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Abstract

This thesis explores the growth of hybrid semiconductor-superconductor nanowire (NW),
which is considered as a potential material platform to host topologically protected
Majorana fermions. Considering the requirements of strong spin-orbit interaction and
large Landé-g factor, first, InAs and InSb semiconductor NWs are investigated using
molecular beam epitaxy. Au catalyst assisted InAs NWs are directly grown from the InAs
substrate, whereas InSb NWs are grown with a stem. Post growth structural analysis
exhibits a wurtzite structure for InAs NWs and a pure zinc-blende structure for InSb
NWs. Hybridization of these NWs are performed with Al and Sn superconducting films.
To confirm the high interface quality, thin film deposition is executed in situ, right after
the NW growth. With optimized growth conditions, uniform Al film is exhibited on both
InAs and InSb NWs. Furthermore, a homogeneous Sn film is achieved on InSb NWs.
However, under the same growth conditions, Sn film remains dewetted islands on InAs
NWs due to the high interface energy density. Besides, structural analysis of Sn film
displays @ — Sn phase domination in the presented growth conditions. On the other hand,
the electrical measurements of the Sn film manifest superconducting transitions around
3.9K or higher. It is presumed that the superconducting f — Sn phases proximitized the
neighboring o — Sn phases during the measurements.

Epitaxially grown superconductors with in situ shadowed junctions on InAs, InSb and
InAs;_xSby NWs are shown next. The junction formation on the NW is studied as a
function of interwire distances. It is found that, the morphology of the junction is
directly dependent on the flux distribution, shadow geometry and material kinetics of
the deposited film. With three deposited metal films (Al, Sn and Pb) on the NWs, the
kinetic effect on the junction edge sharpness is investigated. Furthermore, the correlation
between junction morphology and their electrical performance is examined. It is shown
that the sharp-edge junctions exhibit high transparency with quantized conductance for
all three NWs. In addition, a statistical comparison of shadowed and etched junction
devices is presented, where the shadowed ones reveal better electrical performance.

In the last stage, the growth of quantum nanowire networks is presented with InAs,
InSb, and InAs;_,Sby NWs. The emergence of a network is highly dependent on the Au
catalyst position. With optimal growth conditions, the formation of InSb and InAs;_Sby
nanocrosses are shown. The growth dynamics of the nanocrosses are explained as a
function of time-dependent axial and radial growth. Structural analysis of the nanocross
demonstrates the single-crystalline zinc blende phase. By tuning the catalyst position,
growth of InSb nanoplate and nanobridge structures are also shown, where the merging
position plays a crucial role. In contrast to the Sb-based networks, reduced radial growth is
observed in InAs networks. Thus, the final structure is driven by the axial growth. Varying



the distance of the Au positions, V-shaped, T-shaped and y-shaped junctions are created
with InAs NWs. Unlike Sb-based networks, structural analysis of the InAs networks
demonstrates a crystal phase change in the merging point. Finally, an in situ shadowing
process for patterning nanocrosses is developed, exhibiting a material platform for NW
based multi-terminal Josephson junction.



Sammenfatning

Denne afthandling underseger veeksten af hybrid halvleder-superleder nanowires (NWs),
der betragtes som en potentiel materialeplatform til at veere veert for topologisk beskyt-
tede Majorana fermioner. I betragtning af kravene til steerk spin-orbit-interaktion og stor
Landé-g-faktor undersoges forst InAs og InSb halvleder-NWs ved hjaelp af molekylaer
stréleepitaksi. Au-katalysator-assisterede InAs NWs dyrkes direkte fra InAs-substratet,
mens InSb NWs dyrkes med en stamme. Strukturanalyse efter veekst viser en wurtzitestruk-
tur for InAs NWs og en ren zinkblende struktur for InSb NWs. Hybridisering af disse
NWs udferes med Al- og Sn-superledende film. For at bekreefte den hgje interface-kvalitet
udferes tyndfilmaflejring in situ lige efter NW-veeksten. Med optimerede vaekstbetingelser
vises ensartet Al-film pa bdde InAs og InSb NWs. Desuden opnas en homogen Sn-film pd
InSb NWs. Imidlertid forbliver Sn-film under de samme veekstbetingelser som fugtede oer
pé InAs NW’er pd grund af den hgje energiteethed for overfladerne. Desuden viser struk-
turanalyse af Sn-film o — Sn fasedominering for de praesenterede vaekstbetingelser. Pa den
anden side viser elektriske malinger af Sn-filmen superledende overgange omkring 3.9K
eller hgjere. Det formodes, at de superledende f — Sn faser proximiterede de tilstedende
a — Sn faser under méalingerne.

Epitaksialt dyrkede superledere med in situ skyggede kryds pa InAs, InSb og InAs;_,Sby
NW vises derefter. Krydsdannelsen pd NW studeres som en funktion af interwire-afstande.
Det viser sig, at krydsets morfologi er direkte atheengig af fluxfordeling, skyggegeometri
og materialekinetik af den deponerede film. Med tre aflejrede metalfilm (Al, Sn og Pb) pa
NWs undersgges den kinetiske effekt pa krydskantens skarphed. Desuden undersoges
sammenhangen mellem krydsmorfologi og elektriske egenskaber. Det er vist, at de
skarpe kryds udviser hej gennemsigtighed med kvantiseret ledningsevne for alle tre
NWs. Derudover praesenteres en statistisk sammenligning mellem skyggede og setsede
forbindelsesenheder, hvor de skyggede udviser bedre elektrisk ydelse.

I den sidste del praesenteres veeksten af quantum nanowire-netveerk med InAs, InSb og
InAs;_Sby NWs. Fremkomsten af et netveerk er meget afheengig af Au-katalysator posi-
tionen. Med optimale veekstbetingelser vises dannelsen af InSb og InAs;_,Sby nanokryds.
Veekstdynamikken i nanokrydsene forklares som en funktion af tidsafheengig aksial og
radial veekst. Strukturel analyse af disse nanokryds demonstrerer den enkeltkrystallinske
zinkblende-fase. Ved indstilling af katalysatorpositionen vises vaekst af InSb nanoplade-
og nanobro-strukturer, hvor den fusionerende position spiller en afgerende rolle. I
modseetning til de Sb-baserede netveaerk observeres reduceret radial veekst i InAs-netveerk.
Sédledes drives den endelige struktur af den aksiale veekst. Ved variation i afstanden fra
Au-positionerne oprettes V-formede, T-formede og Y-formede kryds med InAs NWs.
I modseetning til Sb-baserede netveerk viser strukturanalyse af InAs-netvaerkerne en



krystalfasesendring i fusioneringspunktet. Endelig udvikles en in situ skyggeproces til
menstring af nanokryds, der udger en materiel platform til NW-baseret multi-terminal
Josephson-kryds.
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Energy spectrum and topological phase transition of hybrid nanowire. a,
Schematic of the semiconductor-superconductor hybrid NW. Here the NW is
positioned in the x-direction. The spin-orbit interaction is along the z-direction
and the magnetic field is applied in x-direction perpendicular to the spin-orbit
interaction. b, The dispersion relation of energy as a function of momentum in
a one-dimensional system, which is a simple parabola. ¢, The second term of
the Hamiltonian, where spin-orbit interaction is introduced to the system. It
splits the band depending on the spin-polarization with a spacing ksp = ma
in the K-axis and also moves the energy level down to Eso = “5-, as indicated
in the image. d, Magnetic field B is introduced to the system, which opened a
Zeeman energy gap, Ez at K=0, indicated in the image. The spin-polarization
direction will be determined by the momentum [40]. e, Superconductivity is
induced in the system, as a result, a superconducting gap is opened between
the bands. Here Zeeman energy is smaller than the gap size, hence the system
is in the trivial superconducting phase. f, The magnetic field further increased
resulting in the increased Zeeman energy. The transition point when, Ez = A,
the superconducting gap closes. The closed spectrum in particle-hole band is
linear forming a Dirac cone, which leads to the Berry-phase cancellation [42,
43]. g, If the magnetic field is high enough to reach Ez > A, the gap reopens
and the phase transition from trivial to topological superconductivity happens.
Here the gap size, Eg = 2(Ez — A) [45]. Although it’s difficult to visualize,
the re-opened gap is actually an inversed gap (negative gap). The idea of the
schematic is adapted from Ref. [40,45] . . . . .. .. ... .. .. ... .....

Molecular beam epitaxy. a, MBE system with in vacuo connected electron beam
physical vapor deposition (EBPVD) system situated at Niels Bohr Institute. Two
systems are connected with a long buffer tunnel as indicated with a white arrow.
Load lock is connected at the end of the buffer tunnel. b, MBE growth chamber
at one end of buffer tunnel, where, as source materials: In, Ga, As, Sb, Au, Al, Bi,
and Si are loaded in the effusion cells. ¢, Schematic of the MBE growth chamber
presented in (b). d, EBPVD growth chamber connected at the other end of the
buffer tunnel. Here, all the superconducting and ferromagnetic materials are
loaded. After growth, the NW sample is transferred in this chamber and cooled
down with liquid nitrogen before depositing metals, which will be discussed
later. e, Inside of the buffer tunnel, where the transfer rods are connected to
load /unload or shuffling the samples. f, Load lock inside, where samples are
loaded and degassed before transferring to the buffer tunnel. Load lock and
buffer tunnel are separated with a gate-valve. The sample is only transferred
when a high vacuum is achieved. There is a mass-spectrometry connected
to the load lock to analyze the chemical components of the substrate before
transferring to the buffer tunnel. g, Crucible with a source material inside the
PVD chamber. The material is heated with a guided electron gun. . . . . . ..
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Layer-by-layer VLS NW growth. a, Supersaturation of the catalyst particle
(assume Au) with precursors. b, Nucleation started from the supersaturated
catalyst, resulting in a 2D layer growth through the liquid-solid transition.
It continues within the diameter of the Au catalyst. ¢, The first layer com-
pleted. Simultaneously restoration of supersaturation begins with continuous
precursor supply, that leads to a new nucleation as indicated. d, New layer
completed and new nucleation begins. Repetition of this process continues
making layer-by-layer NW growth. The idea of the schematic is adapted from
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Kinetic pathway during nanowire growth. Schematic of the NW with different
kinetic process associated with it. (i)-(viii) discuss different phases of transitions.
The circular dots shows area of the adatom collection for the NW. A is the
adatom diffusion length. The idea of the schematic is refereed to [4]. . . . . . .
Au assisted InAs nanowire growth. a, Schematic of the InAs NW growth
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temperature the Au forms liquid on the substrate. (ii) Supersaturation of Au
with the presence of In+As and the precipitation begins. (iii) Layer-by-layer
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and the substrate is cooled down. Corresponding substrate temperatures are
provided. b, Tilted scanning electron microscopy (SEM) image of in situ Au
assisted InAs NW. Catalyst position is indicated at the top. ¢, High resolution
transmission electron microscopy (TEM) of representative InAs NW structure.
The TEM image is taken from a different batch. Defect-free InAs wurtzite NW
structure can be observed. Corresponding FFT is presented at the bottom.
Contact angle evolution with presence of Sb. a, Contact angle of Au-III liquid
alloy without Sb in the chamber. Here, the contact angle is bigger than 90° and
the axial NW growth is possible with presence of As or P in the chamber. b, Au
alloy is wetting due to the presence of surfactant Sb. Here, the contact angle is
smaller than 90° and in-plane random directional growth may happen instead
of axial NW growth. Sb chain sticks on the corresponding surface and alters
the surface energy. Hence, VLS axial growth is not possible directly from the
substrate. ¢, With presence of As, an InAs stem is grown and later, Sb can be
introduced in the chamber. The Au alloy is restricted to wet within the finite
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Top to bottom structural investigation of thick InSb NWs. a, TEM image of
InAs to InSb transition segment. Magnified InAs segment shows defect free
WZ crystal. b, InAs to InSb transition from another NW. Magnified transition
section demonstrates a line of stacking-fault induced while growing from InAs
to InSb. ¢, TEM image of InSb body where the crystal phase is complete ZB.
Zoomed in TEM image in green segment shows ZB crystal. d, TEM image
of the InSb body of another NW and zoomed in edge also demonstrate pure
single crystalline ZB quality. e, TEM image of half of Au catalyst, which is
a round shape. f, TEM image of other half of Au catalyst, which is faceted.
This can be attributed to the cooling effect. During the cooling process Au
droplet solidifies and forms the faceted shape. In both cases, ZB crystal is
found beneath the Au catalyst. g, TEM image of the Au catalyst and solidified
InSb segment beneath. Magnified TEM section demonstrates stacking fault
line right beneath the Au catalyst. We also attribute this stacking fault to the
cooling effect after the growth. Scale bars in the images are 10 nm and scale
bars in the magnified sections are 5 nm. (TEM presented here is performed by
Jung-Hyun Kangat DTUCEN) . . . .. ... ... ................
Structural analysis of thin InSb NWs. a and b, Tilted SEM image of thin
b-polar InSb NWs (diameter ~ 100nm) grown from InAs (111) substrate. The
length of the NWs are around 2-2.5 ym. Scale bars are 100 nm. ¢, Representative
TEM image of the InAs-InSb interface. d, Magnified section demonstrates two
twin boundaries (shown with arrows) in the InAsSb transition section before
reaching the full diameter of the InSb segment. This is the only defect observed
in the analyzed structure. e, Magnified HR-TEM shows pure ZB structure in
the InSb segment. f, TEM Analysis of the Au catalyst and Au-InSb interface.
As shown in the previous case, Au solidified at room temperature resulting a
faceted structure. g, Magnified HR-TEM shows the interface between Au-InSb
demonstrating defect-free ZB alloy in Au and pure ZB InSb structure. h, Further
analysis with high magnification micrograph of the Au section shows the Auln,
FM3-M cubic crystal phase, oriented through its [1-10] zone axis, confirming
high concentration of Inin the catalyst. . . . .. ... ... ... ........
Thin film growth on semiconductor. Thin metal film growth on semiconductor
surface as a function of time and temperature. (a-e), stage by stage metal film
growth at low temperature (T). At low T, adatom diffusion length (A,) is small,
leading to close proximity islands that merge and create surface driven thin
film. (f-j), Metal film evolution at high T. Here, A, is big, resulting in largely
spaced islands. Continuous film may create in long growth run. The idea of
the schematic is adapted from Ref. [52,160] . . . . .. ... ... ... .....
Thin Al epitaxy on InAs NWs. a, 30° tilted SEM image of InAs/ Al NW. White
arrow shows the Al deposition angle. The schematic shows the cross section of
hexagonal NW with two-facets Al. Yellow arrow shows the viewing angle in
the TEM inspection. Inset SEM image shows the well-defined facets of the wire
with the Al deposition shadow on the substrate. b, Low magnified TEM image
of the NW segment showing no crystal defects in the InAs and also an uniform
Al thin film deposited along the NW. White arrow shows the growth direction
of the NW. ¢, High resolution TEM image from highlighted area, which shows
sharp interface between InAs and Al. (111) out-of-plane orientation Al film is
grown on InAs {1100} facets. Scale bars for (a), (b) and (c) are respectively 100
nm, 50 nm and 5 nm. (TEM presented here is performed by Martin Espineira
Cachaza at DTUCEN) . . . . . . . . . e



2.10 Thin Al epitaxy on InSb NWs. a, 30° tilted SEM image of InSb/Al NW. The
white arrow shows the Al deposition angle. The schematic of hexagonal cross-
section shows two-facets Al deposition that we intended in this experiment.
The yellow arrow shows the viewing angle in the TEM inspection. b, High
resolution TEM image of InSb and Al section. The arrow shows (111) growth
direction. ¢, High resolution TEM image of the magnified section from panel
(b). A clear and abrupt interface between InSb and Al is observed. InSb is ZB
structure and Al is cubic structure. The arrow on InSb shows the <110> facets
direction. 17 (111) Al planes are counted from the image referring to ~ 3.5 nm
thickness. Scale-bar for panel (a) is 100 nm and panel (b) and (c) are 2 nm.
(TEM presented here is performed by Emrah Yucelen at Microsoft Quantum
Lab, Delft) . . . . . . . e e

2.11 Evolution of Sn thin film on nanowire. a-c, shows progression of Sn film as
a function of substrate temperatures. Substrate temperatures are varied from
-50° C to -150°C. A constant Sn flux rate of ~ 5 A /s is maintained for all the
samples. NWs are grown around the diameter of ~ 120 nm and hybridized with
20 nm thin Sn for all the samples. For the InSb/Sn segments, the morphology
of the Sn enhances with lower temperature. On the other hand, Sn on InAs
sections remain discrete even with the lowest temperature. Scale bars for all
thesectionsare100nm. . . . . ... .. ... . ... . o

2.12 Sn epitaxy on InSb NWs. a, Tilted scanning electron micrograph (SEM) of
InSb NW hybridized with Sn thin film. A uniform layer of Sn segment can
be distinguished. b, InAs-InSb interface, where no Sn film is observed in the
initial curvature region of InSb. ¢, Transmission electron microscopy (TEM) of a
section from InSb/Sn NW. The black dotted line indicates the interface between
two segments. d, Magnified high-resolution TEM from highlighted section
of panel (c). Epitaxial Sn segment on InSb with interface line can be seen. No
crystal defects in both sides are found. e, Further, magnification in the interface
area implies cubic phase crystal both in InSb and Sn section. InSb segment
demonstrates cubic ZB crystal phase, which we have discussed in section 2.5 of
this chapter. On the other hand, @ — Sn demonstrates cubic crystal. Hence the
epitaxial section is contribution from ZB InSb and a — Sn. f, Crystal structure
of InSb and both a — Sn and  — Sn with their corresponding lattice constant.
g, HR-TEM from other section of the film showing multiple defects on the Sn
crystal. White dashed lines show of twinning in the {111} plane oblique to the
growth direction (white arrow) for low temperature film. Magnified section
in the right shows clear picture of the twining event. The highlighted section
shows (-1-11) twin overlaps. h, Sn film in high temperature, multiple planar
defects in random orientation, unlike low temperature film. Arrow shows the
growth direction and dashed lines show the defect orientations. Diffraction
pattern in the right from non-defective highlighted segment shows [110] plane
a — Sn Sn. Scale bars for (a), and (c) are 100 nm. Scale bar for (b) is 20 nm.

