

A. S. Ueland, “Patterning of the oxide mask for nanowire growth by dry etching,”

Master’s thesis, Norwegian University of Science and Technology, 2015.

J. L. P. Nunez, “Spin phenomena in semiconductor quantum dots,” Ph.D. disserta-

tion, University of Sheffield, 2012.

A. A. Tseng, K. Chen, C. D. Chen, and K. J. Ma, “Electron beam lithography in
nanoscale fabrication: recent development,” IEEE Transactions on electronics pack-

aging manufacturing, vol. 26, no. 2, pp. 141-149, 2003.

134


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Y. Chen, “Nanofabrication by electron beam lithography and its applications: A re-

view,” Microelectronic Engineering, vol. 135, pp. 57-72, 2015.

S. McNamee, “Fabrication of a GaP nanowire betavoltaic device using Ni-63,” Mas-

ter’s thesis, McMaster University, 2018.

M. Robson, “Antimonide nanowires for multispectral infrared photodetection,”

Ph.D. dissertation, McMaster University, 2018.

M. B. Panish and H. Temkin, Gas source molecular beam epitaxy: growth and prop-
erties of phosphorus containing I1l-V heterostructures. Springer Science & Business

Media, 2013, vol. 26.

M. Ohring, The Materials Science of Thin Films, ser. Science Direct e-books. Aca-

demic Press, 1992.

C.T.T.GmbH, “Plasma Enhanced Chemical Vapor Deposition, PECVD,” https://www.

crystec.com/tridepe.html.

D. A. Gurnett and A. Bhattacharjee, Introduction to plasma physics: with space and

laboratory applications. Cambridge university press, 2005.

R. P. Dabkowski, “Installation of a new electron cyclotron plasma enhanced chemical
vapour deposition (ECR-PECVD) reactor and a preliminary study of thin film deposi-

tions,” Master’s thesis, McMaster University, Hamilton, Ontario, 2012.

A. Pecora, L. Maiolo, A. Bonfiglietti, M. Cuscuna, F. Mecarini, L. Mariucci, G. Fortu-
nato, and N. Young, “Silicon dioxide deposited by ECR-PECVD for low-temperature
Si devices processing,” Microelectronics Reliability, vol. 45, no. 5-6, pp. 879—-882,

2005.

135


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece
https://www.crystec.com/tridepe.html
https://www.crystec.com/tridepe.html

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Z. Ouyang, “Electron-beam evaporated polycrystalline silicon thin-film solar cells:
Paths to better performance,” Ph.D. dissertation, University of New South Wales

Sydney, 2011.

M. Toofan and J. Toofan, “A brief review of the cleaning process for electronic device
fabrication,” Developments in Surface Contamination and Cleaning, pp. 185-212,

2015.

A. Ul-Hamid, A beginners’ guide to scanning electron microscopy. Springer, 2018,

vol. 1.

M. Dunlap and J. Adaskaveg, “Introduction to the scanning electron microscope,”
Theory, practice, & procedures. Facility for Advance Instrumentation. UC Davis,

vol. 52, 1997.

L. Reimer, “Scanning electron microscopy: physics of image formation and micro-
analysis,” Measurement Science and Technology, vol. 11, no. 12, pp. 1826—-1826,

2000.

A. T. Wee, X.Yin, and C. S. Tang, Introduction to Spectroscopic Ellipsometry of Thin
Film Materials: Instrumentation, Data Analysis, and Applications.  John Wiley &

Sons, 2022.

J. Woollam, “Ellipsometry measurements.” [Online]. Available: https://www.

jawoollam.com/resources/ellipsometry-tutorial/ellipsometry-measurements

M. Fang, N. Han, F. Wang, Z-x. Yang, S. Yip, G. Dong, J. J. Hou, Y. Chueh, and J. C.
Ho, “llI-V nanowires: synthesis, property manipulations, and device applications,”

Journal of Nanomaterials, vol. 2014, no. 1, p. 702859, 2014.

136


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece
https://www.jawoollam.com/resources/ellipsometry-tutorial/ellipsometry-measurements
https://www.jawoollam.com/resources/ellipsometry-tutorial/ellipsometry-measurements

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

C. B. Maliakkal, M. Gokhale, J. Parmar, R. D. Bapat, B. A. Chalke, S. Ghosh, and
A. Bhattacharya, “Growth, structural and optical characterization of wurtzite GaP

nanowires,” Nanotechnology, vol. 30, no. 25, p. 254002, 2019.

C. B. Maliakkal, E. K. Martensson, M. U. Tornberg, D. Jacobsson, A. R. Persson, J. Jo-
hansson, L. R. Wallenberg, and K. A. Dick, “Independent control of nucleation and

layer growth in nanowires,” ACS nano, vol. 14, no. 4, pp. 3868—-3875, 2020.

R. R. LaPierre, A. C. E. Chia, S. J. Gibson, C. M. Haapamaki, J. Boulanger, R. Yee,
P. Kuyanov, J. Zhang, N. Tajik, N. Jewell, and K. M. A. Rahman, “llI-V nanowire pho-
tovoltaics: Review of design for high efficiency,” physica status solidi (RRL) — Rapid

Research Letters, vol. 7, no. 10, pp. 815-830, 2013.

V. G. Dubrovskii, Nucleation theory and growth of nanostructures. Springer, 2014.

F. Matteini, “Growth of GaAs nanowires on Si (111) for photovoltaic applications,”

EPFL, Tech. Rep., 2016.

C. Bougerol, H. Mariette, R. Songmuang et al., “Intrinsic limits governing MBE
growth of Ga-assisted GaAs nanowires on Si (111),” Journal of crystal growth, vol.

364, pp. 118-122, 2013.

S. Plissard, G. Larrieu, X. Wallart, and P. Caroff, “High yield of self-catalyzed GaAs
nanowire arrays grown on silicon via gallium droplet positioning,” Nanotechnology,

vol. 22, no. 27, p. 275602, 2011.

V. G. Dubrovskii, N. V. Sibirev, N. N. Halder, and D. Ritter, “Classification of the mor-

phologies and related crystal phases of llI-V nanowires based on the surface energy

137


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

analysis,” The Journal of Physical Chemistry C, vol. 123, no. 30, pp. 18 693-18 701,

2019.

E. Leshchenko, P. Kuyanov, R. LaPierre, and V. Dubrovskii, “Tuning the morphology

of self-assisted GaP nanowires,” Nanotechnology, vol. 29, no. 22, p. 225603, 2018.

H. Klipers, R. B. Lewis, A. Tahraoui, M. Matalla, O. Kriiger, F. Bastiman, H. Riechert,
and L. Geelhaar, “Diameter evolution of selective area grown Ga-assisted GaAs

nanowires,” Nano Research, vol. 11, pp. 2885—-2893, 2018.

D. Wilson, V. Dubrovskii, and R. LaPierre, “Improving the yield of GaAs nanowires on

silicon by ga pre-deposition,” Nanotechnology, vol. 32, no. 26, p. 265301, 2021.

F. Glas, “Vapor fluxes on the apical droplet during nanowire growth by molecular

beam epitaxy,” physica status solidi (b), vol. 247, no. 2, pp. 254-258, 2010.

V. Dubrovskii, S. Borie, T. Dagnet, L. Reynes, Y. André, and E. Gil, “Nucleation and
initial radius of self-catalyzed IlI-V nanowires,” Journal of Crystal Growth, vol. 459,

pp. 194-197, 2017.

V. G. Dubrovskii and F. Glas, “Vapor-liquid—solid growth of semiconductor

nanowires,” Fundamental properties of semiconductor nanowires, pp. 3—107, 2021.

D. P. Wilson, “Control of nanowire growth by droplet dynamics with optical applica-

tions,” Ph.D. dissertation, McMaster University, Hamilton, Ontario, 2022.

P. Kuyanov, J. Boulanger, and R. R. LaPierre, “Control of GaP nanowire morphology
by group v flux in gas source molecular beam epitaxy,” Journal of Crystal Growth,

vol. 462, pp. 29-34, 2017.

138


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

E. Diak, A. Thomas, V. G. Dubrovskii, and R. R. LaPierre, “Ultrathin te-doped GaP
nanoantenna with crystal phase transitions,” Crystal Growth & Design, vol. 23, no. 7,

pp. 5074-5082, 2023.

C. Haapamaki, J. Baugh, and R. LaPierre, “Facilitating growth of InAs—InP core—shell
nanowires through the introduction of Al,” Journal of crystal growth, vol. 345, no. 1,

pp. 11-15, 2012.

N. |. Goktas, E. M. Fiordaliso, and R. LaPierre, “Doping assessment in GaAs

nanowires,” Nanotechnology, vol. 29, no. 23, p. 234001, 2018.

E. Diak, “Morphology and optical properties of ultrathin tellurium-doped gallium
phosphide nanowires,” Master’s thesis, McMaster University, Hamilton, Ontario,

2024.

G. Otnes and M. T. Borgstrom, “Towards high efficiency nanowire solar cells,” Nano

Today, vol. 12, pp. 31-45, 2017.

S.J. Pearton and D. P. Norton, “Dry etching of electronic oxides, polymers, and semi-

conductors,” Plasma Processes and Polymers, vol. 2, no. 1, pp. 16—37, 2005.

M. Madou and C. Wang, Photolithography. Dordrecht: Springer Netherlands, 2012,
pp. 2051-2060. [Online]. Available: https://doi.org/10.1007/978-90-481-9751-4 _

342

J. Souk, S. Morozumi, F-C. Luo, and I. Bita, Flat panel display manufacturing. John

Wiley & Sons, 2018.

139


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece
https://doi.org/10.1007/978-90-481-9751-4_342
https://doi.org/10.1007/978-90-481-9751-4_342

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

F. Wang and J. Wu, “Chapter 8 - magnetron sputtering,” in Modern lon Plating Tech-
nology, F. Wang and J. Wu, Eds. Elsevier, 2023, pp. 189-228. [Online]. Available:

https://www.sciencedirect.com/science/article/pii/B9780323908337000085

K. Technology, “Magnetron Sputtering Systems and How Sputter Deposition Works.”

[Online]. Available: https://korvustech.com/magnetron-sputtering/#quintino

M. Hughes and S. E. Inc, “What is Sputtering? PVD Magnetron Sputtering Systems.”

[Online]. Available: https://www.semicore.com/what-is-sputtering

F. Shi, “Introductory chapter: Basic theory of magnetron sputtering,” in Magnetron
Sputtering, D. F. Shi, Ed. Rijeka: IntechOpen, 2018, ch. 4. [Online]. Available:

https://doi.org/10.5772/intechopen.80550

T. International, “Compact Research Coater System (CRC600 Series).” [Online].

Available: https://torr.com/compact-research-coater-system-crc600-series

J. T. Gudmundsson, “Physics and technology of magnetron sputtering discharges,”

Plasma Sources Science and Technology, vol. 29, no. 11, p. 113001, 2020.

K. Wasa and S. Hayakawa, Handbook of sputter deposition technology. Park Ridge,

NJ (United States); Noyes Publications, 1992.

Processing Procedures for CYCLOTENE 3000 Series Dry Etch Resins, Dow Chemical,

2008.

EPO-TEK H20E Technical Data Sheet, Epoxy Technology, 2021.

O. Anchugov and D. Shvedov, “Use of the four-point method for measuring the

homogeneity of the coating deposited inside ceramic vacuum chambers of pulsed

140


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece
https://www.sciencedirect.com/science/article/pii/B9780323908337000085
https://korvustech.com/magnetron-sputtering/#quintino
https://www.semicore.com/what-is-sputtering
https://doi.org/10.5772/intechopen.80550
https://torr.com/compact-research-coater-system-crc600-series

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[99]

[100]

[101]

[102]

[103]

[104]

magnets for the max-iv synchrotron radiation facility,” Instruments and Experimen-

tal Techniques, vol. 62, pp. 440-443, 2019.

A. lzadian, A. Pourtaherian, and S. Motahari, “Basic model and governing equation
of solar cells used in power and control applications,” 2012 IEEE Energy Conversion

Congress and Exposition, ECCE 2012, no. November 2014, pp. 1483-1488, 2012.

A. Ortiz-Conde, F. Garcia-Sanchez, J. Muci, and A. Sucre-Gonzalez, “A review
of diode and solar cell equivalent circuit model lumped parameter extraction
procedures,” Facta universitatis - series: Electronics and Energetics, vol. 27, no. 1,
pp. 57-102, 2014. [Online]. Available: http://www.doiserbia.nb.rs/Article.aspx?

ID=0353-367014010570

A. Ortiz-Conde and F. J. Garcia Sanchez, “Extraction of non-ideal junction model
parameters from the explicit analytic solutions of its |-V characteristics,” Solid-
State Electronics, vol. 49, no. 3, pp. 465-472, March 2005. [Online]. Available:

https://linkinghub.elsevier.com/retrieve/pii/50038110104003533

J. P. Boulanger, A. C. Chia, B. Wood, S. Yazdi, T. Kasama, M. Aagesen, and R. R.
LaPierre, “Characterization of a Ga-Assisted GaAs Nanowire Array Solar Cell on Si

Substrate,” IEEE Journal of Photovoltaics, vol. 6, no. 3, pp. 661-667, 2016.

E. I. Monaico, E. V. Monaico, V. V. Ursaki, and I. M. Tiginyanu, “Controlled electro-
plating of noble metals on IlI-V semiconductor nanotemplates fabricated by anodic

etching of bulk substrates,” Coatings, vol. 12, no. 10, p. 1521, 2022.

J. Slotboom and H. de Graaff, “Measurements of bandgap narrowing in Si bipolar

transistors,” Solid-State Electronics, vol. 19, no. 10, pp. 857-862, 1976.

141


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece
http://www.doiserbia.nb.rs/Article.aspx?ID=0353-36701401057O
http://www.doiserbia.nb.rs/Article.aspx?ID=0353-36701401057O
https://linkinghub.elsevier.com/retrieve/pii/S0038110104003533

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

A. C.E.ChiaandR. R. LaPierre, “Electrostatic model of radial pn junction nanowires,”

Journal of Applied Physics, vol. 114, no. 7, p. 074317, 2013.

A. C. Chia and R. R. LaPierre, “Analytical model of surface depletion in GaAs

nanowires,” Journal of Applied Physics, vol. 112, no. 6, p. 063705, 2012.

D. Bednarczyk and J. Bednarczyk, “The approximation of the fermi-dirac integral f12

(n),” Physics letters A, vol. 64, no. 4, pp. 409-410, 1978.

K. F. Riley, M. P. Hobson, and S. J. Bence, “Mathematical methods for physics and

engineering,” 1999.

M. Abramowitz, I. A. Stegun, and R. H. Romer, “Handbook of mathematical functions

with formulas, graphs, and mathematical tables,” 1988.

S. C. Jain, J. M. McGregor, and D. J. Roulston, “Band-gap narrowing in novel IlI-V

semiconductors,” Journal of Applied Physics, vol. 68, pp. 3747-3749, Oct. 1990.

I.-T. Institute, “NSM archive-physical properties of semiconductors,” https://www.

ioffe.ru/SVA/NSM/Semicond/, 1998.

W. Shockley and W. Read Jr, “Statistics of the recombinations of holes and electrons,”

Physical review, vol. 87, p. 835, 1952.

C.-T. Sah, R. N. Noyce, and W. Shockley, “Carrier generation and recombination in pn
junctions and pn junction characteristics,” Proceedings of the IRE, vol. 45, no. 9, pp.

1228-1243, 1957.

A. P. Kirk, Solar photovoltaic cells: photons to electricity. Academic Press, 2014.

142


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece
https://www.ioffe.ru/SVA/NSM/Semicond/
https://www.ioffe.ru/SVA/NSM/Semicond/

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

R. F. Pierret and G. W. Neudeck, Advanced Semiconductor Fundamentals. Addison-

Wesley Reading, MA, 1987, vol. 6.

T. Kirkpatrick and T. Buonassisi, “Geometry-independent energy band simulator for
radially symmetric diodes,” J. Phys. D: Appl. Phys., vol. 49, no. 29, p. 295102, Jul.

2016.

D. B. Turner-Evans, C. T. Chen, H. Emmer, W. E. McMahon, and H. A. Atwater, “Opto-
electronic analysis of multijunction wire array solar cells,” Journal of Applied Physics,

vol. 114, no. 1, 2013.

R. Corkish and M. A. Green, “Junction recombination current in abrupt junction
diodes under forward bias,” Journal of Applied Physics, vol. 80, no. 5, pp. 3083—

3090, 1996.