2.13 Sn growth on InAs NW. a, Tilted SEM image of the InAs/Sn segment (stem),
where Sn seems to discrete faceted islands. Scale bar is 100 nm. b, Low
magnification TEM of a InAs/Sn section. Magnified high resolution TEM in the
right shows defect-free single crystalline quality of Sn grain on InAs. However,
due to the high difference symmetry, no epitaxy is observed in the interface
and Sn seems to be out of axis. ¢, Diffraction patterns confirms (orange circles)
out-of-plane Sn direction in {002} Snplanes. . . . . . ... ... ... ... ...



2.14 Diffusion of Sn during post-growth processing. a, High resolution TEM
image of cross-sectional InSb/Sn structure. InSb/5Sn is protected with AlO,
and Pt-C layer during TEM lamella preparation. b, Magnified structural analysis
of InSb/Sn section, where defect-free ZB crystal is observed and presented
in the inset. ¢, Elemental analysis with electron energy loss spectroscopy
(EELS), where InSb section covers the whole hexagonal structure. d, EELS at
the edge of the NW shows oxide layer and deposited Pt protection layer in
purple color. In the bottom, SiOy substrate, where NWs are transferred using
a micromanipulator. e, Elemental analysis of the Sn on the NW facets. Sn
presence can be identified on the bottom two facets. Unexpected spreading
of the Sn signal is observed. f, A combined signal of InSb and Sn, where Sn
diffusion from facets to the NW core is clearly observed. Sn thickness on the
facets is almost reduced to half, and the rest is alloyed withInSb. . . . . . . ..

2.15 Superconducting transition on InSb/Sn devices. a, SEM image of the fabri-
cated four-terminal device with InSb/Sn NW. b, The critical temperatures
and magnetic field for four measured devices, where Dev#1-2 consist nominal
20 nm Sn shell and Dev#3-4 consists 15 nm Sn shell. (Device fabrication and
measurements are done by Charalampos Lampadaris.) .. ... ... .. ...

3.1 Fabricated substrate. SEM image of wet-etched (111)B faceted trenches with
deposited Au disks (scalebarislum). . . . ... ... ... ... L.
3.2 InAs nanowire growth on the trenches. a, Scanning electron micrograph
(SEM, 30° tilted) of Au-assisted InAs NW array grown on the preprocessed
"V" groove (111)B faceted InAs trenches. Scale bar is 1 ym. b, V/IIl ratio as a
function of InAs NW growth temperature (Ig). The plot is divided into six
regions (A-F), and NW growth outcome (yield, morphology, etc.) of each region
is investigated. Region "D" (Ig ~ 401-415°C with V/III ratio ~ 9-10.5) shows
the highest yield and uniform InAs NW growth (dark green circles). . . . . . .
3.3 InAs NW growth optimization. SEM micrographs of the InAs NWs growth
on the trenches in different growth conditions. Region D demonstrates the
highest yield (> 90%) with uniform NWs growth. Scale bars are 1 ym. . . . . .
3.4 High-quality InAs nanowire. High-resolution TEM of the InAs NW demon-
strating stacking fault-free WZ structure. Inset shows the FFT of corresponding
structure. . . . . . L.
3.5 InSb NWs from trenches. Tilted SEM image of InSb NWs grown with InAs
stems. Scalebarislum. . .. .. .. ... ... L
3.6 Nanowires growth on the (111)B trenches. a, Schematic with crystal orienta-
tion of the hybrid NWs. Dashed arrow shows the superconductor deposition
direction. In the right, schematic of superconductor deposition geometry on
the NW with respect to the beam flux direction and the NW growth axis. Here,
a is the angle between these two vectors to calculate effective flux (f’) on the
NW facet. b, Schematic of 3-facets and 2-facets superconductor on the NWs.
The table provides the beam angle requirements in the case when ¢=0, for
2-facets and 3-facets superconductor coverage. . . . . ... ... ... ... ..
3.7 InSb NWs with different SU. a, Tilted SEM image of InSb NWs with epitaxially
grown Al b, SEM image of InSb/Sn NWs with junctions. ¢, SEM image of
InSb/Pb NW with junction. Orange arrows indicate the shadowed junctions.
Dashed arrows indicate the direction of superconductor deposition. Scale bars
for (a), (b) and (c) are 1 ym. Scale bar for (a) insetis 100 nm. . . . . . . ... ..
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3.8 Shadow schemes. SEM micrographs and schematic of different shadow junc-

tion schemes grown on the trenches. SU deposition directions are shown with

ATTOWS. © + v v v v e e et e e e e e e e e e 52
3.9 Al epitaxy on InAsSb NWs. SEM (30° tilted) of InAsy3Sbg.7/Al NW array

(scale bar is Ilpm). The highlighted section shows double shadowed junctions

on the NWs (scale baris 500nm). . . . . . . . ... ... .. ... ... ..... 52
3.10 InAsp 3Sbgy NWs with different superconductors. a, SEM micrograph of

InAs;_xSby /Al NW junction. Scale bar is 100 nm. Blue arrow to right is the

HAADEF-STEM tomography of the NW demonstrating junction morphology. b,

STEM-EDX of the junction shows In, As, Sb and Al composition. As shown in

the bottom, the grown InAs;_,Sby NWs consist 30% of As and 70% Sb and the

composition remain homogeneous along the individual NW. ¢, InAsg 3Sby 7

NWs with Sn. d, InAsp 3Sbg.y NWs with Pb. Scale bars for (c) and (d) are 1 ym.

Insets scale bars are 100 nm. All the white arrows in the SEM images show

directions of superconductor deposition. . .. ... ... ... ... ... ... 53
3.11 Gateresponse statistics of shadowed and etched junctions. Pinch-off statistics

of the back-gated devices with shadowed (green) and etched (blue) junctions. 54
3.12 Shadowed and etched single NW. a, Schematic of the test device with com-

parable size shadowed and etched junctions in a single NW. b, Electrical

measurements of the test device where conductance is shown as a function of

gate voltage for shadowed (green) and etched (blue) junctions. The shadowed

junction shows quantized plateaus as highlighted with inset. Applied magnetic

field, B=6 T in both cases. SEM image of the exact NW is shown inset with a

scalebarof 100nm. . . . . . . ... L 54
3.13 Additional low temperature electrical measurements of shadow and etched

junctions in single NW. a, SEM image of NW devices with shadowed and

etched junctions in individual wires. Blue colour stands for the etched junctions

and green for the shadowed. Measurements are taken in a dilution refrigerator

at 20 mK. b, The etched junction is not pinched-off and shadowed junction is

pinched-off. ¢, Both junctions are pinched-off, whereas the shadowed device

shows quantized conductance (inset) for high field (6 T). d, The results of the

etched junctions obtained from the PPMS at 2 K. None of the junctions are

pinched-off within the voltage range. e, and f, Two shadowed NW junctions

that have not pinched-off due to the ambiguous junction region pointed by the

white arrows in the relevant SEM images. The scale bars of all the SEM images

3.14 Post-growth etching of the junctions. a, AFM image of etched InAs/Al NW
device (scale bar 500 nm). Zoomed-in junction (scale bar 100 nm) exhibits a
disorder-free semiconducting segment. b, AFM image of double junctions
device (scale bar 500 nm) where magnified segments of the junctions (scale bar
100 nm) exhibit Al residue, rough InAs surface, and damaged SE/SU interfaces. 55

3.15 Junction formation and edge profile. a, Schematic of the SE-SU junction
formation and the edge profile. The broadening (Ap) and profile of the junction
edge can be determined by the flux distribution in the transition region, inter-
wire distances (I5), source to wire distance (Lsy) and effective width of the
source (W;). The junction length ({;) depends on the size of the A; and the
diameter of the shadowing NW (dyw). (diagram is not drawn to scale). . . . . 56

3.16 Measurements of edge broadening. a, Geometry for determining the shadow
position. b, Ay, as a function of ;. Blue dots are measured Ay, for Al junctions
on InAsp 35bg 7 NWs and green dashed lines are calculated A,. . . . . . . . .. 57



3.17 Post-growth etching of the junctions. a, Atomic force micrograph (AFM)
of the InAsg 3Sbg 7/ Al junction for I; > 500 nm. Large Al broadening with
multiple Al grains are observed in the junction. Depending on the effective
flux distribution on the transition region the junction is divided into three
segments. b, AFM of the InAs( 35bg 7/ Al NW junction for /5 < 250 nm, where
the junction is clean with sharp-edge profile. ¢, Zoomed-in TEM image from (b)
shows the epitaxial SE-SU interface and small Al broadening in the junction.
Scale bars are 5nm and 1nm respectively. . . . . . ... ... ... ... ... .

3.18 AFM of InSb/Sn and InSb/Pb junctions. a, AFM of the sharp-edge InSb/Sn
junction shadowed by thinner InSb NW for /; < 250 nm. The line scans, taken
at the positions marker by black lines show the broadening of ~ 13 nm. b, AFM
of the InSb/Pb junction for I; < 250 nm. The line scans show the broadening of

3.19 Edge profile effect on the junction performance. a, The gate-independent
resistance of the shadow junction devices as a function of I;. Inset is the
schematic of standard device where Ry, is the broadening resistance, R. is the
contact resistance and Ry is the interface resistance. The dotted line till 0.8
kQ) represents the statistical value of contact resistance obtained by four-probe
measurements. b, The conductance saturation as a functionof ls. . . . . . . ..

3.20 Nanowire junction devices. a, Pseudo colored SEM image of a typical single-
junction back-gated device. Scale bar is 1 um. b, Pinch-off voltage statistics for
InAs, InAs 3Sbg7 and InSb NW junction devices. . . . . .. ... .. ... ...

3.21 Quantized InAsj3Sbg /Al NW junction. a, Differential conductance as a
function of gate voltage and magnetic field of a InAsy 3Sbg 7/ Al NW junction.
b, Hysteresis of the device shown in (a) where sweep up and down follows
closely. Inset is a comparison of a statistical value of hysteresis between
quantized and non-quantized devices. . . . . .. .. ... oL

3.22 Quantized conductance on InAs/Al and InSb/Al junctions. Conductance is
drawn as a function of gate voltage for InAs/Al (a), and InSb/Al NW (b)
junctions. All the plots shown here are measured with 9 T magnetic field,
which is applied perpendicular to the NWs. The measurement is done at 2 K
and the length of the junctionis ~100nm. . . . . . ... ... ... ... ....

3.23 Quantized InSb/Sn junction device a, An SEM image of the NW prior to
deposition of contacts. Contacts are deposited such that the only center
junction is being probed. The measured dimension of this junction is 210 nm.
b, Differential conductance as a function of gate voltage and magnetic field for
InSb/Sn NWjunction. . . . . .. ... .. ... .. .

3.24 Additional measurements in InSb/Sn junction device. a, A two-terminal
source-drain measurement is taken at B=0 T, while b, shows the same mea-
surement taken at B=6 T. The source-drain bias (Vsp) at the device is extracted
for both measurements using the known resistance of the filters and contacts
in the fridge. In both sets of data, quantized conductance plateaus are visible,
suggesting transport in the junction is ballistic on the order of a few hundred
nanometres. As is expected, at zero field the first plateau has a conductance of
2¢2/h, while at 6 T, spin degeneracy is broken leading to the emergence of a
plateau at e2/h. In the zero-field data, features relating to the superconducting
shell are visible near zero bias and as two dips symmetric around zero bias.
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3.25 Supercurrent and multiple Andreev reflections in the sharp-edge junctions.

a, Typical VI-curve for an InAs 3Sbg 7/ Al shadow Josephson junction (Device

S#1). The switching and retrapping currents are indicated. b, Differential resis-

tance as a function of current and gate potential. The black region corresponds

to the zero-voltage state. Ic and normal state conductance ¢gn measured at

B, =0.3T are shown. ¢, Ic vs. gN for all measured devices. Dashed lines are

the theoretical expectations. d, Voltage-biased measurement of the sub-gap

structure of S#1 showing resonances of multiple Andreev reflections. The high-

conductance region asymmetric around zero bias (*) is related to a supercurrent

branch enabled by the finite resistance of the cryostat wiring. . . . . . . .. .. 64
3.26 Supercurrent measurements for other devices. First column of this figure

shows the SEM before metallization of the 6 other devices shown in Figure

3.25. The shadowed region is hinted with an arrow. In the case of the crosses,

the merged NW is fully metalized with the corresponding contact in order

to avoid floating pieces of SU close to the junction. Second column indicates

the I-V characteristics of the junctions with up and down sweep at Vjo=0V.

In device S#3, we note a presence of a step like feature which qualitatively

looks like a Fiske step. The third column shows the differential resistances as a

function of applied current and back-gate voltage. . . . .. .. ... ... ... 65
3.27 Substrate fabrication and molecular beam epitaxy of hybrid nanowires. a,

An image of 2-inch wafer with lithography-defined patterns. Zoomed-in SEM

image of the (111) B faceted trenches with deposited Au disks (scale bar is 1

um). b, Schematic of the fabricated substrate and NW growth scheme. The

angle of the etched trenches are 54.7°C. An offset (1) from the bottom of the

trenches is maintained in order to avoid competition between bulk growth and

NW growth in the trenches. Regarding the position of the Au, if it is close to the

lower edge of the trench, the wire may not be able to grow before it gets covered

by planar growth. If the catalyst is too close to the upper edge, it migrates to the

(100) facet while annealing. Hence, perfectly aligned lithography to place the

Au seeds in the middle of the sidewall is crucial. Red arrow is an example SU

deposition direction along the trenches. ¢, InAs NWs growth from the trench

substrate. . . . ... ... L 67
3.28 Fitting of a pinch-off curve. Blue line: forward sweep of the gate voltage and

the evolution of the differential conductance in units of 2¢2/h. Red dashed line:

the fitted model. On the right, field-effect mobility as a function of interwire

distances. . . . . . ... 70
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4.2

4.3

Conditions for different InSb networks. a, Tilted scanning electron micro-
graph (SEM) of InAs (111)B trenches with deposited Au catalyst particles.
Trenches are created by wet-etching in InAs (100) substrate. Here, Ax is the
distance between two Au catalysts from opposite trenches, Az is the offset
between two Au catalysts, and hy, is the height or the etch depth of the trench.
The schematic is not drawn to scale. b, Three possible schemes of the NWs,
grown from the opposite directions depending on their Au positions. First,
when the final diameters of the NWs (dnw) are smaller than the offset of the
Au catalyst (dnw < Az), then the wires are used for shadowing as elaborated
in Chapter 3. Second, if the diameter of the NWs (dnw) are bigger than the
offset of the Au catalyst (dNw > Az and Az # 0), a nanocross can be formed.
Finally, if Au catalysts are positioned face-to-face which means, NWs are
grown without offset a nanoplate shape structure can be formed. Later two
networks will be discussed broadly in this chapter. ¢, Tilted SEM image of
InAs stem assisted InSb NWs grown from the opposite trenches. Predesigned
Au positioning on the trenches confirms NWs growth direction towards each
other and condition for nanocross formation. The highlighted section shows
an example of proper nanocross formation, where the NWs merge through the
side-wall and combined as one structure. d, Schematic of the nanocross from
the trenches with the condition dyw > Az. Scale bars for (a) and (c) are 1 ym. .
Morphology evaluation of InSb nanowires on the trench. a, InSb NW growth
analysis as a function of In and Sb flux ratio. Tilted SEM images for four
different conditions and corresponding growth times are presented. The
growth temperature is maintained constant for all different conditions. With
the highest In growth rate and Sb pressure (1.8 x 107 Torr, V/III ratio 4.49), the
diameters of the InSb NWs are significantly larger compared to the other three
conditions. On the other hand, lowering the In growth rate 0.289 ML /s with
Sb pressure 1.3 x 107° Torr (panel (iii)) provides a high aspect ratio meaning
longer length with smaller diameter compared to the other three conditions in
the same growth time. The scale bars for all the images are 1 ym. b, Length,
and diameter as a function of the V-III ratio on the same samples presented
in panel (a). ¢, Aspect ratio as a function of V-IIl ratio, where V /Il ratio 4.49
demonstrates the lowest aspect ratio and V/III ratio 4.30 shows the highest
aspect ratio. d, Axial and radial growth rate as a function of V/III ratio. It
is further evidence that high In and Sb flux causes larger radial growth to
compare to the axial growth. Reduced Sb flux and In growth rate helps to
lessen the radial growth and results in a higher aspect ratio. . . . . ... ...
Understanding InSb nanocross formation. a, Length and diameter as a func-
tion of growth time. Here, the In growth rate is fixed to 0.289 ML/s. b, Aspect
ratio as a function of growth time while maintaining other growth conditions
fixed. ¢, Radial growth rate as a function of growth time. d, Schematic of the
nanocross geometry, where Ax is the trench-to-trench distance between the Au
catalysts, MP is the point where NWs merge or cross each other and Lyp is
the length of the NW before merging. e, Schematic of the evolution of NWs to
merge and form nanocrosses. Here, dy is the initial diameter of the InSb NW
without radial growth, Ar is the thickness of the radial growth, Az is the offset
between two Au catalyst. In the growth time scale, tg is the time when growth
starts, top) is the time when merging happens or NWs pass through each other
and t is the final growth time. Here, three different merging possibilities are
shown depending on the growth condition, which will be discussed in detail
inthetext. . . . . . ... .
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4.4