G. Zardas, Ch.l. Symeonides, P. Euthymiou, G. Papaioannou, P. Yannakopoulos, and
M. Vesely, “Electron irradiation induced defects in undoped and Te doped gallium

phosphide,” Solid State Communications, vol. 145, no. 7-8, pp. 332-336, 2008.

T. R. Alam, M. G. Spencer, M. A. Prelas, and M. A. Pierson, “Design and optimization
of radioisotope sources for betavoltaic batteries,” International Journal of Energy

Research, vol. 42, no. 7, pp. 2564-2573, 2018.

J. Russo, M. Litz, W. Ray I, B. Smith, and R. Moyers, “A radioluminescent nuclear
battery using volumetric configuration: 63-Ni solution/ZnS: Cu, Al/InGaP,” Applied

Radiation and Isotopes, vol. 130, pp. 66—74, 2017.

A. H. Jaffey, “Solid angle subtended by a circular aperture at point and spread

143


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

sources: formulae and some tables,” Argonne National Lab.(ANL), Argonne, IL

(United States), Tech. Rep., 1952.

144


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Appendix

I. Poisson’s Equation

Poisson’s equation was solved in cylindrical coordinates to determine the electric field E
and electric potential W distributions, within the radial p-i-n junction. The resulting electric
potential distribution is subsequently used to determine the core-shell junction structure’s
radial energy band profiles (as shown in Fig. Al). The edges of the quasi-neutral regions
(QNRs) in the p-core and n-shell are denoted by 7, and r;,, respectively. The intrinsic shell
is defined by the radial positions r; and 1, with thickness t; = r, — ;. R is the NW radius.

Electron Energy

(ev)
A J—
7'y
Eg, Vi
0 A4 E F
7'y Ec
E n
_____________ Fo g
- \ 4 . EV
0] rn R

Radial Position

Figure Al: Simulated equilibrium energy band diagram for a GaAs p-i-n junction. The band
discontinuities at the junction interfaces (ry, 1) arise due to the narrowing of the bandgap
in the heavily-doped regions.
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In practice, ideal p-i-n junctions are not physically realizable devices. Instead, a back-
ground dopant concentration is always present. We assumed that the background doping
is n-type. Thus, the p-i-n junction described can be modelled as a p*-n~-n" junction. The
complete solution to Poisson’s equation is thus characterized by the set of values that de-
termine the extent of the depletion region throughout the junction (w = 1, —1;,), and the
values of the electric potential in the QNRs of the junction (¥, , ¥, ).

The electron energy band profile in Fig. A1 was simulated from the electric field and
potential distribution solutions. The energy band profile can serve as an analysis tool for
understanding the carrier transport mechanisms underpinning the device current-voltage
characteristics.

Bandgap narrowing is one of the commonly observed effects resulting from high dopant
impurity concentrations38. The resulting misalignment of the bands gives rise to discon-
tinuities (AECn,p, AEvn,p) in the conduction and valence band, respectively. The degree of
shrinkage AE is split between the conduction and valence band discontinuities accord-
ing to the relationship, AE; = yAE. + (1 — y)AE,, where y € [0, 1] corresponds to the
weighting of bandgap narrowing attributed to the conduction band edge change. Due to

104 3 value of 0.5

limited knowledge of the precise value of y for materials other than Si
was assumed for the other materials examined.

The width of the QNRs are influential in minority carrier collection. Materials with short
minority carrier diffusion lengths can often benefit from thin QNRs to minimize the dis-
tance diffusing minority carriers must travel to reach the depletion region. This can serve
toincrease the collection efficiency of the minority charge carrier species by increasing the

likelihood of the carriers reaching the junction and being swept across the junction by the

internal electric field. Note that we have chosen the range of device parameters (n-shell
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thickness, p-core diameter, doping) such that complete depletion of the p-core or n-shell
never occurs, otherwise the open-circuit voltage would be reduced.

The current-voltage characteristics presented in the subsequent sections were con-
structed by computing the solutions for 15, and r;, for each value of the applied bias voltage,
yielding (r,,(V), 1,,(V)) for a given junction configuration.

Poisson’s equation is expressed in the forms given by Egs. (A1) and (A2),

dE. E p

\Y E=——(T‘E(T))_E+?=; (Al)
d*¥Y  1d¥

vy="_ -"-_F (A2)

where, € = gy¢&, is the electric permittivity and p is the charge density distribution.

Equation (A1) is obtained from Gauss’s law in Eq. (A3), which relates the net bulk elec-
tric charge density distribution p to the resulting electric field distribution throughout the
junction

V-D=p (A3)

E=¢D (A4)

The resulting electric potential distribution is related to the charge density distribution
via Eq. (A5).

E=—-V¥ (A5)

L, d2W 1d¥ dE E _ g .
i i G O
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The charge density distribution is given by

.
0, O<r<rp

_q(NA_NB)I rp <T'<T1
p:CI(p_n-‘l_Ng_NA_):{qNB, T1<T<T2 (A7)

q(Np +Ng), n<r<mn

kO, 1, <r <R

where N, is the concentration of ionized acceptor dopants, N} is the concentration of ion-
ized donor dopants, N, is the concentration of shallow acceptor atoms, Nj, is the concen-
tration of shallow donor atoms, and Nj is the background dopant concentration. Shallow
dopants were assumed to be completely ionized (NA_ ~ Ny, Nf =~ ND).

The edges of the quasi-neutral regions (QNRs) in the p-core and n-shell are denoted by
1, and 1y, respectively. The intrinsic shell is defined by the radial positions r; and r;, with
thickness (r, — 7). R is the radius.

Equations (A8) and (A9) are used to reflect existence of nominal background dopant
concentrations?.

Ny = Ny — Ny (A8)

Npr = Np + Ng (A9)

Hn limy o, the charge density distribution (Eq. (A7)) approaches the form corresponding to an ideal
p-i-n junction.
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a. Electric Field Boundary Conditions

The electric field is assumed to be zero within the p and n-shell QNRs, respectively. The
electric field must also be continuous throughout the junction since it is assumed no sur-
face or interface state charge densities are present in the region of interest1%°. The electric

field boundary conditions are given by

p
E~(r,) =E*(ry), B.C.1

E_(T'l) = E+(T'1), B.C.2
) (A10)

E~(r,) =E*(ry), B.C.3

E™ () = E*(r,), B.C.4

b. Electric Potential Boundary Conditions

The electric potential is assumed to be constant within the p and n-shell QNRs, respectively,

and must be continuous throughout the junction (otherwise E = oo at discontinuities 1%°).

The electric potential boundary conditions are given by,

p
¥~ (rp) =¥* (), BC.5

¥Y-(r)) =¥*(ry), B.C.6
] (A11)

Y~ (ry) =¥*(ry), B.C.7

(P () = ¥Y*(r,), B.C.8

c. Solving Poisson’s Equation

The electric field distribution is obtained by integrating Eq. (A1),
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r-E(r)= jdr{rpg)} +C

The general solutions of E(r) and W(r) are given by,

0, 0<r<mn

qlzvs'r + %Cla' r,<r<mn
EC)=4%2r 4 le,,  rn<r<mn (AL2)

C’Iz\'_g’r+%CZa, n<r<r

0, 1, <r <R
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Do O<r<rp

qN,r |1
2: [Erz — 1y In(r)l +C,, B <r<n

v == [dr B0 =Pl ey ve,  m<r<rn, (AL

qN 1|1 2 2
—2—5[51” — 1 In(r)l + Gy T <T<Ty

Cpno' 1, <r<R

Applying the aforementioned boundary conditions to Egs. (A12) and (A13) yields the
following integration constants, given by Egs. (A14) to (A19), which define the particular

solutions given by Eqgs. (A26) and (A27).

qNA’ 2
= Al4
Cla 2¢ Tp ( )
qNAI 1
Clb = lppo - Krpz [E - In(rp)l (A15)
qNp
Cpy = — r 72 (A16)
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qND/ 1
Cy, = r r,flz - In(rn)l (A17)
C3 = C3a
A18)
gNu T . [1 1 Ny ,[1 (
= e lrlz lE — In(rl)l - sz IE - In(rp)H + lez i In(ry) | + ¥y,
C3 = C3b
A19)
gNs . [1 aNy [ . [1 1 (
= X1~12 IE — |n(rz)l + ZED [r,f [E —In(ry)| — 12 i In(r2) | [ + Wn,