4.5

4.6

47

4.8

4.9

TEM analysis of the InSb nanocrosses. a, Tilted SEM image of InSb nanocrosses,
where all the NWs are crossed with assistance of the radial growth in longer
growth time as the schematic is shown in Figure 4.3e. Scale bar is 1 um. b,
Representative TEM of a nanocross. Scale bar is 100 nm. ¢, High resolution
TEM from highlighted section of (b) confirming ZB crystal structure before
and after merging. d, Highlighted TEM of the curved section from (b). Couple
of stacking faults are observed only at the edge (indicated by white arrow) of
merged section. On the other hand, pure ZB structures maintains to the center
of the merged section and in all arms. e, Representative TEM image of the pure
WZ InAs stem. Scale bars for (c) and (d) are 2 nm, and (e) is5nm. . . . .. ..
Structural analysis of marginally overlapped and partially intersected InSb
nanocrosses. a, Schematic of the opposite directional InSb NWs partially
intersected through the sidewall due to radial growth. b, Tilted SEM image
of InSb nanocrosses, where NWs are moderately meet (or overlap) each other
through the facets when final InSb diameter is reached. ¢, TEM analysis of
the similar nanocross, as shown in panel (b), where NWs are slightly touched
but not intersected through each other. The magnified TEM image in the right
confirms the overlapping, as no intersection is observed. d, Tilted SEM image
of the nanocrosses, where NWs are marginally intersected from the sidewall
after final growth time. e, TEM image of the similar nanocross. It is clearly
observed that NWs are intersected to each other, unlike the previous one. Scale
barsare100nm. . . . . . .. ...
Head-to-head Au catalyst position. a, Tilted SEM image of the trenches, where
the Au catalysts are lithographically positioned without any offset. b, Initial
InSb section grown with InAs stem. ¢, Schematic of the three possible types
of nanostructure formation when InSb NWs are grown head-to-head towards
each other. Here, Am is the distance of the merging point from the Au catalyst.
Scalebars for (a) and (b)arelum. . .. ... ... ... ... L.
Formation of different types of network. Histogram presents percentage of
different types of InSb structures created from Au catalyst positioned without
offset. Total 321 dataarecounted. . . . . . ... ... .. ... .. ........
"Type-I" merging. a, Schematic of the "Type-I" InSb network. Here, one NW
hit on the side-wall of another NW with an offset. b, Tilted SEM image of the
"Type-I" merging. ¢, TEM analysis of the similar phenomena, where Au catalysts
are well separated from each other after merging. d, Magnified highlighted

78

section from panel c. Scale bars for (b), (c), (d) are 100, 50 and 5 nm respectively. 81

InSb nanoplate with elongated arm. a, Schematic of the InSb nanoplate with
a long arm. Inset SEM image demonstrates the top view of the elongated arm.
b, Tilted SEM image, where all the arms are in the same direction. ¢, Tilted
SEM image, where arms are shown two different directions demonstrating
domination of kinetics of the Au catalyst to determine the direction of the arm.
Inset is the top view demonstrating the triangular nanoplate section. Scale bar
for (a) is 100 nm. Scale bars for (b) and (c)arelum. . ... .. ... ... ...



4.10 InSb network with "Type-II" merging. a, Schematic of the InSb network

411

created after "Type-II" merging. b, Tilted SEM image of InSb network where Au
catalysts of NWy, and NWr, slide through each other facets after the meeting.
The highlighted red circle shows the Au catalyst’s position after the final
growth time. ¢, SEM image shows the similar phenomena as (b), but in the
opposite directions. d, Schematic of the Au position to create network shown in
panel (b) and (c). e, Schematic and inset SEM shows the condition, where Au
catalysts sit on the top and bottom facets of the NWs instead of side facets. f,
Tilted SEM image of the nanoplate where upper NW slides on (101) and (011)
facets and at the same time bottom NW crawl through (011) and (101) facets
in opposite <111> directions. g, Tilted SEM image of the nanoplate structure,
where Au catalyst of NWp, stays in the top facet, whereas the NWg catalyst
crawl through the sidewall similar to other conditions. . . . . . ... ... ...
"Type-III" merging with InSb network. a, Schematic of the "Type-III" merging.
Here, Az and Am are zero, as a result, Au droplets of both NWs merge. b,
Initial stage of the merging, where two Au droplets meet. ¢, Second stage of the
merging, where Au droplets are combined into one. On the right, SEM image
of such structure. d, In the last stage, Au droplet assists growing in < 100 >
direction for longer growth time. SEM image on the right shows similar results
in long growth time. Scale bars for (c) and (d) are 100 nm. . . . . ... ... ..

4.12 InAs network from two neighbouring trenches. a, SEM image of the junctions,

where the NWs meet tip-to-tip and Au catalysts merge into one. Later, the
merged catalyst choose to slide into one of the NWs” arms. b, SEM image of
the "T"-shaped junctions, where one catalyst hit the sidewall of another one
and crawl down to [-1-1-1] direction. ¢, TEM image of the junction interface
from similar NW highlighted from (c). A trapezoidal ZB inclusion is observed
after merging. A couple of stacking faults (indicated with arrows) are observed
close to the boundary area of the ZB segment. Scale bars for (a) and (b) are 1
pumand (c)is20nm. . . ..

4.13 InAs network from one trench. a, SEM image of the single trench with Au

catalysts positioned in both side of the (111) facets. Au catalysts are placed
head-to-head. b, Tilted SEM image of the "y"-shaped InAs network with a 2D
nano-plate overgrown area in the junction. Scale bars for (a) and (b) are 1 um.

4.14 Formation of branched InAs NW. a, Schematic of the branched InAs NWs

junction, where opposite <111> directional NWs merge from the side and a
third new directional NW grows in parallel to the substrate (<110> direction).
b, SEM image of the three parallel trenches with EBL positioned Au catalysts.
Dotted highlighted Au from the last trenches are positioned "head to head" to
merge and form a network. ¢, SEM image of the grown brunched NWs, where
the orange highlighted NW grows in <110> direction after merging. Scale bars
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4.15 Crystal structure of an arbitrary branched InAs NW junction. a, TEM image
of a branched InAs NW junction in the grid. b, Magnified TEM image of
the junction area. Coloured boxes are our sections of interest, where we will
perform high-resolution TEM and present in later panels. ¢, HR-TEM image
in the segment of InAs NWg, which is uninfluenced to merging and shows
pure WZ crystal structure. d, Coexistence of WZ and ZB crystal structure after
merging, which is also shown in Ref.[261]. Here Shockley partial dislocation
leads to a couple of stacking faults induced in the structure during transition
[282]. e, Interface between NWy, and the junction area. Although merged, a
clear distinction between NWy, and NWr is observed. Several stacking faults
are also appeared in the process of relaxing the crystal structure. f, Magnified
TEM image of the interface section reveals the transformation of two WZ
structures into ZB while merging. g, HR-TEM from NWy, before merging.
The NW shows mostly WZ crystal structure with the inclusion of several
stacking faults. h, HR-TEM of the junction progression after merging. The clear
distinction between NWy and NWyg (which initiated in the interface, shown
in panel (e)) continues. A dotted line in the contrast area is indicated. The
growth of both NW segments side by side is a unique phenomenon. h, Au
catalyst position at the top of the branched NW. The separation between both
structures continues beneath the catalyst. . . ... ... .. ... .. .. ... .. 90

4.16 Nanocrosses with InAsSb NWs. a, Tilted SEM image of the InAsSb NW
growth on the trenches, where the spacing between the catalysts are different
from right to left. Based on that, NCs are created only on the sections where
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Introduction

1.1 Semiconductor Nanowires

Growth Overview

One dimensional (1D) semiconductor nanowire (NW) has been an impor-
tant topic of research for the last few decades [1-5]. Control synthesis of
length and diameter, versatile choice of compositions, and the ability to
tune the intrinsic properties are some of the key reasons behind this vast
interest. Till date, significant progress has been made in the synthesis
technique, materials development, and embedding these materials into
functional device applications. The availability of diverse bulk semicon-
ductor materials lead to explore both single element and the compound
NWs. Capitalizing on the 1D nature, interesting electrical and optical
properties can be engineered in the binary and ternary compounds NWs
(from different element groups). So far, the most explored semiconductor
NWs are: Si NW, group III-V NWs (GaAs, InAs, InP, InSb and their ternary
compounds, etc.), group II-VINWs (ZnO, ZnS, CdS, CdTe, etc.), and III-N
NWs (GaN, AIN, InN, and their ternary compounds, etc.) [2-8]. Several
growth mechanisms have been developed to grow these NWs. Among
them, the conventional and most popular method is vapor-liquid-solid
(VLS) grown NWs, demonstrated by Wagner and Ellis in 1964 [9]. Apart
from the VLS method, vapor-solid- solid (VSS), solution-liquid-solid
(SLS) and selective area growth (SAG) are also well-known methods
for NW growth [1-4]. The systems that have been used for NW growth
are molecular beam epitaxy (MBE), metal-organic vapor phase epitaxy
(MOVPE), metal-organic chemical vapor deposition (MOCVD), chemical
vapor deposition (CVD), plasma-enhanced chemical vapor deposition
(PECVD), chemical beam epitaxy (CBE), etc [2-5, 8]. Besides, a low cost,
high yield continuous gas-phase synthesis called Aerotaxy (industry
suitable) has been demonstrated in Ref. [10] to grow semiconductor
NWs.

Applications in Different Fields

Semiconductor NWs have been widely studied as a building block for
electronic and photonic devices. The 1D geometry of the NWs not only
assists in scaling down the device dimension but also provides flexibility
towards on-chip integration in circuits [4, 11]. Low power, high mobil-
ity NW-field-effect transistors (FET) has been widely demonstrated in
in-plane device geometry (top/bottom gate) and in as-grown vertical
(gate-all-around) device architecture [2, 12], which is considered as a
direction for next-generation large-scale integration of NWs [6, 13]. Fur-
thermore, NWs have been explored for memory devices [14], resonant
tunneling diodes [15], p-n junction diode [16], light-emitting diodes [17],
photodetectors [18], chemical [19] and biological sensors [20] etc. In re-
cent years, the investigation of semiconductor NWs for third-generation
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photovoltaics has increased significantly, as it holds the promise for high
efficiency with low-cost solar cell [21, 22]. Due to the possibility of tuning
the band structure with different compounds and effective reduction
of thermal conductivity in 1D structure (compare to the bulk), NWs
are considered as an efficient thermoelectric material; therefore promi-
nently used for thermoelectric devices [2, 23]. Utilizing the mechanical
properties, semiconductor NWs are used as resonators and piezoelectric
devices [24, 25]. NW applications are further extended to electrodes for
lithium-ion batteries [26], artificial photosynthesis [27] and in many more
research fields. Moreover, parallel theoretical proposals of new devices
with NWs play an integral role in providing future research directions.

The fact that hasn’t been mentioned yet is, with quantum confinement,
semiconductor NWs are one of the appealing platforms to study quan-
tum transport in the 1D system. With the reduced dimension, physical
phenomena such as single impurity scattering, electron-phonon coupling
and the influence of interface (in hybrid) get amplified. Hence, these can
be studied with NWs, which otherwise would not be possible in bulk
materials system [5]. It enables a better understanding of the material
properties and helps to engineer the device at an atomic-scale. Recently,
the proposal of topological superconductivity in hybrid NWs and their
potential application in future Majorana based quantum computation
[28, 29], resulted in significant attention to study semiconductor NWs.
Following the theoretical proposal, a possible signature of Majorana
fermion (or Majorana bound state) in hybrid NW has been demonstrated
in the following references [30-32]. Further study to achieve robust Ma-
jorna signature (through braiding) and utilize it as quantum bits (qubit)
for logic operation is in progress [33-35]. Hence, this is a highly active
research field, where the advancement in materials science plays a key
role. In the next section, I will briefly discuss the Majorana fermions in
condensed matter systems and the ingredients require to host Majorana
fermions in semiconductor NWs.

1.2 Majorana Fermions in Semiconductor
Nanowires

Majorana in Condensed Matter

In particle physics, every particle has an anti-particle with an opposite
physical charge, which is called Dirac fermion, named after Paul Dirac [36].
As an example, a positron is the anti-particle of an electron or, a proton
has an antiproton, etc. There is another kind of fermion, which is its own
antiparticle, called Majorana fermion, named after Ettore Majorana, who
proposed it from a real solution of the Dirac equation in 1937 [37]. In high
energy physics, researchers are still investigating on Majorana fermion as
an elementary particle. However, there are few theoretical proposals to
realize Majorana fermions (or Majorana bound states) as quasiparticles
in a condensed matter system [28, 38, 39]. In a solid-state system, we
can consider electron ("filled") and hole ("empty") as equivalent to the
particle and antiparticle respectively. A linear superposition of fermionic
operators for the electron (creation operator) and the hole (annihilation
operator) will lead us to the Majorana creation and annihilation operator,
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which are equal: ; = y;, and is the fundamental condition of Majorana

fermions. Following is the qualitative summary of Majorana fermions’

properties, listed from Ref. [40]: i) An ordinary fermion can be formed
with two Majorana fermions, ii) Majorana fermion obeys non-Abelian
exchange statistics, iii) Four Majorana fermions (two ordinary fermions)
instead of two are needed to create Majorana qubit. Due to the parity
conservation, braiding operation is not possible with two Majorana
fermions. Such properties make Majorana qubits robust from any local
perturbations and are expected to have a long coherence time [40]. Hence,
for fault-tolerant quantum computation, Majorana qubit is the most
potential candidate.

As discussed above, Majorana fermion is a superposition of electron
and hole. Although direct superposition of such opposite charges seems
unrealistic, an equivalent system can be considered in superconductors.
A crowd of Cooper pairs (bound electron pairs [41]) are present in the
superconductor, where an additional injection of hole or electron leads
to an unpaired electron. That means a pair of electron and a hole will
be combined as an electron, considerably similar to the superposition of
electron and hole. Due to this particle-hole symmetry, a potential place
to find a Majorana fermion is superconductor [40, 42]. For the equal
and opposite energy (E), Majorana creation and annihilation operator
can be expressed as Vi(E) = )/;r (—E). From this relation, it can be said
that the Majorana fermion condition fulfills if the superconducting
energy state is zero. However, this zero energy state cannot be directly
realized in a superconductor due to the superconducting gap. We may
consider vortices or quantum dot in the superconductor, where the
superconducting gap is locally suppressed, resulting in multiple energy
states in the potential trap [40, 42]. Nevertheless, due to the quantum
mechanical zero-point motion, the energy states can only appear in finite
energies (1/2,3/2,5/2..), and no zero energy state is possible. According
to Volovik et. al. [43], the zero energy state is possible using p-wave
superconductors. In p-wave superconductors, Berry-phase of 7 cancels
zero-point motion and a stable zero energy state is created [42, 43].