The integration constants within the intrinsic region C3a,b are obtained by applying ei-
ther of the boundary conditions at the right-, or left-hand sides of the intrinsic region (i.e.,
11 or 1, respectively), yielding the constants in Egs. (A20) and (A21), respectively. Both of
these constants must evaluate to the same value in order for the electric field and electric

potential distributions to be valid solutions.

qNy qNp

CiBl = — e (7'12 — sz) - 2—87‘12 (AZO)
qNpr qNp

Cis, = =~ (7 =) - X’”zz (A21)

The radial positions of the depletion region edges in the p-core and n-shell, (1, and 7,
respectively), are determined by matching the sets of solutions for the integration con-

stants (C;p, C3) within the portion of the depletion region that spans the intrinsic shell of
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the junction.
Matching the solutions of C3 and rearranging, we obtain a transcendental equation in

terms of unknown values 7, and 7;,,

C3a = C3b’
Ny 1 1
q2: lrf lE — In(rl)l — 17 IE — In(rp)H
N 1 N 1
+ qz—gBrlz lz - In(rl)l - qz—:rlz lz - In(rz)l (A22)

+

q;V:, lr,f [% — In(rn)l —7rf E — In(rZ)H =9, —¥,

= Vbi

Vii = W, =¥

- (A23)

where V,; is the equilibrium built-in electric potential of the junction. The built-in potential
is proportional to the energy barrier that diffusing majority carriers in the p-doped core and
n-doped shell must overcome to traverse the junction.

The electrostatic potential in the p and n-shell QNRs, (W, ¥y, ), respectively, is de-
termined from Fermi-Dirac statistics as per the procedure in Refs. 106, 107 (or Boltzmann
statistics where reasonable).

In the presence of a constant applied external electric field, the junction’s built-in elec-
tric potential is the superposition of the equilibrium built-in potential and the externally
applied potential V,.

Vi = Vo = (W, — ¥p,) =V (A24)

153


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

Matching solutions of C;g in Egs. (A20) and (A21), we obtain an expression for 7, in
terms of ,, given by Eq. (A25). Substituting Eq. (A25) into Eq. (A22) reduces Eq. (A22) to
a transcendental equation with a single unknown, 7;,. The resulting equation can now be
solved for the value of 13,. The solution is substituted back into Eq. (A25) to determine the

extent of the junction’s space-charge region.

- Cip, = Cip,

2
4

Ny N Npr N,
_q A (le—rpz)—q B 2=q D (Tzz—”f}%)—qz—B

2& 2& ! 2¢&

Ny N,
= %+ N_A (rf —13) — N—B (rf —17) (A25)
D' D'

The complete solution to Poisson’s equation is thus characterized by the set of values that
determine the extent of the depletion region throughout the junction (w = 1, — 13,), and

the values of the electric potential in the QNRs of the junction (¥, , ¥y, ).
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The particular solutions are thus,

]
0, 0<r<m,

qNAI]. 2 2
—2—8;(7‘ —rp), n, <r<n

qNp 1 2 2 qN 41 2 2\ 1

-\ry =T ——L (rec —r _
E(r)=1{ * P (=) =S (=) -
=Dl (r2—n)+ L (F—12)1, n<r<n

aNpr 12 _ .2
?;(T‘ —Tn), T'2<T'<T'n
kO, 1, <r<R
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.
‘Ppo, O<r< Ty
qN,r | 1
ZAl ( ) rpln< )l+‘}’p0, r,<r<mn
qN 41 ( 2 _ Tzz) [l + |n<L)l+
™
qNp|1 2 2 r
e [2( )+r1 In(rl>l+‘{’p0_
¥(r) =4 (A27)
qN

2

ANpr (12 _ 2 r
. Z(rz r)+rzln<r2>l+

%[rﬁln(%)—rﬂn( >+ (rn—rz)l+‘{’n0, n<r<r

aNpr|l 2 _ .2 2n( T
75(m—r)+rnln(a)l+‘{’no, R <r<t
\‘Pno, , <r <R

The electric field and electric potential and distribution solutions for a core-shell p-i-n

GaAs NW are shown in Fig. A2.

156


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

T
Vpi=1.465V a)

[kV-cm™1]

1 1
[0] 20 40 60
Radial Position [nm]

Figure A2: a) Electric field and b) electric potential distribution solutions for a GaAs p-i-n
junction with Ny = 5 x 108, N, = 1 x 10'°, d,, = 130nm, t,, = 20nm, t; = 15nm,
D = 200 nm. Vy, is the built-in potential of the junction.

Il. Continuity Equations

The minority carrier continuity equations are given by

on 1
E:a(V'Jn)-FGn—Rn (A28)
dp 1
Friaia (V-3,) + G, — R, (A29)

where q is the elementary charge, n and p are the minority electron and hole carrier con-
centrations, Gy, , are the minority carrier generation rates, and R,, ,, are the minority carrier

recombination rates. J, , are the corresponding minority carrier current densities given by

Jo = quunE + qD,Vn (A30)
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Jo = quppE — qD,Vp (A31)

where E is the electric field distribution, Dy, ,, are the minority carrier diffusion constants
and py , are the minority carrier mobilities. In the QNRs, the electric field is assumed to
be zero (E = 0,Vr € [0,7,] and [r,, R]). Thus, the first term in the current density drops
out, and only the diffusive term remains.

Under steady-state conditions, the LHS of Egs. (A28) and (A29) vanish, and the general

forms of the excess minority carrier continuity equations within the QNRs are

VZAn — BiAn = g, (A32)
VZAp — BilAp = g, (A33)
where
G =~
n,p Dn‘p
Rnp
= =p2 An,p
Dn,p np
g = 1
n,p Ln‘p

Lnp = / DppTnyp

where An = n — ng and Ap = p — p, are the excess minority electron and hole concen-
trations, L, ,, are their respective diffusion lengths, and 7, ,, are their respective minority
carrier lifetimes. ny and p, are the equilibrium minority electron and hole concentra-

tions, respectively. The minority carrier lifetimes, mobilities and diffusion lengths within
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the QNRs were computed as a function of the dopant concentrations (N4, Np). The minor-
ity carrier diffusion constants were determined from the minority carrier mobilities via the
Einstein relation. Material parameter values are listed in Tables Al to A7 in the following
sections.

By exploiting the azimuthal symmetry of the cylindrical geometry, and assuming car-
rier transport occurs purely along the radial direction, we can ignore variations along the
azimuthal 6 and axial z coordinates on the LHS of Egs. (A32) and (A33). The resulting
steady-state free electron and hole carrier concentration continuity equations take the

form of modified Bessel equations of 0™ order given by:

d?An N 1dAn  An G, _ (A34)
dr2 " rdr LZ D, = n

d?Ap 1dAp Ap Gp
== F_ A35
dr2 ~ r dr L3 D, 9p (A35)

a. Green’s Function Formalism

Green’s method is used to determine the solutions to the modified Bessel equations for the
general forcing function, g(z). The Green’s function is the system’s impulse response to
an inhomogeneous linear differential operator on the domain specified by the boundary
conditions. The ODE solution is the convolution of the Green’s function and the forcing
term. Thus, once the Green’s function is known, the solutions for any forcing term can be
obtained.

y=Gx*g (A36)

The original problem is first reformulated to yield a new sub-problem in terms of the
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Green'’s function, G (r, §). The sub-problem is constructed by applying the differential op-
erator to the Green’s function while setting the forcing term equal to an impulse § (r — &)

positioned at a point £ on the interval [a, b]:

L{y}=V2G(r,§) —BGC(r,§) =6(r—9) (A37)

The ODE solutions are constructed from the superposition of the impulse response and
a set of boundary terms. The set of boundary terms are given by S(r, £), as expressed in
Eq. (A38).
b &=b
y=[ 460,090 - [s0:0],_ (n38)
a =

The domain is divided in two sub-intervals, a < r < £ and ¢ < r < b, about the
point &, corresponding to regions of the domain in which r is less than, or greater than
&, respectively. The Green'’s function solutions are expressed according to Eq. (A40), for

which the solutions are obtained by solving Eg. (A39) in each sub-interval of the domain.

VZG(T, f) - ﬂG(T, f) =0 (A39)

us(r) asr<é§
G(r,$) = (A40)

us(r) é<r<b

The Green’s function must satisfy the boundary conditions of our original differential

equation?, and must be continuous at the point &. Its derivative must also be discontinuous

%j.e. on An and Ap.
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at &, as expressed in Egs. (A41) and (A42)08, respectively,

u| _ =us0)| _, (a41)
dG G|
| =lm— = — = —Wlug,us] (A42)
rl e T p®

where W [u_, us] is the Wronskian, and p is an arbitrary function of ¢.
Additionally, symmetry of the Green’s function in r and £ requires the Green’s function
satisfy Eq. (A43).
G(r,$)=G(ET) (A43)

The excess minority carrier concentration continuity equations are a special class of
second order linear differential equation referred to as Sturm-Liouville equations. As a
consequence, solutions to these types of differential equations can be constructed from
the superposition of a set of orthonormal basis functions. For the modified Bessel equa-
tion, the orthonormal basis functions are modified Bessel functions1%%1%8 Thus, within

the p and n-QNRs, solutions to Eq. (A39) take the form,

A (BT) + B(OK(Br) asr<¢
G(r,&) = (A44)

CIo(Br) + D($)Ko(Br) $<r=<h

where A, B, C, and D are constants with respect to r, and I; and K; are ith order modified
Bessel functions of the first and second kinds, respectively. The coefficients are obtained

by applying the corresponding boundary conditions in Egs. (A45) and (A48) for An and Ap,
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respectively.

p
lim |An(r)| < 00
r—-0
{ (A45)
av
kAn(r) rer, = no(e kBT — 1)
( av_
Bp()|,_, = pole*a™ —1)
3 (A46)
dAp
SpA =-D,—
\°p p(r)|r=R P ar r=R
,
lim |An(r, z)| <
r—0
{ (A47)
LAn(r, Z)|r=rp =0
.
Ap(r, z)|r=rn =0
4 (A48)
— _p 9p
k~S'pAp(r,Z)|T=R = —Dp—~ .

In the absence of exogenous carrier generation mechanisms the beta EHP generation

rates in Egs. (A34) and (A35) vanish. The resulting excess minority electron carrier concen-

tration distribution is given by Eq. (A49).

mo (ee(i) = 1)
R (A49)

An(r) =

The excess dark minority hole carrier concentration distribution is given by Eq. (A50).
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X

Bp(r) = po [exp(%) — 1| x|y~ (Byr) + {7 Ko (ﬁpr)]

. o1 (8oR) = 210 (8R)] [Ko(ﬁp(R —xl))l
4 ] (A50)

(5o (8,R) + 22, (5,)] Lo PR =300)

[k (8,R) + 32K (8,))
[Bp[l (ﬁpR) - ;_ZIO ('BPR)]

(=Ko (B (R—x1)) + Iy (By(R — x1))

The dark excess minority electron and hole diffusion current densities in the QNRs are

given by Egs. (A51) and (A52), respectively.

A 1 0=2m ,.z=L aAn
zZ

W 0=0 =0 " or r=ry (A51)
L T LA G))
L,R? kT Io (Bnry)
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- JG an d0dz) —qp, 22P
dark TL'RZ 0=0 r Z 14 ar

2qDylLry, qv
= —Wpolexp(ﬁ) -1

r=R—Xx1

X

X—lll(ﬁprn) - v—lKl(ﬁan)l (A52)
[ﬁph (B,R) + ;—’;Io (ﬁpR)]
[, (80) = 2216 (5,0
[ (50) - 2216 (5,0

[ﬁph (B,R) + ;_z o ﬁpR)] Io (By)

X= Io(ﬁprn) + Ko(ﬁprn)

v =K, (ﬁprn) +

Under short-circuit conditions the Green’s function in the p-QNR for the excess minor-

ity electrons takes the form given by Eq. (A53),

372 (Rt — Ky () J1o (B, 0 <7 <

G(r &) =+ (A53)

o (B) (’j;’(([f”:;’)))x

[fo(Bar) - (’j°((§n:p)))z<o @), f<r<n,

where 7, is the p-QNR width, and R is the NW radius.

Applying the same procedure in the n-QNR for the excess minority holes, we obtain
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the corresponding Green'’s function in Eq. (A54),

( .
v |G - 2 |, m<r<s
G(r, &) =<
=10 6,0
2P 15 (BpR)+Bpli (ByR)
_ |2 K , <R
L [%Ko(ﬁpR)‘BpKl(ﬁpR)] 0 ('Bpr)l fers

Io (8,8) - 2Bl e, (8, ¢) (A54)

Ko(BpTn) °
z_zlo(ﬁpR)wp’l(ﬁpR)] lo(Bprn)

;—ZKO (BpR)—BpK1(BypR) ~ Ko(BpTn)

X:

52 10(BoR)+Bpl (ByR)

fo (,Bpf) - [%%(ﬁpﬂ‘ﬂp&(ﬁp@] % (ﬁpg)

[%M%mwm@Mq_mWMJ

Z_ZKO(ﬂpR)_ﬁpKl(ﬂpR) Ko(Bprn)

)/:

where 1, is radial position of the edge of the n-QNR. Applying Eq. (A38) to Egs. (A53)

and (A54), yields the excess minority electron and hole concentration distributions Eqgs. (A55)
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and (A56), respectively.

Ap(r) = x[a(b—{)+c(v—d)]

_9p 1
Bp x—v)
a =1y (Bpr) — xKo (Bpr)
b =r(L(Byr) + YK (By7))
¢ =1y (Bpr) — Ko (Bpr)

d=r (11 (ﬁpr) +vKq (ﬁpr))

(A55)
v =R(1, (B,R) +vK: (B,R) )
(= 7"n(ll (ﬁprn) +vh (ﬁprn) )
y = lo (ﬁprn)
KO (ﬁprn)
320 (BoR) + Bt (,R)]
[Z_ZKO (ﬁpR) - ﬁpKl (IBPR)]
An(r) = —‘Z—”y-l x {m Bur)|lo(Bar) — YKo (Bur) |-
rlo(Bar)| 1 (Bar) + vy (Bar) |+
(A56)

110 (Bnt) [Il(ﬁnrp) + VKl(ﬁ"rp)]}

_ Iy (,Bnrp)
Y= Koy

The excess minority carrier short-circuit current densities within the QNRs are obtained
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using the same procedure in Eq. (A51) and Eq. (A52).

1 0=2m ,.z=L dAn
ﬁ: = m o fZ:O rd@dz anW o,
2 2
- Z—?[m Buty) + Ky (Bary) o)
% % X { [~ (@(=L)"] ¥ xT (% —(—La)“)}
y = KO (ﬁnrp)
Iy (,Bnrp)
rp 1 0=2m ,z=L aAp
D= —z - Lzo rdfdz _quW -
24Ty (= Ol (Byr) + vy = xOKy (By7i) B
g at ey e
|21 (B,R) + o1y (8,R)]
= (A58)
[;_ZKO (ﬁpR) B :BpKl ('BpR)]
_ Iy (ﬁprn)
Ky (.Bprn)

¢ =11y (Byr) + vEx (i) |

v =R|1, (B,R) + xK1 (B,R) |
where I' is the incomplete gamma function. The stretched exponential EHP generation
rate for the 2D source configuration was used to obtain the forms of Eqgs. (A51) and (A52).
The generation currents within the depletion region take the form given by Eq. (A59).