Majorana Ingredients in Nanowire

In 2001, Kitaev [44] demonstrated with a toy model that Majorana could
appear in a pair at the edge of a one-dimensional spin-less p-wave su-
perconductor. For a detailed description of Kitaev’s model please read
Ref. [40, 44]. In reality, a spin-less p-wave superconductor does not exist,
which made it difficult to experimentally demonstrate Majorana fermion
right after Kitaev’s proposal [44]. Followed by continuous theoretical
development, in 2010 Lutchyn et. al. [29] and Oreg et. al. [28] proposed
an engineering way to develop a material platform that can essentially
function as a p-wave superconductor and most importantly can be real-
ized experimentally to host Majorana fermion. Their proposal included
conventional semiconductor NW (as discussed in the previous section)
proximitized with the s-wave superconductor. The combination of both
elements required to have specific ingredients to function as a spin-less
p-wave superconductor. The proposed simplified Hamiltonian from

3
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Kitaev’s model is as following [28]:

H = [p2/2m - [J] T; + ako,T; + Boy + Aty (11)

Here, p is the momentum, m is effective electron mass and u is chemical
potential. The terms o and 7 are the Pauli matrices operating in spin
space and particle-hole space respectively. « is the spin-orbit strength
and B is the magnetic field providing Zeeman energy. Finally, A is
the superconducting gap. These four terms reflect the fundamental
ingredients to host Majorana. The first term shows the kinetic energy
and chemical potential of the one-dimensional system. The parabolic
dispersion relation is shown in Figure 1.1b. The second term shows the
spin-orbit interaction in this 1D system. The spin-orbit interaction splits
the conduction band and shifts them in both sides of the k-axis with a
spacing of kso = ma, as shown in the Figure 1.1c. The new energy scale
for this shifted band is Esp = ”;};’1‘2 The third and fourth terms show
applied magnetic field perpendicular to the spin-orbit direction and
the proximitized superconductivity respectively. Magnetic field opens
Zeeman energy gap, Ez at k=0 and induced superconductivity opens a
gap A close to the Fermi energy as shown in Figure 1.1d and e.

The magnetic field removes spin degeneracy and assist the 1D system to be
completely spin-less. It also polarizes the spins (singlet to triplet), breaking
the Cooper pairs from the superconductor. As a result, superconductivity
is reduced leading to the suppression of the gap size. The energy gap
at k=0 can be expressed as a function of Zeeman energy and chemical
potential [28, 38]:

Ez — ,/A2+[J2

Here, Ez = gupB, where g is the Bohr magneton and g is the Landé-g
factor. From the above equation, we can see that the gap can be mainly
tuned by the applied magnetic field. The particle-hole pair is fixed by
the choice of semiconductor and superconductor. If the applied field
is smaller than the gap Ez < /A + u?, then the system is in trivial su-
perconducting phase. Increasing the magnetic field, when the Zeeman
energy is equal to the gap size Ez = y/A? + u?, the superconductivity gets
completely suppressed and the gap closes. Further with high magnetic
field, Ez > /A% + u2, the gap reopens, that is the emergence of spin-less
superconductivity (equivalent to the spin-less p-wave superconductor)
as the spin degeneracy is completely removed by Zeeman energy. The
reopening of gap is actually an inversion of gap, that’s why it is also called
a negative gap. The point from closing the gap to opening again with
high Zeeman energy is referred as the transition from trivial supercon-
ducting phase to the topological superconducting phase (or topological
superconductivity). Hence, the Majorana is expected to appear, when

Ez > /A% + 2. [28, 29, 38, 42, 46, 47]

In the real Majorana devices, chemical potential can be controlled by the
fabricated gates close to the NWs and the magnetic field can be applied
externally. However, in the recent reports (Paper 5) [48, 49] ferromagnetic
insulator hybridized with semiconductor NW showed an alternative

Eg = 1.2)
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Figure 1.1: Energy spectrum and topological phase transition of hybrid nanowire. a, Schematic of the semiconductor-superconductor
hybrid NW. Here the NW is positioned in the x-direction. The spin-orbit interaction is along the z-direction and the magnetic field is
applied in x-direction perpendicular to the spin-orbit interaction. b, The dispersion relation of energy as a function of momentum in a
one-dimensional system, which is a simple parabola. ¢, The second term of the Hamiltonian, where spin-orbit interaction is introduced to
the system. It splits the band depending on the spin-polarization with a spacing kso = ma in the K-axis and also moves the energy level

v

A

down to Esp = %52~ as indicated in the image. d, Magnetic field B is introduced to the system, which opened a Zeeman energy gap, Ez at

K=0, indicated in the image. The spin-polarization direction will be determined by the momentum [40]. e, Superconductivity is induced
in the system, as a result, a superconducting gap is opened between the bands. Here Zeeman energy is smaller than the gap size, hence
the system is in the trivial superconducting phase. f, The magnetic field further increased resulting in the increased Zeeman energy. The
transition point when, Ez = A, the superconducting gap closes. The closed spectrum in particle-hole band is linear forming a Dirac cone,
which leads to the Berry-phase cancellation [42, 43]. g, If the magnetic field is high enough to reach Ez > A, the gap reopens and the phase
transition from trivial to topological superconductivity happens. Here the gap size, Eg = 2(Ez — A) [45]. Although it’s difficult to visualize,
the re-opened gap is actually an inversed gap (negative gap). The idea of the schematic is adapted from Ref. [40, 45]

in situ route. In summary, from a material growth point of view, the
following list of ingredients are required in the 1D NW for generating
Majorana fermions:

» Semiconductor NWs with strong spin-orbit coupling and large
Landé-g factor.
» High crystal quality of semiconductor NWs to avoid unwanted
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1: This chapter is based on Paper 3 and
Paper 4

2: This chapter is based on Paper 1

3: This chapter is based on Paper 2

disorders, that could create fluctuation in chemical potential and
eventually hindrance to the topological phase [46].

» Induced superconductivity in the semiconductor NW, where high
interface quality between them is essential [50].

1.3 Thesis Outline

In this thesis, I have explored the growth of hybrid NW based materials
platform. Considering the fundamental requirements of strong spin-orbit
coupling, large Landé-g factor, I have narrowed down the investigation
to InAs, InSb, and InAsSb semiconductor NWs. For superconductor hy-
bridization, I have mainly focused on Al and Sn thin film. Demonstration
of single-step in situ patterning for high-quality NW based Josephson
junction is also a key study of this thesis. Finally, the synthesis of nanowire
networks has also been presented in the thesis.

The chapters outlines are the following:

Chapter 2 ! reports the epitaxy of hybrid NWs. Introducing the VLS
theory of semiconductor NW growth, the experimental results of
VLS-grown InAs and InSb NWs are presented. Next, the theoretical
background of metal thin film growth on NWs is discussed. Based
on the theoretical understanding, hybridization of Al and Sn are
presented.

Chapter 3 2 reports the high quality in situ shadowed junction in hybrid
NWs. The substrate fabrication technique and optimized growth
conditions for shadowing NWs are presented. The shadowing is
demonstrated with Al, Sn, and Pb on the NWs. The evolution
of the junction edge profile and morphology are studied as a
function of shadow geometry and material kinetics. The electrical
measurement of the shadowed junction is performed to evaluate
the junction’s transparency. Finally, by showing the challenges of
the etched junctions, a statistical comparison of the etched and
shadowed junctions is presented.

Chapter 4 3 discusses the growth of quantum nanowire networks. Con-
ditions for different network formation in VLS grown NWs are
presented. Furthermore, an advanced architecture for shadowing
the nanocrosses is shown that opens up the possibility for creating
in situ multi-terminal junctions.

Chapter 5 summarizes the outcomes of the thesis. By discussing the
core findings and experimental challenges, a possible next step is
suggested from a material science perspective.



Epitaxy of Hybrid Nanowires

2.1 Introduction

One-dimensional (1D) semiconductor (SE)-superconductor (SU) hybrid
system serves as the platform for topological superconductivity with
the presence of magnetic field [28, 29, 44, 51]. The realization of such
system largely depends on the right combination of the hybrid and
its interface quality. Hence, the choice of appropriate materials pair
along with optimized growth condition is essential. The requirements of
high crystal quality, strong spin-orbit coupling and large Landé-g factor
provide the direction for semiconductor choice. As of today, the most
investigated semiconductor NWs are InAs and InSb [30, 31, 52-61]. On
the other hand, from a wide range of superconducting materials, most
reported ones on NWs are NbTiN [30, 61-63] and Al [52-55, 58, 64].

Both NbTiN and Al hybridized with NWs demonstrated a signature of
topological superconductivity in the earlier reports [30, 58]. NbTiN has a
gap size of ~ 3meV and critical field > 10T. However, it is challenging
to perform in situ hybridization of NbTiN with NWs, as it requires a
sputtering tool for the deposition [61, 63, 65]. Consequently, the deposition
is executed ex situ, that rises issues like interface disorders. On the contrary,
as a single element metal, Al is possible to deposit in situ after the NW
growth. This provides epitaxially grown disorder-free interface [52, 54,
66]. Therefore, Al is a widely reported superconductor for Majorana and
other superconducting devices. On the flip side, Al has a relatively low
critical temperature, T, ~ 1.2 K and field B, ~ 0.01 T, as well as a small
gap size (~ 100 peV). Thus, hunting for new material continues, which
can retain similar epitaxial benefit as Al, but manifest high T, and larger
gap size.

In recent years, growth of niobium (Nb) [67], vanadium (V) [68], tantalum
(Ta) [69] and lead (Pb) [70] metals are reported on InAs NWs. All of
these superconductors demonstrate high T, and B, value (see Table 2.1
on the following page), hence probable alternative for hybridization. The
thin film of Nb, V and Ta on semiconductor NWs are amorphous or
polycrystalline [67-69], that impedes the accuracy of the measurements
due to the disoriented grains and sometimes discontinuity [69]. Con-
versely, Pb deposition on the InAs NW exhibits epitaxial relation, similar
to Al [70]. Considering the single-crystalline quality, higher mobility
and larger Landé-g factor, InSb NW provides a better semiconducting
platform compare to InAs NW [51]. Therefore, InSb NW with Pb epi-
taxy is more promising combination to explore. Nevertheless, uniform
Pb film on InSb NW seems to be challenging as there is no low index
domain match without high residual mismatch [54]. Recently, lattice-
matched Sn is reported on the InSb NWs exhibiting another alternative
route for hybridization [71]. Difficulties with Sn lie in its fundamental
material properties. Crystalline Sn has two phases: @ — Sn and § — Sn;
among them only  — Sn exhibits superconducting properties [72]. Due
to the low-temperature growth and favorable interface energy, both

Summary

This work presents both the theo-
retical background and experimen-
tal demonstration of the hybrid
semiconductor-superconductor NWs.
The growth of InAs and InSb NWs
are carried out using the MBE sys-
tem. Hybridization of Al and Sn on
these NWs are performed In situ us-
ing either MBE growth chamber or in
vacuo connected physical vapor depo-
sition chamber. The epitaxy of hybrid
materials depends on the interfacial
domain matching. Additionally, the
uniformity of the thin film depends
on the non-equilibrium growth condi-
tion during deposition. Therefore, the
thin film growth is conducted by cool-
ing the substrate at a low temperature
to limit the adatom diffusion length
and increase the incorporation rate.
Besides, extensive structural analysis
of the grown hybrid NWs using TEM
are presented.
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allotropes can grow on the NW, which makes it difficult to configure as a
single-domain superconducting film.

Table 2.1: Possible single element super-

conductors (bulk value) [70, 73-78]. Based on the above discussion, in this chapter, I will present in situ

hybridization of SE-SU NWs. The chapter is divided into two sections:

Materials Tc (K) Bc (T) semiconductor NW growth and thin-film growth. With a theoretical
Al 12 0.01 understanding of Au-assisted VLS NWs, the first section will show
Nb 9.46 0.82 experimental results of MBE-grown InAs and InSb NWs. In the next
v 5.03 0.98 section, initially, a theoretical framework for understanding the thin
Ta 4.47 0.1 film growth on semiconductor NW will be given. I will then describe
Tl 2.39 0017 experimental results of in situ Al growth on both NWs. Finally, the
Pb 7.2 0.08 synthesis of Sn film on semiconductor NWs and the associated challenges
In 3.4 0.028 will be discussed. Detailed experimental procedures will be provided at
Sn 3.7 0.03 the end of this chapter.!

2.2 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) system has been used for semiconductor
NW growth since early 2000 [3, 79]. MBE is known for the ultra-high-
vacuum growth system, providing a highly pure environment for crystal
growth. In the typical MBE system, depending on the growth history,
pressure can be achieved as low as ~ 10712 Torr. With such low pressure
the mean free path of the atoms/molecules from the source is very long
(»10 meters) and certainly much longer than the geometrical distance
between the source and the substrate (approximately 20 cm in our

1: TEM analysis of the grown NWs pre- system) [3, 80]. Therefore, the atom deposition towards the substrate is
sented in this chapter are performed by

Sara Marti-Sanchez, Maria Chiara Spadaro referred to "line-of-sight” impingement, as no collisions happen during

under the supervision of Prof. Jordi Ar- travel time [3, 80]. The additional atoms those are not landed on the
biol from Catalan Institute of Nanoscience substrate are immediately pumped out from the growth chamber. This
and Nanotechnology (ICN2). Few cases, leads to the possibility of the atomically sharp interface during multi-

where the TEMs are performed elsewhere,

will be mentioned in the corresponding ) ] ) : ) .
sections. instrument for growing a high-quality two-dimensional electron gas

(2DEG), where multi-layer epitaxy is required. Another key feature of
the MBE is controlled and low growth rate (ML/s) generated from the
effusion or Knudsen cell. A low growth rate confirms epitaxial growth
on the substrate with the lowest possible contamination (confirming
the low pressure). Furthermore, a low growth rate with high vacuum

layer growth without intermixing [80]. Thus, MBE is used as a primary

enhances the possibility of in situ characterization. The most commonly
used real-time surface analysis system in MBE is reflection high-energy
electron diffraction (RHEED), which is used to investigate microstructure
growth on the surface. Besides, for chemical analysis of the progressing
surface, the reflection mass spectrometry (REMS) or modulated beam
mass spectrometry (MBMS) can be used [80]. This real-time monitoring
provides control growth with compositional analysis and increases the
reproducibility of the intended surface structure.

All the NWs growth presented in this thesis has been performed in the
Varian GEN II MBE system (see Figure 2.1) at Niels Bohr Institute. It
consists of three main sections: i) load lock chamber (see Figure 2.1f)
for loading /unloading and pre-baking the mounted samples with the
holder to remove impurities, ii) buffer or transport tunnel (see Figure
2.1e), that is used for moving the samples around and also baking the
samples for further cleaning, iii) growth chamber (see Figure 2.1b), where
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Figure 2.1: Molecular beam epitaxy. a, MBE system with in vacuo connected electron beam physical vapor deposition (EBPVD) system
situated at Niels Bohr Institute. Two systems are connected with a long buffer tunnel as indicated with a white arrow. Load lock is connected
at the end of the buffer tunnel. b, MBE growth chamber at one end of buffer tunnel, where, as source materials: In, Ga, As, Sb, Au, Al, Bi,
and Si are loaded in the effusion cells. ¢, Schematic of the MBE growth chamber presented in (b). d, EBPVD growth chamber connected at
the other end of the buffer tunnel. Here, all the superconducting and ferromagnetic materials are loaded. After growth, the NW sample is
transferred in this chamber and cooled down with liquid nitrogen before depositing metals, which will be discussed later. e, Inside of the
buffer tunnel, where the transfer rods are connected to load /unload or shuffling the samples. f, Load lock inside, where samples are loaded
and degassed before transferring to the buffer tunnel. Load lock and buffer tunnel are separated with a gate-valve. The sample is only
transferred when a high vacuum is achieved. There is a mass-spectrometry connected to the load lock to analyze the chemical components
of the substrate before transferring to the buffer tunnel. g, Crucible with a source material inside the PVD chamber. The material is heated
with a guided electron gun.

all the material sources are connected. Usually, the growth chamber
and other sections are constructed with stainless-steel. To maintain the
high vacuum in the MBE system, different pumps can be used, such
as ion pumps, cyro pump, turbomolecular pumps, diffusion pumps,
titanium sublimation pumps, etc [81]. In our MBE, cyro pumps, ion
pumps, Ti-sublimation pumps, turbo pump and roughing pump are



10

2 Epitaxy of Hybrid Nanowires

used for keeping the high vacuum. The chamber wall is surrounded by
the cryo panels with continuous liquid nitrogen supply (see Figure 2.1c),
which confirms low desorption from the chamber wall. As shown in the
schematic of Figure 2.1c, sources are connected to the growth chamber
facing the substrate at a certain angle. The single element highly pure
materials are loaded on the crucible, that is placed inside the Knudsen
or effusion cells. Effusion cell is the heating device and can operate in
ultra-high vacuum. During the deposition, the cell is heated to a stable
temperature and material is evaporated from the crucible. A shutter is
placed in front of the cell to block the materials when needed. Thus,
simultaneously opening the shutters from multiple elements will lead
to the alloy growth. Temperature fluctuation is very crucial for high
vapor pressure materials, such as As and Sb. A small variation in the
temperature may lead to the deviation in the deposition rate [82]. Hence,
for high vapor pressure materials, a different type of effusion cell is used,
called cracker cell. It has a valve attached to it in order to control the flux
amount. Besides, in a cracker cell, a higher temperature is induced at the
top of the cell that helps to crack bigger molecules, for example, Sby to Sb,
[82]. The purity of the source materials is also crucial for high mobility
crystal growth in MBE. Typically the source materials are purchased
with "six nines" (99.9999%) or more purity, that makes the commercial
elemental source material very expensive. Beam flux monitor (BFM) or
ion gauge (at the back of the sample holder shown in Figure 2.1c) are
used to read incoming flux and calibrate it from the effusion cell [83].
As shown in Figure 2.1¢, the sample is loaded in the heated substrate
holder with a rotational mechanism. A thermocouple is attached with the
substrate holder to measures the wafer temperature from the backside.
Due to the temperature deviation, this measurement is not as reliable
as pyrometer reading in MBE. Pyrometer reads the thermal emission
from the substrate through view-port. Thus, the transparency of the
view-port is important to maintain. Usually, the view-port is heated
after the growth to desorb the attached materials. Additionally, in a
customized MBE system, transfer tunnel can be used for connecting
other instruments for different growths or in situ processes. Such as,
more growth chambers with separate sources, atomic layer deposition
system (ALD), e-beam evaporation system, etc. Besides, characterization
tools, for instance, atomic force microscopy (AFM) or scanning tunneling
microscopy (STM) can be connected for in vacuo analysis. As shown in
Figure 2.1, in our MBE system, the transfer tunnel is connected with an
e-beam evaporation system, that we use for in situ metal film deposition
to hybridize semiconductor NWs.