They are characterized by the linear EHP generation rate G (x),

2
dep — #ﬂf dVG = R—Zﬂ rdrdzG (A59)
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G, exp ( — (ax)’ ), 2D source above NWs
G(x) = (A60)

G(R), 3D source in between NWs
where x was taken as the axial coordinate for the 2D source geometry and the radial
coordinate for the 3D source geometry, respectively. In these equations, a represents
the semiconductor’s absorption coefficient. The constant EHP generation rate for the 3D
source configuration was obtained by evaluating the stretched exponential expression for
the 2D source geometry’s EHP generation rate at a penetration depth equivalent to the

NW radius R.

lll. Bandgap Narrowing

At elevated levels of impurity concentration, the overall symmetry of the crystal lattice
becomes disrupted by the presence of impurity atoms. As these impurity atoms integrate
into the host lattice, they introduce an underlying sub-symmetry, consequently disturb-
ing the overall lattice symmetry. This disruption can lead to the formation of impurity
bands of states, distinct from the conduction and valence bands, where charge carriers
can participate in conduction. At high dopant concentrations, the dopant impurity states
within the bandgap become delocalized. Sufficient delocalization of these impurity states
results in the overlapping of their wavefunctions, forming what we refer to as 'impurity
bands’. The presence of these impurity bands distorts the parabolic nature of the energy
bands due to fluctuations in the density of states (DOS) resulting from the random distribu-
tion of high dopant impurity concentrations. Consequently, the DOS distribution becomes

directly contingent on the impurity concentration, thereby impacting the crystal’s band
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structure. Hence, the energy bandgap within the crystal undergoes alterations.
Bandgap narrowing — denoted AE; — in Ill-V materials was modeled using the semi-

empirical formula Eq. (A61), presented by Jain et al.*10,

1
2

1 1
AE, = AN3 + BN + CN (A61)
where N is the net dopant concentration, and 4, B, C are fitting parameters.
Table Al: Bandgap narrowing formula parameters for 111-V materials1°.
Semiconductor AX10™° Bx 1077 Cx 10712
eVem™3 eVem™3  evem3
n-GaAs 16.5 2.39 91.4
p-GaAs 9.83 3.90 3.90
n-GaP 10.7 3.45 9.97
p-GaP 12.7 5.85 3.90
104

The bandgap narrowing of Si was computed using Slotboom’s empirical formula**%,

AE, = E' x| N In” N C%
g = x{n(N—0>+[n (N—0>+l} (A62)

where E’, N, and C are fitting constants, and N is the net impurity dopant concentration.

Values of the fitting constants are listed in Table A2.
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Table A2: Slotboom bandgap narrowing parameters%.

N, E ¢

-3

cm meV -

1x10Y 9.0 0.5

The increase of the intrinsic carrier concentration is a concomitant effect of bandgap
narrowing in semiconductors3®. The intrinsic carrier concentration, n;, is incremented by

the square root of a Boltzmann factor of the magnitude of the bandgap shrinkage.

n2 (N,T) = n2 (T) exp [—qAEg V) (A63)
eff 0 kBT
2 [_qu l
n; (T) = N(T)Ny(T) exp (A64)
kT

The conduction and valence band effective density of states, N. and N,,, respectively,

were computed according to the formulae provided in the NSM Archive for GaP, GaAs and

Si 111
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IV. Carrier Mobility

Dopant-dependent low-field carrier mobility values were computed using the models pre-
sented by Arora3® and Sotoodeh??, for Si and the IlI-V materials, respectively. Fitting pa-

rameters for Egs. (A65) and (A66) are listed in Tables A3 and A4, respectively.

Ho

t (N, T) = Upmin + e (A65)
1 + (Nref>
Table A3: Si mobility fitting parameters>°.
Semiconductor Minority Carrier Henin Uo N, Xx10Y «
cm™2Vist  cm2vist cm™3
Si Electrons 88.3 1241.8 1.295 0.891
Holes 54.3 406.9 2.35 0.88
)
300K\ !
Hmax T — Hmin
MIII—V (N' T) = .umin + A (A66)
1 N
+ . 7,
N -
ref (3001{)

The minority carrier mobilities were related to the minority carrier diffusion constants
via the Einstein relation,

Dpp=—HUnp (A67)

171


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

Table A4: GaP and GaAs mobility fitting parameters“°.

Semiconductor Minority Carrier Hrmax Uenin N X 107 2 0, 6,
cm?2Vvist em2visTt cm™3
GaAs Electrons 9400 500 0.6 0.394 2.1 3.0
Holes 491.5 20 1.48 0.38 2.2 3.0
GaP Electrons 152.5 10 44 0.80 1.6 071
Holes 147 10 10 0.85 1.98 0

V. Minority Carrier Diffusion Length and Carrier Lifetimes

The dopant-dependent minority carrier lifetimes in the QNRs were computed using the

fitting function Eq. (A68) in Refs. 39, 41 for Si and GaAs, respectively.

To

m (A68)

Nief

T(N) =

The minority carrier diffusion lengths in the GaP QNRs were computed using Eq. (A69)
from Ref. 37.

LNy = — 20 (A69)
1+ (Nll\"ef)

Table A5: Si and GaAs minority carrier lifetime fitting parameters 3941,

Semiconductor

Minority Carrier 7o N, X 10Y7
s cm™3
GaAs Electrons 1 0.1
Holes 0.02 20
Si Electrons 17 0.017
Holes 395 0.071
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Table A6: GaP minority carrier diffusion length fitting parameters?”.

Semiconductor Minority Carrier Ly N, X 107 d
Hm cm3
GaP Electrons 0.0503 0.0345 0.08734
Holes 0.001 6.78 2.239

VI. Carrier Recombination

a. Shockley-Read-Hall Recombination

Shockley-Read-Hall (SRH) recombination is a non-radiative recombination process medi-
ated by deep level traps residing within the bandgap. This phenomenon was first inves-
tigated by Shockley, Read and Hall in 19522 and has since been shown to be one of
the primary non-radiative recombination processes occurring within semiconductor ma-
terials. SRH recombination reduces the material’s radiative efficiency by promoting non-
radiative carrier recombination and consequently the minority carrier lifetimes, via the
localized (charged) deep centers. These highly localized deep centers can compensate
shallow dopant states, and thus reduce the carrier concentration as a consequence. Deep
centers also act to effectively reduce the carrier mobility as a consequence of scattering 3.
In a p-n junction, the reduction of the carrier mobility due to the high concentration of im-
purity atoms increases the minority carrier’s likelihood of interaction with the localized
charged states. This decreases the likelihood of minority carriers diffusing within the vicin-
ity of the space-charge region where they can be swept across the junction by the built-in

electric field.
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Sah et al.'3 demonstrated the recombination rate reaches a maximum value when the
Fermi level crosses the midpoint of the forbidden energy gap. The recombination current

density was determined by:

2
OnOpVen Ny (pn —n;)

Uspn = (A70)

ET—E; E;i—E
anln + nexp( ;BT )l + 0, lp + niexp(?:)l

where g, ,, are the minority electron and hole capture cross-sections, respectively, N7 is
the trap state, n; is the intrinsic carrier concentration, Er is the trap state energy, E; is the
intrinsic Fermi level, vy, is the thermal velocity, given by Eq. (A71). Due to variability in
effective mass values, the electron rest mass mg was used in place of the effective mass
114,115

as conventional convenience

1

3kpT 1 \2
Ve = — (A71)
q my

The maximum recombination rate due to Shockley-Read-Hall recombination in the

space-charge region is given by Eq. (A72)116-118;
n; sinh( i4 )
max 2kgT
Usgh = (A72)

Vemam|oe(557) + 1]

The volume of maximum recombination is determined by a characteristic collection
length, L., about the point of maximum recombination in the depletion region r* (V).
These points (rl*(V),rZ*(V)) define the volume about the point within the depletion re-
gion for which the recombination rate is maximized:

T kgT w((V
L TheT (V)
3 q Vi = V)

(A73)
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lPpo
r*(V)=n() + v w(V) (A74)
bi

rn(V)=r"(V) - L.
(A75)

(V) =r"(V)+L.
where w(V) is the depletion region width.
The electron and hole minority carrier lifetimes, in the space-charge region (7, Tp,),
are determined by the density of trap states within the space-charge region, Ny, and the

corresponding carrier capture cross-sections gy, ,, via the relationship:

1

_ (A76)
OnpVin Nt

T"o,po =

The values of g, ,, for Si, GaP, and GaAs were taken from Refs. 111, 119.

b. Auger Recombination

Auger recombination is a non-radiative recombination process involving three carriers. In
such instances, the excess energy released from the annihilation of an EHP is transferred
to another carrier within the same band in lieu of the emission of a photon, giving rise to
the intra-band excitation of the recipient carrier. The excited carrier will subsequently go
on to return to thermal equilibrium with the lattice via the emission of phonons within the
lattice. Due to the necessity of three participating carriers, the likelihood of Auger recom-
bination events is notably low unless substantial carrier densities are present in the crystal.
Numerous factors including temperature, dopant impurity concentrations, and device ge-

ometry, can influence the conditions required to induce Auger recombination processes.
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However, materials capable of supporting high carrier densities are more susceptible to
Auger processes due to the increased likelihood of multi-carrier interactions. The effects
of Auger recombination on carrier transport, and ultimately device performance, are often
second-order effects for typical devices, and are hence rarely the limiting mechanisms in
device performance.

The maximum Auger recombination rate in the space-charge region was determined by
applying a similar procedure to the procedure used for the determination of the Shockley-

Read-Hall recombination rate 1.