2.3 Vapor-liquid-solid Mechanism

In 1964, Wagner and Ellis [9] first demonstrated the nanowire growth
using Vapor-Liquid-Solid (VLS) mechanism, where they grew <111>
directional Si NW on Si (111) substrate using Au as a catalyst particle.
Since then VLS is one of the most realized mechanisms for growing 1D,
high crystal quality NWs [4]. The research interest on VLS mechanism
increased significantly since 2000 with the expansion of semiconductor
NWs applications in the nano-electronic devices [3, 4]. In the VLS
mechanism, NWs are grown from the catalyst particle. The liquid catalyst
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particle is supersaturated with the precursor. As a result, a solid crystal is
precipitated in the interface of the supersaturated catalyst and substrate.
Briefly, from vapor flux to solid crystal outcome happens through the
transition of vapor to liquid and liquid to solid, providing the process
name of VLS mechanism [4, 9]. This process assists to attain the distinctive
properties of the grown structure. Here we list a few of them [4]:

» Diameter, length, and uniformity of the NWs are controlled by
the catalyst particle. That gives the possibility to synthesize NW
arrays of the desired morphology with predefined catalyst particles.
Moreover, engineering the catalyst position during the growth offer
branching of the NWs [84].

» By tuning the growth conditions (temperature, flux ratio, etc.), the
crystal phase changing is possible. In other word, control polytyp-
ism, especially in III/V NWs, that rises interesting properties of
the NW.

» Efficient relaxation mechanism (through sidewall) of the VLS
grown NW provides the opportunity to explore heterostructure
properties of the lattice-mismatched materials. Otherwise, it is not
possible in the planar structure. Hence, core-shell heterostructure
with different semiconductors can be achieved.

» VLS-grown NWs can be easily doped, enhancing their p-type or
n-type properties. Also, it is possible to create a p-n junction in the
same NWs, that opens up different device applications.
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Several studies have been performed to model the growth kinetics of VLS
grown NWs and explain the mechanism [4, 86-93]. The fundamental
understanding initiates with the supersaturated liquid catalyst, the chem-
ical potential relates to that and the phase diagram of the given materials.
Let’s consider a solid metal (usually Au) deposited on the <111> direc-
tional III-V substrate (the reason behind choosing <111> direction will be
discussed in the next section). This nano-sized solid metal can be melted
to liquid with a given annealing temperature, depending on the size of
the nanoparticle [94]. Simultaneously, if the flux of the growth materials is
introduced in the growth chamber, it will dissolve in the droplet making
vapor to liquid transition. In parallel, there will be some desorption of
materials from liquid to vapor, however, the net incorporation rate will
be higher. At a given temperature, the concentration of the provided
materials alloyed with liquid (C) will be higher than their equilibrium

Figure 2.2: Layer-by-layer VLS NW
growth. a, Supersaturation of the cata-
lyst particle (assume Au) with precursors.
b, Nucleation started from the supersat-
urated catalyst, resulting in a 2D layer
growth through the liquid-solid transi-
tion. It continues within the diameter of
the Au catalyst. ¢, The first layer completed.
Simultaneously restoration of supersatu-
ration begins with continuous precursor
supply, that leads to a new nucleation as
indicated. d, New layer completed and
new nucleation begins. Repetition of this
process continues making layer-by-layer
NW growth. The idea of the schematic is
adapted from Ref. [85]
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concentration (Ceq) [4, 91]. To continue dissolving materials on the liquid
catalyst, higher vapor concentration is required, so C < Cy, where Cy
is the concentration of material in the vapor. The change in chemical
potential (Ap) of these three phases will determine the solidification from
supersaturated alloy. Based on the deposited material concentration on
liquid (C) and equilibrium (Ceq), the Au can be expressed as [52, 95]:

C
Ap = kgT1
H = KB nceq

2.1)

Here, kg is the Boltzmann’s constant, T is the absolute temperature.
The chemical potential difference of liquid-solid and vapor-solid are
respectively expressed as [4, 91]:

Aprs = p(C) —p (Ceq) (2.2)

Apys = u(Cy) —u (Ceq) (2.3)

For positive vapor to liquid flux transition, Aurs < Auys and positive
liquid to solid transition, Au(C) > Au(Ceq), that means Apys require to
be positive [4, 91]. Effective vapor supersaturation (®) can be defined as
a function of Apiys and liquid supersaturation (C) as a function of Aurs

[4]:

A A
q)zexp( ki‘;s)—l;(:=exp (%) -1 (2.4)

From the above discussion, solidification of the nanowire crystal through
the VLS mechanism (without considering diffusion effect) requires fol-
lowing condition [4]:

O>C>0 (2.5)

Satisfying the above requirements, a solid crystal will precipitate in the
liquid-solid interface and the solidified concentration will be defined
by the materials phase diagram. Solidified material in the interface is
confined laterally within the diameter of the liquid catalyst, hence, the
driving force of growing the NWs is in the vertical direction. Based on
the in situ TEM analysis reported by different research articles [85, 96-98],
NW growth steps can be shown in Figure 2.2. From Figure 2.2, after
supersaturation, a 2D island initiates in the interface and it completes
within the diameter of the NW. With monolayer completion, the alloyed
material concentration in the liquid gets lower. Thus, for restoring the
supersaturation, an uninterrupted flux deposition is maintained, that
leads to the initiation of the next nucleation. In this way, layer-by-layer
growth continues until the final termination.

The growth of the VLS NW is driven by the continuous supersaturation
of the catalyst via collection of materials. Therefore, an understanding of
the kinetic pathway of materials to incorporate in the liquid catalyst is
crucial. Multiple events may appear simultaneously during this process,
as depicted in the Figure 2.3 and summarized below [4, 87, 99]:
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» Starting with direct impingement of the materials on the catalyst
particle, which leads to the vapor to liquid transition. At the same
time, desorption happens from the liquid catalyst to the vapor. See
(i) and (ii).

» Vapor to solid transition through direct impingement from vapor
to the NW sidewall. Desorption also happens from the sidewall of
the NW, leading to the solid to vapor transition. See (iii) and (iv).

» High amount of flux impinges on the substrate. Depending on the
surface diffusivity, adatom from a certain area will diffuse to the
NW side-wall (see (v)). For certain conditions, it is possible to ignore
the diffusion process from the substrate and from the NW side-wall.
Then it becomes an adsorption-driven growth process, for instance,
the high-temperature chemical vapor deposition (CVD) process [4].
However, in the MBE or MOVPE, adatom diffusion through the
substrate and the sidewall is crucial and cannot be ignored. Tuning
of the adatom diffusion is possible through the choice of substrate
and growth conditions.

» Adatoms of the substrate will also create a quasi-two-dimensional
(2D) growth. This will increase the thickness of the area around
NW (see (vi)). Hence, the actual grown length of the NW is the
visible length and the 2D grown thickness of the substrate.

» Diffusion of adatoms from the NW sidewall to the liquid catalyst,
helps to accelerate the supersaturation (see (vii)). Nevertheless,
incorporation or desorption (as shown in (iii) or (iv)) during the
process may hinder the diffusion rate. If the effective density of
the adatom increases in the NW sidewall, then the incorporation
rate increases compare to the desorption rate. As a result, NW
starts growing radially. This scenario mostly happens when the
NW’s length is comparable to the adatom diffusion length. We will
discuss this elaborately in Chapter 4. If the NW length gets longer
than the adatom diffusion length of the sidewall, then tapering of
the NW happens with radial growth.

» In Figure 2.3 (viii), a transition between liquid and solid interface
is shown (liquid-solid transition), which is the driving force of the
NW crystal growth.

From the discussed points, material collection happens either from the
direct impingement on the catalyst or from the adatom diffusion to the
catalyst. During MBE growth of III-V NWs, the substrate temperature
is maintained ~ 450°C, which is certainly below the evaporation tem-
perature of the group III materials. Therefore, the adatom diffusivity
in the growth substrate is considerably high. We can certainly say that
adatom diffusion on the substrate and the side-wall (step (v) and (vii))
are major components in the MBE-grown NWs, that lead to the signif-
icant material collection in the catalyst [4, 87]. Adatom diffusion from
one point to another depends on their difference in chemical potential.
Similarly, adatom diffusion from the substrate to the NW sidewall (step
(v)) or from sidewall to liquid catalyst (step (vii)) will be driven by their
chemical potential difference. If we consider the diffusion from sidewall
to the liquid, then the condition should be Au(AS) > Au(LS), where,
Ap(AS) and Au(LS) are chemical potential difference of adatom-solid
and liquid-solid respectively. Now, similar to the equation 2.4, diffusion
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Figure 2.3: Kinetic pathway during
nanowire growth. Schematic of the NW
with different kinetic process associated
with it. (i)-(viii) discuss different phases of
transitions. The circular dots shows area
of the adatom collection for the NW. A is
the adatom diffusion length. The idea of
the schematic is refereed to [4].
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related effective adatom supersaturation (1) can be expressed as [4]:

1 =exp (Auas/ksT) -1 (2.6)

Here, n > C, for the adatom transport to the liquid. Adatom also incor-
porate on the substrate or the sidewall and desorbs (step (iii) and (iv)),
hence 1 < ¢, leading to a diffusion related modified condition for VLS
NW growth [4]:

O>n>C (2.7)

So, the typical long length of the III-V NWs can be attributed to the
diffused adatom, that otherwise would not have been possible only with
impinged atoms on the catalyst [4, 87,100, 101]. Besides, the liquid particle
during the growth can be considered as both catalyst and the collection
center of the materials.

In a nutshell, the discussions presented here are basic understanding
for VLS grown NW. The entire process is more complicated and deals
with several different conditions. Recent progress with in situ TEM
observation helped researchers to analyze the growth mechanics and
propose additional analytical models [85, 92, 93, 96-98]. Further reading
on the theoretical model and analysis, can be found in the following
references [4, 86-93]. Next, I will present the experimental results of the
VLS grown III-V semiconductor NWs.

2.4 VLS Grown InAs Nanowire

InAs NWs are one of the most studied III-V NWs, both in terms of
growth and device applications. Comparatively high electron mobility
than other III-V semiconductors (lower than InSb), small direct bandgap
and electron effective mass make InAs an interesting material choice for
applications like high-performance transistors or optoelectronic devices
[102, 103]. It is also a commonly used material for Majorana devices.
Besides, InAs NWs are compatible with the standard device fabrication
process, that makes it easier to play with different device architectures
[104, 105]. From a growth perspective, InAs NWs can be realized in
most of the available growth systems (MBE, CBE, MOVPE, etc.). It can
be grown using Au catalyst or self-catalyst mechanism [106]. Usually,
base substrates such as, InAs, InP [106, 107], GaAs [108, 109] and Si [108,
110-112] are used for the InAs NW growth. Here, we choose to grow InAs
NWs on the InAs (111)B substrate. The planar growth is minimal in the
<111> substrate [4] and it is energetically favourable direction for NW
growth [99]. As a catalyst, we choose to use Au particles. Au constitutes
binary eutectic alloys with a wide selection of materials [7]. Also in most
of the cases, alloyed-Au droplets create growth facilitated contact angle
(6. > 1/2) with the substrate, that makes it an ideal choice for VLS NW
growths. Outside Au, other metals such as, Pt [113], Ag [114], Cu [115]
and Sn [116] have also been reported as catalysts. An argument may arise
regarding Au-assisted NW’s compatibility in the C-MOS processes [7].
Thus, several studies have been conducted to eliminate Au catalysts after



2.4 VLS Grown InAs Nanowire 15

the NW growth maintaining the NW properties [117, 118]. This could still
hold the promise for Au-assisted NWs in large applications. In this thesis,
I have only focused on individual high-quality NW growth. Hence, Au
related issues will not be considered.
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Figure 2.4: Au assisted InAs nanowire growth. a, Schematic of the InAs NW growth steps. The growth is divided into four sections. (i)
Annealing of InAs growth substrate with As over-pressure. Later, in situ Au is deposited. With the mounted temperature the Au forms
liquid on the substrate. (ii) Supersaturation of Au with the presence of In+As and the precipitation begins. (iii) Layer-by-layer growth of NW
with continuous feeding of In and As (iv) Growth completes and the substrate is cooled down. Corresponding substrate temperatures are
provided. b, Tilted scanning electron microscopy (SEM) image of in situ Au assisted InAs NW. Catalyst position is indicated at the top. ¢,
High resolution transmission electron microscopy (TEM) of representative InAs NW structure. The TEM image is taken from a different
batch. Defect-free InAs wurtzite NW structure can be observed. Corresponding FFT is presented at the bottom.

InAs NW growth from Au catalyst is presented in Figure 2.4. Substrate
preparation and MBE growth steps are discussed in the experimental
section of this chapter. As shown in Figure 2.4a, standard in situ Au
assisted NW growth process consists four steps. (i), InAs substrate
requires to anneal at a temperature significantly higher than the growth
temperature. Here the substrate is annealed at 610 °C with high Asy
overpressure. During high-temperature annealing, a substantial amount
of group V (As) materials desorb from the substrate. As a result, high net
As pressure is needed for simultaneous reconstruction of the substrate.
This also confirms the cleaning of the substrate through vaporizing
the surface contaminations. Au is deposited subsequently, with the
presence of As overpressure. Due to the high substrate temperature, Au
doesn’t get wet on the substrate and remains as droplets. (ii), In flux is
introduced to the growth chamber, and at the same time, As pressure
is reduced to achieve V/III ratio ~ 9.78. The In planar growth rate is
fixed to 0.289 ml/s. The Au catalysts are supersaturated with In and As
atoms. Upon supersaturation, the nucleation starts at the liquid and solid
interface. The nucleation site evolves and terminates after completing a
full monolayer, as no new nucleation site is present. (iii), Maintaining
the growth temperature, the uninterrupted In and As flux generate
layer-by-layer growth. (iv), After the final growth time, the substrate
temperature is cooled down. To avoid decomposition from the NWs, the
cooling process is also performed under As4 overpressure. The standard
InAs NW growth is performed for 30 min, that provides around 4-5 um
long NWs. As mentioned before, with 447 °C growth temperature, there
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is a significant adatom diffusion effect in our NW growth. Since the NWs
are randomly spaced, few of them will have shared adatom distribution,
whereas others will grow independently. That leads to the NW diameter
distribution across the substrate. For the given growth conditions, the
diameter range varies from 100nm to 150nm. Difference in Au volumes is
also the reason behind the diameter deviation. We haven't statistically
measured the diameter distributions across the substrate after in situ Au
deposition. However, an assumption can be drawn from the post-growth
NWs diameter. The supersaturated Au catalysts define the NW diameter
and we also have observed the identical diameter size of the Au catalyst
and the NWs (see Figure 2.4b). Besides, no tapering is found along the
NW, as shown in the Figure 2.4b. Thus, the adatom diffusion length at the
sidewall of the NWs is believed to be longer than 3 um at the presented
growth conditions, unlike the previous report [101].

Structural analysis of the InAs NW is presented in Figure 2.4¢c, where
a defect-free WZ phase is observed and confirmed with FFT. Stacking
faults in the InAs NWs are also observed in several cases (WZ to ZB
transform). Nonetheless, in the presented growth conditions, we observed
an improved NW quality, particularly, for the InAs NWs that are grown
from (111)B trenches (will be discussed in the next chapter). The bulk InAs
is ZB crystal, whereas, the InAs NWs usually grow in the WZ crystal
phase. This WZ formation in NWs of ZB III-V semiconductors depends on
the supersaturation, the contact angle and the nucleation position in the
interface [119, 120]. All these parameters can be controlled by the growth
temperature and V /Il ratio. It is reported [119] that, high supersaturation
via III/V materials with a certain interface energy usually lead to nucleate
WZ phase in the interface (on the ZB substrate beneath). Furthermore, if
the triple line position and the nucleation initiate at the edge of the NW
facet, then the crystal phase continues to be WZ during the growth [120].
It alters for the scenarios where due to the growth condition deviation,
the supersaturation changes, and the contact angle get enhanced. As a
result, the triple line shifts from the edge of the facets to the top of the
NW), that leads to the energetically ZB favorable condition [120]. This also
explains the formation of stacking faults or crystal phase change during
the NW growth. If the local condition is stable during the growth, then
the contact angle and the triple line will not shift frequently, resulting in
a less defective crystal structure.

2.5 VLS Grown InSb Nanowire

Why Interest on InSb Nanowires?

Among the other III-V semiconductor materials, III-Sbs attract significant
attention due to their extraordinary optical and electrical properties.
Hence, for the last two decades, there have been notable efforts to
synthesize III-Sb NWs both for studying fundamental material properties
and for investigating device applications. Out of the III-Sb family, InSb
exhibits the narrowest bandgap of 0.17 eV at room temperature (only
InAsSb with certain As and Sb composition can achieve bandgap of
around 0.084 eV) and large lattice constant (6.47 A) [121,122]. Thus, InSb
NWs are used for different optoelectronic devices, like, photodetectors
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[123]. Besides, InSb has the highest bulk electron mobility (= 77000
cm?/Vs) among the I1I-V materials, which makes it interesting for low
power, high-speed electronics [122]. Moreover, as discussed in Chapter
1, with defect-free crystal structure InSb NWs are perfect candidate for
Majorana devices [51], spin-orbit qubit devices [124] and other quantum
transport experiments [125]. Nevertheless, the enormous potential of
InSb NW comes with fundamental challenges to synthesize the materials
[54, 122]. In this section, I will discuss the constraints associated to InSb
NW growth and present a detailed structural analysis.
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Figure 2.5: Contact angle evolution with presence of Sb. a, Contact angle of Au-III liquid alloy without Sb in the chamber. Here, the
contact angle is bigger than 90° and the axial NW growth is possible with presence of As or P in the chamber. b, Au alloy is wetting due to
the presence of surfactant Sb. Here, the contact angle is smaller than 90° and in-plane random directional growth may happen instead of
axial NW growth. Sb chain sticks on the corresponding surface and alters the surface energy. Hence, VLS axial growth is not possible directly
from the substrate. ¢, With presence of As, an InAs stem is grown and later, Sb can be introduced in the chamber. The Au alloy is restricted
to wet within the finite {111} facet on InAs stem. Hence, in this case the contact angle is bigger than 90° and InSb NW growth is possible.

Stem Assisted Growth

As shown in Figure 2.6, InSb NWs are not grown directly on the substrate.
Instead, a different III-V NW platform (usually, InAs or InP stem) is
grown before the InSb segment. The stem-assisted growth is observed
for all III-Sb related NWs [54, 122, 126-128]. Let’s focus on the challenges
of Sb related NW growth directly from the substrate, and how a stem
can facilitate the growth conditions.

There are couple of difficulties connected to each other, that complicate
the Au assisted InSb NW growth. It is known that, Sb (Z=51) is a strong
surfactant [129, 130]. Thus, it sticks on the surface and modifies the
surface energy drastically. With the presence of Sb, the contact angle (6,)
of the liquid Au is changed, which eventually affects the NW growth. The
contact angle of the liquid Au can be expressed with Young’s equation:

0. = cos_l(w) (2.8)

Viv
here,

¥sv = solid-vapor interface energy;

y1s = liquid-solid interface energy;
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Y1 = liquid-vapor interface energy;

Moriarty et. al [131] experimentally demonstrated that Sb deposition on
the GaAs (111)B-(2x2) surface at high annealing temperature (300-525°C)
exhibits surface reconstruction to (1x3), consisting of long Sb trimmer
chain. Such reconstruction leads to high surface energy. Similar Sb-rich
surface reconstruction is demonstrated by Whitman et al. [132, 133] on
AlSb and GaSb surfaces. Hence, the insertion of Sb in the VLS system
increases the surface energy of liquid-vapor (y;,) and solid-vapor (ysv)
interfaces. Conversely, the liquid-solid interface energy (ys) is not altered
by Sb, as it tends to stay on the surface and does not incorporate with the
liquid Au. Therefore, according to the Young'’s equation, the increase of
Y1v and Vg, in the multi-phase system is adjusted through a change in
liquid shape to minimize the overall energy of the system. If yg, > yis
and yj, > vis due to Sb deposition, then 8, < 1/2. That means, because
of the acute 0., the Au liquid will wet while trying to grow directly
on the substrate. For stable NW growth, 6, > 71/2 is required, leading
to Yis > Vso, V1o [4, 93,120, 134]. In brief, Sb inclusion in VLS system
changes the related interfacial surface energy, that lowers the contact
angle of the liquid Au, resulting in an unfavorable conditions to grow
axial InSb NWs directly on the substrate. Instead, the Au liquid will
move around and an in-plane growth will be observed [4, 122, 135-137].
An illustration of Sb effect on the Au droplet is shown in Figure 2.5a
and b. As shown in Figure 2.5a, without Sb the contact angle is larger
than 7/2 and favorable to axial NW growth. But, in Figure 2.5b with Sb
coverage, the surface energy is increased and the Au droplet wets on the
substrate.

In order to create a favorable axial growth condition, a foreign III-V
material stem is grown. As shown in the TEM image of Figure 2.6a-b,
InAs stem is a popular one, since it has a closer lattice match with InSb
compare to other III-V materials [121]. InP NW stem is also demonstrated
from InP substrate [127], but, later switched into the InAs stem before
growing InSb. As illustrated in Figure 2.5¢, an InAs stem creates a finite
space of (111)B facet for Au liquid on top of the NW. Thereby, the liquid
does not wet and extends solid-liquid interface. Maintaining 0. above
11/2, InSb NW is possible to grow after InAs stem. In the next section, I
will try to explain the possible reasons behind the diameter increment of
InSb segment.

Diameter Increment

As already elaborated in the VLS section, NW diameter depends on the
size of the deposited catalyst and the composition of the supersaturated
liquid during the growth. Generally, for III-V heterostructure NWs (except
III-Sbs), the diameter alteration is not observed during the transition
[138-140]. In contrary, for InAs-InSb and GaAs-GaSb NWs, an increased
diameter after the transition from the stem is observed [122, 126, 128,
135, 136, 141]. There are few factors that play a role in the diameter
change. According to Guo et. al [141], diameter increment is due to the
lattice mismatch in the interface of two materials, resulting in the strain
relaxation of crystal through lateral expansion. They demonstrated the
results with GaAs-GaSb N'Ws. This can also be true for InAs-InSb NWs,
considering InSb has a larger lattice parameter than InAs. Later, Carroff et
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B

Figure 2.6: Top to bottom structural investigation of thick InSb NWs. a, TEM image of InAs to InSb transition segment. Magnified InAs
segment shows defect free WZ crystal. b, InAs to InSb transition from another NW. Magnified transition section demonstrates a line of
stacking-fault induced while growing from InAs to InSb. ¢, TEM image of InSb body where the crystal phase is complete ZB. Zoomed in
TEM image in green segment shows ZB crystal. d, TEM image of the InSb body of another NW and zoomed in edge also demonstrate pure
single crystalline ZB quality. e, TEM image of half of Au catalyst, which is a round shape. f, TEM image of other half of Au catalyst, which
is faceted. This can be attributed to the cooling effect. During the cooling process Au droplet solidifies and forms the faceted shape. In
both cases, ZB crystal is found beneath the Au catalyst. g, TEM image of the Au catalyst and solidified InSb segment beneath. Magnified
TEM section demonstrates stacking fault line right beneath the Au catalyst. We also attribute this stacking fault to the cooling effect after
the growth. Scale bars in the images are 10 nm and scale bars in the magnified sections are 5 nm. (TEM presented here is performed by
Jung-Hyun Kang at DTU CEN)

al. [126] and Borg et. al. [122, 136] attributed the larger diameter of InSb to
the change of group III composition (In) in the liquid particle from InAs
to InSb growth. It is reported that [126, 136, 142], the In concentration
in the Au particle increased significantly while switching from InAs to
InSb segment. With the increased In concentration, the diameter of the
liquid Au is increased. This is also assisted by the change in contact angle
(smaller compare to the pre-InAs growth) of the Au particle during the
introduction of Sb in the growth chamber [136]. Eventually, this increased
Au diameter leads to the larger diameter of InSb compare to the InAs
segment. Further in situ investigation of the Au particle evolution during
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the transition is required to draw a proper conclusion.

Interface Analysis

Figure 2.6a-b and Figure 2.7a-d show TEM analysis of InAs WZ stem to
InSb ZB crystal phase transition. Blue highlighted section from Figure 2.6a
exhibits pure WZ structures in InAs segment. Here the diameter of InAs
is 24 nm. Defect-free InAs WZ crystal has already been demonstrated in
previous section and will also be discussed in next chapter [54]. Figure
2.6b shows TEM analysis of NW#2 and yellow magnified section in the
left is detailed of the transition section. Further, in Figure 2.7d shows the
interface analysis for a thin InSb NW.

In contrary to the bulk system, it is possible to combine highly mismatched
materials in the NWs due to their structurally assisted strain relaxation
close to the interface. This leads to a possibility of exploring interesting
material properties in the heterostructures. TEM image of Figure 2.6b
shows a high contrast in the interface of InAs and thick InSb NW,
indicating the presence of strain. We magnified into the contrast interface
area in the yellow box to understand the strain relaxation mechanism.
The transition of the interface segment can be divided into three regions:
pure WZ, small ZB in the interface, and later pure ZB section. Pure WZ
section is the boundary of the InAs stem before the transition. When
Sb is introduced, the crystal changes to the initial ZB segment until the
formation of misfit-dislocation. Similar phenomenon is also observed
in previous investigations [126, 143-146]. For the case of thin InSb NW
presented in Figure 2.7¢-d, the transition of ZB seems to be less defective,
where only two twin boundaries are observed. The small ZB segment
can be attributed to the presence of Sb. It is known that a small Sb
incorporation in the crystal assists it to switch into ZB crystal phase [147].
So, when the Sb flux is provided, with a small amount of As present
in the system, that leads to a ternary InAsSb section with a minimum
incorporation of Sb. The Sb gradient in the InAs-InSb is also observed by
Caroff et. al. [126], and later, Mata et al. [144] confirmed the presence of
InAsSb segment with an atomic resolution analysis. This ternary segment
is very small and in the range of a couple of nm. Right at the edge of
ternary segment, couple of misfit dislocations or twining events occur
depending on the diameter of the InSb segment. Since InAsSb with small
Sb composition has a smaller lattice parameter than InSb, this leads to
the misfit dislocations to take place as a mechanism of strain relaxation
and assists in transit into relaxed disorder-free InSb ZB. Similar to the
previous reports [144], we also observe the misfit dislocations mostly
identified in the center of the interface (in Figure 2.6b), but not in the
edges. Further moving from the interface area, we can see the stacking
of the pure ZB crystals, a characteristic outcome of the InSb and will be
discussed in the next section.

Defect-free Zinc Blende Structure of InSb NW

The single-crystalline InSb segment is examined in Figure 2.6¢-d and
Figure 2.7e. Such high crystal quality is also evident in the electrical mea-
surements, showing ballistic transport in the measured InSb NW devices
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Figure 2.7: Structural analysis of thin InSb NWs. a and b, Tilted SEM image of thin b-polar InSb NWs (diameter ~ 100nm) grown from
InAs (111) substrate. The length of the NWs are around 2-2.5 ym. Scale bars are 100 nm. ¢, Representative TEM image of the InAs-InSb
interface. d, Magnified section demonstrates two twin boundaries (shown with arrows) in the InAsSb transition section before reaching
the full diameter of the InSb segment. This is the only defect observed in the analyzed structure. e, Magnified HR-TEM shows pure ZB
structure in the InSb segment. f, TEM Analysis of the Au catalyst and Au-InSb interface. As shown in the previous case, Au solidified at
room temperature resulting a faceted structure. g, Magnified HR-TEM shows the interface between Au-InSb demonstrating defect-free ZB
alloy in Au and pure ZB InSb structure. h, Further analysis with high magnification micrograph of the Au section shows the Auln, FM3-M
cubic crystal phase, oriented through its [1-10] zone axis, confirming high concentration of In in the catalyst.

[54,148-152]. 2 The defect-free ZB crystals can be attributed to several
factors. Starting with ionicity (f;) value and energy difference (AEwz—_zg)
to form WZ and ZB crystal structures for III-V NWs. Correlation of
ionicity, relative energy difference among the crystal phases and stack-
ing disruption or rotational twinning both for bulk and NW structures
has been observed before [153-155]. Among the other III-V materials,
InSb demonstrates low value of ionicity (f; = 0.19) and eventually high
energy difference to form WZ (AEwz_zp = 8.2 meV /atom). In addition
to InSb, GaSb also demonstrates relatively low ionicity (f; = 0.15) and
high energy difference AEwz_z3 = 9.9 meV/atom [154]. In both cases,
NWs demonstrate a strong possibility of formatting only ZB crystals. In
contrast, with relatively high ionicity and low energy difference, most
of the III-As and III-P materials demonstrate WZ formation of NW with
ZB inclusion. Besides, for the highest ionicity value, III-N groups show
pure WZ phase both in bulk and NW structure [155]. A table containing
ionicity information of III-V materials can be found in Ref. [154, 155]. In a
nutshell, the ZB crystal phase is assumed to be more stable in III-Sb NWs
since relatively high energy is required to transform into a WZ phase.
Hence, no WZ or high order of polytypisms are seen in the InSb NW.
Nevertheless, only low ionicity crystal stability may not be good enough

2: See Chapter 3 for examples.
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to explain the reason for the pure ZB phase. Confusion arises when the
nearby ionicity value of GaAs (with InSb) demonstrates WZ NW with
ZB defects. Thus, other factors may also play a role in defining the InSb
crystal.

It has been reported [155-157] that, a critical diameter may dominate
the crystal phase transition of WZ to ZB in the NWs. For InSb NWs,
theoretically predicated critical diameter to transform into WZ is very
small, in the range of 10-20 nm [155], which may be experimentally
challenging in InAs assisted InSb NWs. The InSb NWs grown in this
thesis are > 80 nm in diameter, and hence, more favorable to ZB crystal.
Even so, the critical diameter effect on the InSb crystal may be arguable,
since some crystal defects on large diameter have already been observed
[158]. Eventually left us to consider the supersaturation and growth con-
ditions of InSb NWs for being pure ZB. Mandl et al. [159] experimentally
demonstrated with In-Sb catalyst particle that, the defect formation of
InSb NWs depends on the Sb concentration of the catalyst. It has been
reported that, with low to high Sb concentration, the InSb crystal phase
shifts from pure ZB to mix crystal to long WZ segment. Au assisted
InSb typically demonstrates a very small Sb concentration on the catalyst
particle and mostly In-Au alloy, as shown in Figure 2.7h. Such a small
Sb concentration helps to grow single-crystalline ZB InSb as presented
in Figure 2.6 and Figure 2.7. The high-resolution TEM images in both
cases show defect-free ZB layers (post-growth analysis) in the catalyst
particle, which favors solidifying single-crystalline InSb stacks. As shown
in Figure 2.7g-h, Auln; alloy creates a perfect epitaxy with InSb segment
maintaining the same crystal symmetry and very close lattice constant.
Auln;, alloy (FM3M) shows a lattice constant of 6.51 A, meaning only
0.4% residual mismatch with InSb (6.48 A), that leads to the disorder-free
InSb crystallization.

2.6 Thin Film Epitaxy on Semiconductor
Nanowire

Understanding the controlled growth of semiconductor NWs from previ-
ous sections, now I am going to move our focus on hybridizing semicon-
ductor NWs with a thin metal film. Thin-film growth on semiconductor
planar structure is well-studied and opened enormous opportunities for
semiconductor industry [161-166]. As mentioned before, with the recent
proposal of topological superconductivity in hybrid NW system, investi-
gation of thin-film growth on semiconductor NWs is in high demand [29,
34, 44, 51,167, 168]. Here, the concentration will be on growing thin-film
in situ right after the NW growth. First, I will explore the theoretical
understanding of thin film growth on NW.

Thermodynamically stable and continuous metal thin film on the semi-
conductor NW facets is challenging due to the limited temperature space
and growth kinetics. As a result, a non-equilibrium growth parameter
window is required to grow a uniform metal film on the semiconductor.
The morphology of the metal thin film directly depends on the growth
surface and the kinetics of the adatoms on that surface, which is de-
termined by the parameters like temperature and beam flux, that we
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Figure 2.8: Thin film growth on semiconductor. Thin metal film growth on semiconductor surface as a function of time and temperature.
(a-e), stage by stage metal film growth at low temperature (T). At low T, adatom diffusion length (A,) is small, leading to close proximity
islands that merge and create surface driven thin film. (f-j), Metal film evolution at high T. Here, A, is big, resulting in largely spaced islands.
Continuous film may create in long growth run. The idea of the schematic is adapted from Ref. [52, 160]
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3: Usually a significant effort is conducted
to minimize the impurities in the surface,
such as multiple cleaning before mount-
ing in the growth chamber and later, high-
temperature annealing to get rid of unin-
tended impurities. However, some impu-
rities may still be embedded due to the
surface chemistry, which can create a po-
tential difference.

control during the growth. Thin metal film growth can be divided into
three stages: nucleation stage, islands growth (surface driven growth)
and grain boundary evolution.