Upug = Cpp*n + Cyn®p (A77)

qV . qv
Ume = 4n? ’Can exp(kTT) sinh (2k3T> (A78)

where C, ,, are the minority electron and hole Auger coefficients, respectively.

c. Radiative Recombination

Radiative recombination events are characterized by the emission of a photon when an
electron occupying an excited state within the conduction band relaxes back to valence
band and annihilates a hole. This process is highly dependent on the alighment of the con-
duction band minimum and valence band maximum in reciprocal (i.e. crystal-momentum)
space, which determines the direct or indirect nature of the energy bandgap. Indirect
bandgap materials often have low rates of radiative recombination. Of the materials in-
vestigated, GaP and Si are both indirect bandgap materials, whereas GaAs is a direct gap

material.
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The radiative recombination rate within the space-charge region is given by1®

v
Uag = Bn? [exp (liTT) - 1] (A79)

where B is the radiative recombination coefficient.

d. Recombination Parameters

The recombination coefficients for each material are summarized in Table A7.

Table A7: Auger, radiative, Shockley-Read-Hall and surface recombination parameters for
GaP, GaAs and Si.

Semiconductor C, X 107%° C, x1073° B x107% Ny op X107 g, x10" S,

-1 -3 2 2

cm-s cm-s cmes cm cm cm cms

GaP 1 1 1 2 x 1016 2 2 10%
GaAs 0.15 2 103 8 x 1013 1 1 103
Si 0.28 0.099 0.11 8 x 1013 1 1 10

VIl. Radioisotope Source Parameters

The emitted power of a radioactive source depends primarily on the source mass and the
geometry of the source3®, whose effects are realized via self-absorption and the directional
dependence of the source, respectively. Planar-source devices in which the semiconduc-
tor contacts only a single side of the beta emitter, often suffer from high directionality
losses due to the isotropic radioactive emission pattern of the beta source. The decaying

radioisotope source radiates equally in all directions. In this way, at most, up to 50 % of
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the beta electrons emitted from a slab source can be captured by the semiconductor, im-
mediately limiting the upper-bound source efficiency to 50 % for single-sided betavoltaic
devices employing a slab source. The directional efficiency of a (one-sided) slab source
can be modelled by a geometric form factor as expressed in Ref. 21, 36. Self-absorption
refers to the phenomenon where radiation emitted by a decaying radioisotope is partially
re-absorbed within the radioisotope material itself. This effect becomes more significant
as the thickness and mass of the radioisotope material increase, leading to a higher likeli-
hood of interactions between the emitted radiation and the surrounding source material.
By reducing the source activity, self-absorption therefore reduces the amount of power
that can be collected from a source. In conjunction, self-absorption and directional losses
have been shown to be responsible for over 80 % of source efficiency losses3®.

Another prominent loss mechanism within radioisotope sources is backscattering, in
which emitted beta particles are redirected back towards the emission source from within
the target medium. Backscattering results from collisions between the beta particles and
the surrounding medium. It is more pronounced at low incident beta electron energies, as
well as within higher-density host materials, due to the increased probability of scattering.
Reducing the source film thickness as well as selecting lower-density source materials can
help to mitigate backscatter losses.

Various techniques have been investigated to address source efficiency losses in pla-
nar betavoltaic devices. Modifying the device structure, and optimizing the source output
characteristics have proved to be the most common approaches used. Layered device
structures consisting of alternating films of source material and semiconductor layers is a
commonly used approach to overcome the directional losses of planar sources and achieve

greater source input power densities36:30:120.121 ' Be|ghachi et al. addressed these issues

178


http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/ece

Ph.D. Thesis — Amanda Thomas McMaster University — Engineering Physics

using metal beta particle reflectors films3® to simultaneously reduce back-side emission of
beta particles and enhance front-side emission of beta particles of planar sources used in
single-sided betavoltaic devices.

Radioisotope material properties are listed in Table A8. The EHP generation rate was
determined by integrating the product of the stopping power and radioisotope energy
probability distribution over the energy. EHP generation rate profiles for GaP are shown

in Fig. A3.

Table A8: ®Ni radioisotope properties!.

Radioisotope Specific Activity Density E

Cig™? gem™3  keV
O3N; 56.03 8.908 17.45
1016 _!9 ° ® o o GQQEQ —
‘,I__' 10’]5 L _
»
E 10+ -
S e EHP Gen. Rate .
Fit H
10" 1 | | L
107" 100 10"
Depth, [um]

Figure A3: EHP generation rate distribution in GaP as function of penetration depth x. The
fit (green dashed curve) was generated according to a stretched exponential distribution

— G(x) = G, exp(_(ax) ) — with parameters: @ = 638cm™1, G, = 9 x 10> ecm™3s71,
v=23.
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VIIl. Simulation Program Flowchart

Initialise semiconductor
material parameters.

Initialise total nanowire diameter and height arrays (d, 1).

0 = d[k]

Initialise nanowire p-core diameter, and shell
thickness meshes.

©p, Ty, T1)
m = len(Dp)
n = len(Ty)

= 0pli, 3]
th = Ty, 5]
ty = Trli,§]

Solve PE for current NW morphology.

9(rIV, dp, tn, ti),
ECrIV, dp, tn, t1),
rprlV, dp, th, t1),
ralriv, dp, tn, t1)

Initialise
source parameters.

Calculate J(V) for current N
morphology.

JWVIL, dp, tn, ti, Pinltsre))

Compute energy conversion efficiency from J(V).

Jse(dpitn), Voc(dp,tn), FF(dp,tn), N(dp,tn),
Jnp(dp.tn), Vmp(dp, tn), Pmp(dp, tn)

> jo
T J
v
i>n? i=e,
i
v

|

Plot energy conversion efficienc
parameters s 8 function of (dy, tn).

Jser Vo, Fill Factor, n, Jmp, Vmp, Pmp

|

Write sinulation output
data to text file.
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IX. GaAs and Si Betavoltaic Device Simulation Results

Jse» Voo FF, 17 surface plots for the best GaAs and Si devices are shown in Figs. A5 to A8.

a) [pA-cm=2] b) vl
4.080 4.028 9.580 0.5712
4.000 3.952 0.560 0.5544
Jse i'iig 3.876 Voo 0.540 0.5376
3.760 3.800 0.520 0.5208
0.500
100 W3.724 100 [ ©.5040
40 40 80
30 80 30 60
20 60 20 40
10 59 *° 10 20 dy [nm]
t, [nm] dp [nm] t, [nm] p Lnm
d
©) ) [%]
0.784 7.021
7.0
0.78 5 6.608
Fill 0.756 N 6.5
.75 , . ’
Factor Efficiency 6.195
0.72 0.728 6.0
0.69 0.700 5.5 5.782
40 100 0.672 40 100 5.369
30 80 30 80
20 60 20 60
10 40 10 40
to [nm] 20 d, [nm] t, [nm] 20 dp [nm]

Figure A5: Simulated GaAs betavoltaic devices for a 3D source configuration with proper-
ties a) /. b) V¢, c) FF, d) efficiency. Ny = 10 cm™3, Np = 5x10%¥ cm™3, D = 200 nm,
L=10um,d :p =0.4.
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a) [nA-cm™2]
56.800 56.28
56.000 55.61
Jsc
55.200 54,94
54.400
53.600 S4.27
210 4 53.60
t, [nm] d, [nm]
c)
0.8004
0.80 0.7917
. 0.79
Fill 0.7830
Factor 0.78
0.77 0.7743
0.76 0.7656

b) vl

0.54737
0.54610
0.54483
0.54356
0.54229

d)
[%]
0.946
0.950
" 0.925 0.924
Efficiency 0.900 0.902
0.875 0.880
210 480 M0.858
120 240
90 160
t, [nm] dp [nm]

Figure A6: Simulated GaAs betavoltaic devices for a 2D source configuration with proper-
ties a) Js. b) V¢, ¢) FF, d) efficiency. Ny = 102 cm™3, N, = 5x 108 cm™3, D = 900 nm,

L=1pm,d:p =0.9.

a) [pA-cm2]

4.650
4.640 .619
Jse 4.600 .588
4.560 557

4.520
.526

40
32 2019
24 60
16 40
8 20

t, [nm] dp [nm]

N

c)