Nucleation Stage (Adatom Diffusion and Temperature
Effect)

Metal atoms impinge on the semiconductor surface with an average
kinetic energy of the molecules, which is determined by the source
temperature. After interaction with the surface, the atoms compromise
their kinetic energy and get adsorbed on the surface (become adatoms).
The adatom will diffuse randomly until it incorporates with a group of
other adatoms, at the adatom cluster or other nucleation site. However,
the initial incorporation site may not be stable for the adatom. Depending
on the substrate temperature, atomic structure, surface chemistry and
presence of impurities, > the potential difference and stability of different
nucleation sites can vary a lot. Hence, the adatom may continuously
triumph the potential barrier of one site and diffuse into another one
in a random walk process, until it reaches the kinetically relaxed stage.
Such jumping rate (I') of adatom from one diffusion site to another is
determined by the attempt frequency (v) (comes from vibration frequency
of the atom), substrate temperature (T), the potential energy barrier of
diffusion (E;). The relation can be described as the following:

r= vexp(—kEB—dT (2.9)

Here, kp is the Boltzmann’s constant. If the adatom has energy bigger
than Ey, then, it may stay a certain period on the substrate before it has a
finite probability of desorption. In order to minimize the desorption rate
from the substrate and endure the diffusion process, E; requires to be
smaller than the desorption energy. As we can see from the equation 2.9,
substrate temperature plays a crucial role in adatom diffusion, which we
will elaborate later. We can also relate I' to adatom diffusivity or diffusion
coefficient as follows [161, 169-171]:

D=— (2.10)
Here "a" is the distance between the incorporation sites, and "z" is the
number of the neighboring sites, where adatoms can jump in. The factor
"z" will be different depending on the nature of diffusion. Since we are
considering 2D diffusion nature, here z = 4, leading us:

Ta?2  va? E;
D=—= Texp(—kB—T (211)

We can consider constant a?v = Dy,

E
D= Doexp(—kB—dT (2.12)
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Now, adatom travels a certain distance before get incorporated into the
energetically favorable incorporation site. The time when an adatom
starts traveling, to the time of incorporation is called adatom lifetime (7,),
which can be expressed as [161, 172]:

1 E,
Ty = ;exp(kB—T) (213)

Here, E, is the activation energy for the incorporation. Finally, adatom
diffusion length A, can be expressed in relation with adatom coefficient
and adatom lifetime:

Aq = /D1, (2.14)

According to Ref [52, 87], A, can be expressed as a function of substrate
temperature (T), chemical potential of the incorporation site (u,) and
adatom density (p,, which depends on the beam flux): *

[T

(2.15)

_ E -6
Aa (pa, T) o pg d—”)

From the equation 2.15, we can find the influence of beam flux and
the temperature to determine the adatom diffusion length. From the
exponential relation, T and p, has crucial role to govern A,. Lower
substrate temperature reduces A,, as a result, adatom incorporates in
neighboring incorporation site quickly. From this equation increment in
Pa (high beam flux rate) will also decrease the A,. With decreasing A,
adatoms will incorporate quickly reducing p,. Hence, low temperature
and high beam flux are desirable for thin metal film growth on the
semiconductor surface.

Figure 2.8 shows a schematic of thin-film evolution in all stages as
a function of growth time and substrate temperature. Figure 2.8 a-e
are the illustrations for low temperature condition, and Figure 2.8 f-j
are scenarios for the high-temperature growth. Figure 2.8 a shows at
sufficiently low-temperature, adatoms have small mobility (small adatom
diffusion length), as a result, incorporates with nearest sites. On the other
hand, in Figure 2.8 f with high-temperature, adatoms have more kinetic
energy, hence, they are more mobile and do not incorporate in nearest
incorporation site (long diffusion length). In a high enough temperature,
the desorption rate of adatoms can increase significantly. Inset connected
to Figure 2.8 a and f shows multiple events that can occur upon the arrival
of an atom on the semiconductor surface depending on the diffusion
barrier. As mentioned in the beginning, not only does the new arrival
adatom diffuse, but also already incorporated adatom diffuses from one
site to another. As a result, some clusters can get larger with attachment,
while others shrink due to the detachment. It is reported that [160, 173],
clusters with more atoms (more than two) are unlikely to lose atom due to
the supersaturation, hence, they become the energetically favorable site
to grow bigger. In other words, we can say that nucleation density on the
substrate depends on the probability of two or more atoms incorporation
together (making dimer) and the probability increased with p,, which
can be controlled by increasing incoming flux [160, 174]. If nucleation

4: Check Ref[52] and Ref. [87] for detailed
derivation.



26

2 Epitaxy of Hybrid Nanowires

density is n, it can be expressed as a function of incoming flux (f) and
diffusivity (D) [70, 174, 175]:

i+2 _Eb

Here, Ey, is the binding energy and "i" is the critical cluster size. Also,
low temperature provides reduced A,, that increases the probability
further to encounter adatoms to each other, whereas in high temperature,
adatoms tend to incorporate with big cluster or step site. Hence, the
nucleation density in Figure 2.8 a is more than Figure 2.8 £.

Islands Growth (Surface Driven Growth) and
Coalescence

In the next stage of the thin film growth, the nucleation or incorporation
sites (clusters, steps and others) grow larger with the continuous growth
process and spread as islands on the semiconductor surface. Multiple
parallel events take place during this island growth stage. Spacing
between the larger clusters diminishes and they combine as an island.
Direct impingement of the atoms from vacuum also plays a role in islands’
evolution. In addition to that, the continual diffusion process of adatom
along with detachment and attachment from the progressive nucleation
sites contribute to the island dimension. Island growth and merging stage
for low temperature is displayed in Figure 2.8 b-c and high temperature
substrate is shown in Figure 2.8 g-h.

Size evolution of the islands (or grains) can be understood from Ostwald
ripening process [176-178]. For simplicity of the explanation, let’s consider
the merging process of two nearby islands or grains, Aj and A,. As shown
in Figure 2.8 b, adatom cloud is usually present around the islands.
However, cloud density depends on the size of the islands. If we consider
one island is bigger than the other one, A1 > A;, as shown in Figure 2.8
b inset, then a gradient in cloud density between A; and A, will be seen,
which is determined the binding energy of the adatom on the surface.
Binding energy on the surface depends on the curvature of the island
and the island size is inversely related to the curvature [160, 178, 179].
Hence, there will be more detachment of the adatom from A, island,
which means the surrounding adatom cloud will be larger compare
to the A; islands. A diffusion from large cloud (around Aj) to small
adatom cloud (around A;) will happen. As a result, the adatom density
around A; island will increase significantly, which will lead to enhanced
incorporation of the adatom on A; island. With the continuation of this
process, the size difference will increase, and bigger island dominates
over the smaller neighboring islands.

The crystal orientation of the islands can be determined by the semicon-
ductor surface or arbitrary orientation and hence, can differ from island to
island [160]. Magnified section in Figure 2.8 ¢ shows the orientation with
arrow. Depending on the island size (number of atoms), inaugural crystal
orientation may not be the energetically favorable one and subjected to
change depending on the growth time. If the island with a small number
has a high energy crystal phase orientation initially, in a longer growth
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period it will change to a lower energy crystal phase orientation. An
exception can happen due to the kinetic restriction, in that case, the
surface structure may change [160]. On the other hand, bigger size islands
are kinetically bound to remain in their initial crystal orientation and
cannot change with further growth. Hence, the size of the islands plays a
crucial role to determine later crystal orientation [70]. It can be presumed
that, eventually, lower surface energy orientation will dictate over a long
growth period.

The coalescence process begins when islands are grown big enough to
come into close proximity, as shown in Figure 2.8 ¢. When islands merge,
they start reforming the interface to attain minimum surface energy.
During this process, a grain boundary is formed in the interface of two
islands due to the plastic deformation of the impinging island [180, 181].
Now, the time frame of this coalescence process depends on the size of
the islands, where process time for the larger island is slower compare
to the smaller one. The coalescence period Tca can be expressed as
following [160, 182]:

R4
Tcoal = 3 (2.17)

Where, R is the radius of the curvature and B is the coalescence parameter
and can be expressed as a function of diffusion co-efficient [182]:

DyQ?S
- Dro%s

- (2.18)

Here, y is the surface energy, () is the atomic volume and Sy is adatom
density. Teoal plays a role defining the crystal shape when multiple big
islands interact at the same time. From the equation 2.18, we can also see
Teoal has a dependence on temperature.

As depicted in Figure 2.8 d, at low temperature small islands can merge
and create a continuous thin film on semiconductor surface, where
lowest surface energy dominates over other. On the other hand, in high
temperature, large islands are still sparsely spaced (see Figure 2.8 i),
hence, surface driven continuous film cannot form.

Reconstruction and Grain Boundary

Diffusivity (D) of the adatom and hence, adatom diffusion length (A,)
change to a large extent depending on whether adatoms are on semicon-
ductor surface or grown metal surface. During surface driven growth
(discussed previously), crystal reconstruction happens through mini-
mization of surface energy. On the other hand, in growth time when
metal is covered on the semiconductor surface, (as shown in Figure 2.8, in
low temperature it happens early) crystal reconstructions mainly happen
through minimization of the grain boundary energy.

Surface diffusion happens through the grain boundary and mitigates
the chemical potential of the system, leading to the reconstruction of the
grains in an equilibrium shape. The crystal orientation of the merged
structure depends on the individual crystal orientation of the islands

27
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before merging and evolution of grain boundary, which will be elaborated
next. If the islands have the same crystal orientations then the new merged
island will also follow the same. However, if the islands have different
crystal orientations, then the final merged island may follow one of
their parents’ crystal orientations depending on the migration of the
grain boundary. On the other hand, if the kinetic energy barrier of the
grain boundary is very high to overcome, then the grain boundary will
be stationary, where two crystal orientations may stay together [52, 70,
183]. Merged grain boundary with single crystal orientation is shown
in Figure 2.8 d magnified section. A detailed theoretical framework for
grain growth mechanism is demonstrated by Krogstrup et al. [52], which
is summarised below for a further understanding of grain boundary
effect on crystal morphology.

Let’s consider, m; and m; are two neighbouring grains. The average
growth rates of the grain can be expressed as a function of chemical
potential [52]:

O&mymy Optm,
Ar(mlmz) oC exp (_kB—T exp kBT -1 (219)

The growth of m; will be driven by the chemical potential difference
between m; and my:

dG

le — Hmy (2.20)

5[«11111 =

Here, "G" is the Gibbs free energy and "n" is number of atoms in m;j.
According to the above equation, the value of jir,, determines whether my
expands over m;, remain same or diminish. Hence, further elaboration of
Um,; Will provide the understanding behind thermodynamic driving force
of reconstruction and grain boundary mobility. i, can be derived as a
function of two core parameters of the metal film: 1) height or thickness
of mj, hy, and 2) in-plane radius curvature of mj, Ry, [52]:

]
Ysurface,my T Vimy|lm; + Qymlllmz + QSe? B HRWZ (2.21)

h, R, (1-0) "™

Sutmy’ = Q2

Here, y is the interface energy, S is the shear modulus, "v" is the and
Poisson’s ratio. The equation 2.21 is divided into three sections, where
the first part dominates in the initial stage when the thickness of the film
is small, which has been discussed in the previous section. The second
and third terms play a role when metal films grow thicker, which is
our matter of interest in this section. As we can see from this equation,
the surface energy is exchanged into the interface or boundary energy
(second section) and strain energy (third section). If the grain boundary
energy of my is high, it will feel the driving force towards equilibrium by
diffusing materials into the neighboring grain mj. The crystal orientation
may alter from the initial one depending on the value of pi,, if it is large
enough to overcome the reconstruction barrier.



2.7 Al Growth on Nanowire

With theoretical understanding, I will now explore the experimental
results of thin-film deposition on semiconductor NWs. In this section, lam
going to focus on the classical Al film growth on NWs with high interface
quality. Al is still the most used metal for topological SE/SU quantum
devices. Compatibility with the standard fabrication process, uniform
film morphology with epitaxial quality and passivation possibility with
native oxide are few reasons behind the popularity [52]. Together with
the low-temperature deposition technique (as discussed in the previous
section) and being a well-studied group III material, no customized state-
of-the-art equipment is required for depositing Al in MBE (compared
to other dedicated materials). As a result, Al-based SE/SU hybrids are
more accepted research platform and several successful devices have
already been demonstrated with this hybrid. [64, 184, 185].

Thin Al film (< 15 nm) on semiconductor NWs is required to withstand a
high magnetic field without suppressing the superconductivity. However,
thermodynamically stable such thin film is challenging to grow. Keeping
this in mind, in this experiment, I will grow Al on InAs and InSb NWs.

Al Thin Film on InAs NWs

As discussed before, the semiconductor NWs are grown on InAs (111)B
substrate and in situ deposited Au are used as catalyst particles. Besides,
hybridization is also performed on the NWs, grown from InAs (100)
substrate with (111)B etched trenches. > For Al deposition, standard
calibrated Al flux is used from the MBE system. After NW growth ©, the
substrate temperature is cooled down to ~ — 36°C over 8-10 hours. The
substrate is aligned with an angle with respect to the Al source for the
selective depositing on the NW facets (for the half shell case). On the
other hand, for a full shell case, deposition is done with the continuous
rotation of the substrate. A detailed deposition technique is presented in
the "Experimental Details" section.

In this experiment, Al is grown on the <0001> directional InAs NWs.
NWs are grown hexagonal, and deposition is performed on the selected
facets along the NW. The <0001> direction on (111)B substrate provides
options to deposit Al on any of the six {1100} facets. In Figure 2.9a, Al
is deposited on two-facets of the InAs NW with a stationary substrate
and fixed angle. The deposition direction is shown with a white arrow in
Figure 2.9a and the inset schematic shows two-facets of Al on hexagonal
InAs cross-section. Al growth direction can also be understood from
the shadow on the substrate, as shown in the Figure 2.9a inset. InAs
NWs diameter are in the range of 100-150 nm with well-defined facets,
can also be seen in the magnified inset image. An example of long
InAs segments is presented in Figure 2.9b, where a clear distinction
between InAs and ~ 15 nm continuous Al thin film is observed. The
requirement for thermodynamically driven thin film formation on the
NW is discussed in the theory section. Following that, Al is grown at
low substrate temperature and with high flux rate leading to complete
Al wetting on the NW facets. High-resolution TEM of the interface is
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Remark 2.7.1 The Al hybridization
with NWs presented in this section are
part of the research project of "Paper 4"
(In Preparation).

5: Detail about this will be discussed in
chapter 3.

6: See "Experimental Details" for semicon-
ductor NW growth.
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presented in Figure 2.9¢, where a sharp interface between InAs and Al is
observed.
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Figure 2.9: Thin Al epitaxy on InAs NWs. a, 30° tilted SEM image of InAs/Al NW. White arrow shows the Al deposition angle. The
schematic shows the cross section of hexagonal NW with two-facets Al. Yellow arrow shows the viewing angle in the TEM inspection. Inset
SEM image shows the well-defined facets of the wire with the Al deposition shadow on the substrate. b, Low magnified TEM image of the
NW segment showing no crystal defects in the InAs and also an uniform Al thin film deposited along the NW. White arrow shows the
growth direction of the NW. ¢, High resolution TEM image from highlighted area, which shows sharp interface between InAs and Al. (111)
out-of-plane orientation Al film is grown on InAs {1100} facets. Scale bars for (a), (b) and (c) are respectively 100 nm, 50 nm and 5 nm. (TEM
presented here is performed by Martin Espineira Cachaza at DTU CEN)

Recalling the facts that crystal orientation of Al will depend on the
thickness of the grown film, surface energy, interface energy and grain
boundary mobility. With an initial thickness, the continuous film is
expected to form, where the crystal orientation is driven by surface
and interface energy. Later, with continuous growth and increased
thickness, the grain boundary energy is expected to reconstruct the
crystal orientations. According to Ref. [52], Al on InAs forms a large
domain with a small residual mismatch, hence, from equation 2.15,
moderately low temperature will help to drive initial thin film with a
certain orientation. In the following articles [52, 67, 70, 186], two out-
of-plane Al orientations, (111) or (112) are reported on the InAs {1100}
facets. In fact, (111) is the low energy Al plane normal to the {1100} facets.
Thus, it can be expected from the theory that, with initial thickness, InAs
surface energy minimization will lead to a (111) out-of-plane Al film
perpendicular to the NW [52]. Consistent with this, in Figure 2.9¢ we also
observe (111) out-of-plane orientation Al thin film perpendicular to the
wire facets. Furthermore, transition from (111) to (112) plane is reported
with the thicker film [52]. In a long-growth time, according to equation
2.21, boundary energy and interface energy minimization determines
the crystal orientation. High boundary energy grain will diffuse into the
neighboring lower one and drive for the reconstruction until reaches to an
equilibrium. (112) out-of-plane orientation of Al shows single crystalline
and small residual domain mismatch with wire facets, hence changing
from (111) to (112) plane is more energetically favorable for thick Al



film. However, in Figure 2.9b and ¢, (1 12) plane is not observed, which
implies that the Al thickness is still in the lower side and hence, crystal
orientation is surface driven, resulting in only (111) Al planes.