0.6109
0.615

0.5960
Fill 0.600

Factor 0.585 0.5811
0.570

0.555 0.5662

4 0.5513

0., 8@100
24 60
16 40
8 20

t, [nm] dp [nm]

b)

[v1
0.2822
0.280 0.2739
0.270 0.2656
oc
0.260 0.2573
0.250
0.2490
8 20
t, [nm] dp [nm]
d)
[%]
3.078
3.0 2.916
N, 2 .
Efficiency 2.754
2. 2.592
2.
2.430
40
32 8010@
24 60
16 40
8 20
t, [nm] dp [nm]

Figure A7: Simulated Si betavoltaic devices for a 3D source configuration with properties
a) Jsc b) V¢, ) FF, d) efficiency. Ny = 10 cm™3, N, = 5x10¥cm™3, D = 200nm,

L=10um,d : p = 0.4.
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a) b) v]
0.2415
66.000 0.240 0.2254
65.500 0.220 0.2093
Jse 65,000 Voo g.200 0.1952
64.500 0.180 0.1771
0.1610
80 160
ty [nm] dp [nm] t, [nm] dp [nm]
c) d) %]
0.612 0.36
0.60 0.578 0.35 0.32
Fill n,
Factor 0.56 0.544 Efficiency 0.30 0.28
0.52 0.25
0.510 0.24
0.48 0.20
0.476 0.20
200
160 329400 160 32@400
120 80 240 120 I, 240
160 160
t, [nm] dp [nm] t, [nm] d, [nm]

Figure A8: Simulated Si betavoltaic devices for a 2D source configuration with properties
a) Jsc b) V., ) FF, d) efficiency. Ny = 10 cm™3, N, = 5x10¥cm™3, D = 900 nm,
L=1pm,d:p =0.9.

a) b) [%] c)

0.0696 0.01536
10 0.066 0.0638  p.g150 0.01408
" LI 0.060 0.0580  0.0135 0.01280

Efficiency 0.8 . .0120
v 0.054 0.0522 ° 0.01152

0.7 0.048 0.0105
0.6 0.042 0.0464 0.01024

t, [nm] dp [nm]

Length

Figure A9: Efficiency as a function of the NW p-core diameter and n-shell thickness for
simulated 2D source geometry GaP betavoltaic devices. The NW length was varied from a)
1umb) 5 um c) 10 um, while the NW diameter, dopant concentrations, and diameter-pitch
ratio were fixed at D = 900 nm, Ny, = 10 cm™3, N, = 5x10¥cm™,andd : p = 0.9,
respectively.
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X. Sample Preparation and Device Fabrication Procedure Sup-

plementary Information

a. BHF Etch Rate Calibration

The SiO, etch rate was determined from a series of BHF etches. 51.24 nm of SiO,, was de-
posited on a (111) Si substrate. The wafer was cleaved into 6 pieces. Five wafer pieces
were etched for 5s, 10s, 15s and 25s, respectively. The remaining unetched wafer piece
served as a reference calibration sample. The resultant oxide film thicknesses were mea-
sured by ellipsometry, and are summarized in Table A9. An average etch rate of 0.722 nm/s

was calculated from the data points in Fig. A10.

Table A9: Ellipsometry measurements of film thickness and etch depth vs etch time. Etch
depths were calculated from the reference sample oxide thickness of (51.240 + 0.004) nm.

Etch Time Oxide Thickness Etch Depth

(s) (nm) (nm)
0 51.240 £ 0.004 0

5 44.910 £ 0.005 6.33
10 42.510 £ 0.007 8.73
15 40.570 £ 0.006 10.67
20 34.940 + 0.009 16.3
25 32.830 £ 0.009 18.41
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Figure A10: Etch depth vs etch time. An etch rate of 0.708 nm/s was calculated from the
linear fit.

b. RIE Etch Parameters

Table A10: BCB RIE back-etch recipe.

Parameter Value

RF Power (W) 50

Chamber Pressure (mTorr) | ~ 460

CF,4 (sccm) 35.8

0, (sccm) 5.4

N, (sccm) 1.8
Water-cooling Yes
Etch Rate (nm/min) 26.2
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¢. Magnetron Sputter Deposition Parameters

Table A11: ITO sputter deposition parameters.

Parameter Value
Ar flow rate (sccm) 5
Base pressure (Torr) 9.42 x107®

Deposition pressure (mTorr) 1.8-1.9

Deposition rate (A/s) 1.3
Forward RF power (W) 55
Reflected RF power (W) 0

Tooling factor 160
Water-cooling Yes
Sample rotation setting 5
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Table A12: Au sputter deposition parameters.

Parameter Value
Ar flow rate (sccm) 5
Base pressure (Torr) 2.12x 107
Deposition pressure (mTorr) 3.8-3.9
Deposition rate (A/s) 0.5
DC voltage (V) 385
DC current (mA) 95
Tooling factor 183
Water-cooling Yes
Sample rotation setting 5

Table A13: Al sputter deposition parameters.

Parameter Value
Ar flow rate (sccm) 5
Base pressure (Torr) 2.33x107°
Deposition pressure (mTorr) 2.3-3.3
Deposition rate (A/s) 1.4
Forward RF power (W) 55
Reflected RF power (W) 0
Tooling factor 160
Water-cooling Yes
Sample rotation setting 7
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Table A14: Sputtering target material properties.

Material Density (g/cm3) Z-ratio Sputter Type

Al 2.7 1.08 RF
Au 19.3 0.38 DC
ITO 7.1 1.00 RF

XI. Input Power Density Calculations

When unrolled, the cylindrical foil can be approximated as a planar source, as detailed in
Chapter 2. For a uniform isotropic emission of § particles from the foil surface, a maximum
of approximately 50 % of the emitted flux theoretically contributes to energy conversion,
though practical considerations significantly reduce this fraction.

In the cylindrical configuration, the emission geometry becomes more complex. Beta
particles emitted in upward and downward trajectories may escape through the cylinder’s
openings, while others undergo absorption or scattering events at the inner cylinder wall.
To establish an upper bound for the input power density, we developed a first-order ap-
proximation based on the cylindrical geometry of the ®3Ni source. This approximation
considers the fraction of  particles escaping through the bottom opening of the cylinder.
Since the emission is assumed to be isotropic, the distribution of emission points is effec-
tively uniform along the cylinder’s height. The average emission height of all these points
is at the geometric midpoint of the cylinder. The fraction of escaping s should be pro-
portional to the fraction of the total available space through which they can travel without
hitting an obstruction. Given 8 particles travel in all directions from the source, their abil-

ity to escape should thus be proportional to the solid angle subtended by the opening at
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a point z directly above the center of circular opening.

Using the solid angle approximation in spherical coordinates, for (Z = %), fesc is found

to be:
2 60 P
fo fo sin@'do’'d¢
fesc = o
0
27‘[[ — cos 9']0
- 2T
=1-—cosf
z
=1- R —
d
372+ (3) (A80)
h
=1- 2
h\2 d\2
) +(5)
5.35mm
=1-
\/(5.35 mm)” + (3.29 mm)®
=14.82%
corresponding to:
fescPoE
Py = o
_0.1482 X ¢E
B rdh
_ 0.1482 x 12.15 x 1073 Ci x 3.7 x 1010 Bq/Ci X 17.45 X 103 x 1.602 x 1071° J/beta
B 7 X 0.658 cm X 1.070 cm (ABT)
= 84.13nW/cm?

The use of the solid angle method to estimate f . is justified by established princi-

ples in radiation transport?2. In Ref. 122, Jaffey states that for an isotropic source, the
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solid angle subtended by an aperture directly determines the fraction of emitted radiation
that escapes through it. This principle underpins our approach, where the fraction of
particles escaping through the bottom opening of the cylinder is estimated using the solid
angle subtended by the aperture. While the solid angle is not expressible in closed form

122 it simplifies when the source is on the axis of the

for an arbitrarily positioned source
circular aperture. For off-axis sources, the solid angle expands into an infinite series, re-
quiring numerical methods for evaluation. Given the complexity of such calculations, we
adopted the simplest applicable case by assuming an effective emission height (0 < z < h)
along the central axis, approximated as z = g This ensures that the problem remains an-
alytically tractable while capturing the spatial distribution of emission. Since f particles
originate from the inner surface of the rolled foil, averaging over this distribution leads to a
central axis approximation, making the use of a single effective source height reasonable.

Thus, the solid angle approach provides a physically meaningful and reasonably-justified

approximation for determining f o..
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