Al Thin Film on InSb NWs

Similar to the previous section, InSb NWs are either grown from InAs
(111)B substrate or (111)B trenches. As elaborated in section 2.5, InSb NWs
are grown with InAs stems. 7 The diameter of InSb NWs varies from

120 nm to 150 nm. Al is deposited in two facets out of six {110} ZB facets.

Figure 2.10a shows a standard <111> directional ~ 120 nm InSb NW grown
on InAs (111)B substrate. Al deposition angle is shown with the white
arrow. In the cross-section schematic, Al-grown facets are shown, and
also viewing angle for the imaging is indicated with a yellow arrow.
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7: See section 2.5 for InNSb NW growth
details.

Figure 2.10: Thin Al epitaxy on InSb NWs. a, 30° tilted SEM image of InSb/ Al NW. The white arrow shows the Al deposition angle. The
schematic of hexagonal cross-section shows two-facets Al deposition that we intended in this experiment. The yellow arrow shows the
viewing angle in the TEM inspection. b, High resolution TEM image of InSb and Al section. The arrow shows (111) growth direction. ¢, High
resolution TEM image of the magnified section from panel (b). A clear and abrupt interface between InSb and Al is observed. InSb is ZB
structure and Al is cubic structure. The arrow on InSb shows the <110> facets direction. 17 (111) Al planes are counted from the image
referring to ~ 3.5 nm thickness. Scale-bar for panel (a) is 100 nm and panel (b) and (c) are 2 nm. (TEM presented here is performed by

Emrah Yucelen at Microsoft Quantum Lab, Delft.)

Figure 2.10b shows a low magnified TEM of hybrid InSb/Al, where a
continuous and uniform Al segment can be seen in-contact with InSb. As
drafted in the previous section, low temperature along with high Al flux
drive the thin Al film formation, and the same parameters as InAs/Al
are used for the InSb/Al hybridization. For interface quality analysis
magnified HR-TEM section is presented in Figure 2.10c. The distinct
interface of ZB InSb and FCC Al can be seen. Here, all the Al planes are
<111> oriented on the {110} ZB side-facets (showed with white arrow). Al

and InSb have a large lattice mismatch (4.05A and 6.47A respectively).

Thus, an interfacial domain will form to minimize the interfacial strain
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8: See section 3.2 for examples of bending
with thick Sn and Pb shell.

9: See the "Experimental Details" section
for the detailed procedure of Al deposition
and unloading.

10: See Table 2.1 on page 8

[52, 187]. Interfacial domain mismatch of 4% is calculated to be the best
match combination between InSb and Al for 5 Al cubic planes and 3
InSb ZB planes [52]. It is reported that [52], for cubic metal like Al,
<111> orientation on (111) ZB is favorable as the bi-crystal symmetry
allows epitaxial match and extensive single crystal section, which is
also observed in Figure 2.10c. Further, as the film is thin enough and no
grain boundary assisted reconstruction happened. This is also the reason
why no strain assisted bending is observed in the NW, which is usually
observed for much thicker shell and for the interfacial domain mismatch.
8 In total, 17 uninterrupted [111] Al planes can be counted from HR-TEM
indicating to ~ 3.5 nm continuous film formation on the InSb facets. As
mentioned earlier, thin Al film on the NW is important to withstand high
magnetic field in the Majorana devices and Figure 2.10c is a possible
demonstration of a uniform ultra-thin film on InSb NWs. In addition to
that, the ternary composition of InAsSb is also an interesting material to
explore with Al hybridization, and will be demonstrated in chapter 3.

After exhibiting the thin film deposition, it is important to mention that,
one should follow a careful fabrication process with InSb/Al hybrid.
InSb/ Alis susceptive to the high temperature and starts creating In/Sb-Al
alloy immediately. Hence, no resist baking should be performed, which
may damage the interface. Additionally, one needed to be careful about
imaging as well, as high energy long exposure imaging may damage the
NW. Therefore, a low energy short exposure SEM or performing AFM
on the devices are better options.

Before wrapping up the discussion about Al hybridization on the NWs,
I would like to note an important point about dewetting phenomena,
when unloading or exposing to room temperature. Even if it is possible
to grow such a thin metal film, it is away from the equilibrium condition.
Therefore, with an elevated temperature during unloading from the
growth chamber, Al film starts dewetting. Consequently, discrete islands
of the Al film can be seen in the post-growth analysis. With a sudden
increase in the temperature, the grains are reconstructed again towards
the minimization of surface energy. To avoid this situation, it is possible
to lock the Al film with a passivation layer. The advantage of Al is, a
self-terminated AlOy can be formed before unloading, that will help to
confine and protect the film from dewetting. For this reason, we oxidize
the Al hybridized samples for a certain period before unloading. ° This
procedure is also applicable for other deposited metals.

2.8 Sn Growth on Nanowire

Sn (group IV material) has a wide range of applications spans in the
arena of metal coating, soldering electronic devices and optoelectronics
[188-193]. Recent discoveries have enhanced Sn’s appeal to the energy
applications (next-generation battery) [194], and topological insulator
[195, 196]. Further, in the hunt for alternative superconductors with high
T.and B, value ¥ for topological superconductivity, Sn on semiconductor
NWs opens a promising route [54, 71]. Being an unconventional chemical
element, Sn exhibits two crystal phases depending on the temperature:
B — Sn (also called white tin) and a — Sn (also called gray tin) [197—
204].  — Sn is the high temperature stable phase with tetragonal crystal



structure [72, 193, 202-204]. On the other hand, a — Sn is the low-
temperature stable phase with less dense diamond cubic structure [197-
201]. Such different crystal structures also affect their electrical properties.
B — Sn is metallic and demonstrate superconductivity below 3.7K [72].
In contrast, & — Sn is a semi-metal and known for its use as a topological
insulator [71, 195, 196, 205]. A transition between these two phases occurs
around 13.2°C [206]. This phase transition also modifies their volume and
can be attributed to the minimization of the surface energy at transition
temperature [193]. During the thin film growth, both § — Sn and @ — Sn
can coexist depending on the growth conditions and the surface energy
[71, 202, 207].

In this experiment, I will study the thin film formation of Sn on semicon-
ductor NWs and the related growth conditions. I will further investigate
the film morphology, their crystal structures on different NWs, and the
associated challenges. Finally, the Sn hybridized NW devices will be
presented, demonstrating superconducting transitions.

Thin Film Formation

Hybridization of Sn is performed in the EBPVD system, which is in vacuo
connected with the MBE chamber, as shown in the MBE section. 1! For
studying Sn hybridization, we grow InAs assisted InSb NWs on InAs
(111)B substrate. Similar to the previous sections, the NWs are grown
via in situ deposited Au catalysts, that ensures the maximum purity of
the substrate. The interesting fact is, by growing such dual segments,
we can simultaneously study the Sn deposition on both InAs and InSb
NWs under the same growth conditions. 12 . The diameter of the InSb
segment is maintained ~ 120-140 nm and the InAs segment is ~ 50-70
nm. With this diameter, hexagonal NWs will be well-faceted, and the
interface energy will be comparatively minimized, which is important
for the metal wetting on the semiconductor surface.

As presented in the theory section, adatom density and substrate tem-
perature plays a crucial role by thermodynamically driving the element
to assemble as a continuous thin film. From equation 2.15 and 2.16, a
higher flux rate will increase the Sn adatom concentration, p, on the
semiconductor facets. Enhanced p, will reduce the adatom diffusion
length A, and will also increase the nucleation density ("'n") on the NW
facets. Thus, supplying high Sn flux will reinforce the possibility of a
continuous thin film. Keeping this in mind, the Sn flux rate is set very
high, ~ 5 A/s. Moreover, A, and "n" on the NW facets are exponentially
(equation 2.15 and 2.16) related to the substrate temperature, T and the
chemical potential of the incorporation site, 1,. Hence, only high Sn flux
will not be able to play a role until favorable T and p, is present. Here,
sufficiently low temperature is crucial to thermodynamically drive the
Sn film to wet on the NW surface by making small A,. On the NW facets,
ta Will depend on the change in Gibbs free energy, which again will
depend on the interface energy density () between Sn and given NW
surface, determined by the residual mismatch. y also depends on the
area of interface, "A" and strain energy in the later stage of the growth
[52], as shown in equation 2.20 and 2.21. 13 TnSb and Sn have low residual
mismatch [71, 200, 207, 208], hence low interface energy. As a result, with
the presence of low enough temperature, thermodynamic driving force
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Remark 2.8.1 The Sn hybridization
with NWs presented in this section is
part of the research project of "Paper 3"
(In Preparation).

11: The detailed deposition process is pre-
sented in the experimental section.

12: See section 2.3-2.5 for detail under-
standing of the NW growth.

13: Detailed elaboration is provided in
section 2.6.
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Figure 2.11: Evolution of Sn thin film on nanowire. a-c, shows progression of Sn film as a function of substrate temperatures. Substrate
temperatures are varied from -50° C to -150°C. A constant Sn flux rate of ~ 5 A /s is maintained for all the samples. NWs are grown around
the diameter of ~ 120 nm and hybridized with 20 nm thin Sn for all the samples. For the InSb/Sn segments, the morphology of the Sn
enhances with lower temperature. On the other hand, Sn on InAs sections remain discrete even with the lowest temperature. Scale bars for
all the sections are 100 nm.

favors Sn to wet on the InSb NW facets making a continuous thin film. In
contrast, InAs and Sn show high residual mismatch [70], leading to high
interface energy density. Therefore, with the same growth conditions and
low temperature (as InSb/Sn), Sn on InAs is expected to be a dewetted
film. A further lower temperature is required to make a continuous Sn
film on InAs.



Figure 2.11 experimentally proves the hypothesis of Sn film growth on
NWs. InSb/Sn segments are shown at the top of the Figure 2.11 and
InAs/Sn segments are shown at the bottom. Temperatures are varied from
-50° C to -150°C and corresponding Sn film morphology is presented.
At -50° C, ™ the morphology of the film is rough and in some places
discrete, as shown in Figure 2.11c. The temperature here is not sufficiently
low to decrease A, that means adatoms are kinetically energetic and do
not easily incorporate into the neighboring nucleation sites. As a result,
the continuous film does not form in the surface driven growth stage.
15 Consequently, in the given 20 nm thickness of Sn film, morphology
remains rough and discrete. In a thicker deposition, the continuous film
will be formed, however, the morphology will persist as rough. In Figure
2.11b, the temperature is lowered to -100°C, which provides Ay, < A..
Here, more adatoms incorporate into the neighboring sites, leading to a
continuous Sn thin film formed by 20nm thickness with improved film
morphology. Nevertheless, small surface roughness is observed in some
sections, that can further be improved by lowering the temperature. In
Figure 2.11a, the substrate temperature is lowered to -150°C, granting
Aa < Ap < Ag, hence, adatom diffusion is almost confined and sticks
where it lands. Therefore, surface-driven continuous film is formed
within a few monolayers and in 20nm, atomically smooth Sn thin film
emerges on InSb. Moreover, after a certain thickness, film morphology
will become rough, as the grain boundary mobility will play a significant
role to determine the crystal orientations, as shown in Figure 2.8 and
elaborated in equation 2.21. On the contrary, as hypothetically predicted,
Sn film on InAs remains dewetted film within the available temperature
space. Not much effect is seen with the temperature variation range.
Two possible approaches can be considered in this case (will also be
elaborated later). First, with increased thickness, after a critical value,
the islands will impinge on each other and a continuous film will be
formed. Second, further lowering the temperature will kinetically lock
the adatom diffusion and drive to wet the film. That said, further lowering
the temperature will not be possible in our current system.

Structural Analysis

With the uniform deposition of Sn shell, an extensive study is performed
to evaluate the crystal structure of the film. Figure 2.12 a presents a
micrograph of continuous and homogeneous 20 nm Sn shell morphology
on two-facets of the InSb. A slight bend on the hybrid NW is observed
that can be attributed to the different thermal expansion coefficient
of both materials, experienced due to the elevated temperature while
unloading the sample [52, 54]. Thus, in TEM analysis a slim tilt is also
observed in the InSb/Sn interface, that supposedly doesn’t have any
effect on Sn morphology. The continuous film initiates when InSb reaches
to full diameter. 1 Prior to that, no Sn is observed at the curvature of
the InSb segment (right after InAs/InSb interface) as shown in Figure
2.12 b. This is due to the high surface energy in the curvature section or
shadowed by the thick InSb diameter section. Similar to the previous
report [71], we also observed polycrystalline Sn film on semiconductor
NWs. Simultaneously, defect-free and planar-defected regions are noticed
in the Sn shell, which is valid for several examined NWs in TEM. Figure
2.12 ¢ and Figure 2.12 d shows perfect epitaxy of InSb and Sn. Careful
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14: Thermocouple reading in the PVD
chamber, the real substrate temperature
can be much lower.

15: Please see the theory section "Islands
growth and coalescence" paragraph for
details.

16: See section 2.5 for understanding of
InAs/InSb interface and diameter change
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Figure 2.12: Sn epitaxy on InSb NWs. a, Tilted scanning electron micrograph (SEM) of InSb NW hybridized with Sn thin film. A uniform
layer of Sn segment can be distinguished. b, InAs-InSb interface, where no Sn film is observed in the initial curvature region of InSb. c,
Transmission electron microscopy (TEM) of a section from InSb/Sn NW. The black dotted line indicates the interface between two segments.
d, Magnified high-resolution TEM from highlighted section of panel (c). Epitaxial Sn segment on InSb with interface line can be seen. No
crystal defects in both sides are found. e, Further, magnification in the interface area implies cubic phase crystal both in InSb and Sn section.
InSb segment demonstrates cubic ZB crystal phase, which we have discussed in section 2.5 of this chapter. On the other hand, @ — Sn
demonstrates cubic crystal. Hence the epitaxial section is contribution from ZB InSb and a — Sn. f, Crystal structure of InSb and both
a — Sn and $ — Sn with their corresponding lattice constant. g, HR-TEM from other section of the film showing multiple defects on the Sn
crystal. White dashed lines show of twinning in the {111} plane oblique to the growth direction (white arrow) for low temperature film.
Magnified section in the right shows clear picture of the twining event. The highlighted section shows (-1-11) twin overlaps. h, Sn film in
high temperature, multiple planar defects in random orientation, unlike low temperature film. Arrow shows the growth direction and
dashed lines show the defect orientations. Diffraction pattern in the right from non-defective highlighted segment shows [110] plane @ — Sn
Sn. Scale bars for (a), and (c) are 100 nm. Scale bar for (b) is 20 nm.

examination on both sides of the interface reveals a cubic crystal structure
with almost the same lattice constant. As shown in Figure 2.12 £, InSb has
7B crystal structure with lattice constant a~ 6.479 A and a — Sn phase has
similar cubic structure with a lattice constant a~ 6.489 A. Therefore, with
lattice mismatch € ~0.15%, it is very difficult to distinguish between both
elements, that leads to the less contrasted interface even with HR-TEM.
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Conversely, f — Sn has a large lattice mismatch with InSb that would
provide clear contrast in the interface. A well-known phenomenon of Sn
is the transition between both phases depending on the growth condition,
which also modifies the crystal volume (AV) about 27% [209].

As shown in Figure 2.12 g and Figure 2.12 h, several planar defects appear
in different sections of the shell. The defect characteristics seem to be
dependent on the growth temperature. Figure 2.12 g shows TEM analysis
of the region from low T grown shell, where multiple twining events
can be seen. In low T samples, such twining events are only seen in
the {111} planes oblique to the growth direction, as highlighted with
dashed lines. There are no other directional defects are observed in low T
samples. In contrary, in the high-temperature Sn shell (continuous but less
uniform), presented in the Figure 2.12 h, planar defect density increases
substantially. Defects appear in multiple directions including periodic
twining perpendicular to the growth direction, that leads to the frequent
alternation of the Sn crystal orientation along the shell. Eventually, makes
it difficult to understand the right crystal phase. The places with perfect
epitaxy and single-crystalline quality can easily be identified as cubic
phase a — Sn, as shown in the diffraction pattern and HR-TEM inset
in Figure 2.12 h. In our analysis from both low and high-temperature
shells, it is observed that a high amount of & — Sn segments are present
in the shell. Especially, investigating low-temperature samples, where
more perfect epitaxy is observed, indicate the large domination of @ — Sn
domains. This convinces us to state that, our growth condition of low
T, high flux rate together with InSb surface energy is favorable to grow
more @ — Sn shell, compare to f — Sn. In fact, we cannot unequivocally
identify p — Sn in our TEM analysis. However, we cannot exclude the
certainty of § — Sn presence in the shell and co-existence of both phase,
as reported in Ref. [71]. In the electrical measurements (will be presented
later section), most of the devices evince superconducting transition
around 3.9K or higher. This can only come from the existence of § — Sn
in the shell, which will proximitized the @ — Sn segments (as @ — Sn
is semi-mental, and do not manifest superconductivity in our given
shell thickness). Presumably, defect density and a lower concentration of
B — Sn sections in the samples make it difficult for us to clearly identify
them in the post-growth TEM investigation.
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Figure 2.13: Sn growth on InAs NW. a, Tilted SEM image of the InAs/Sn segment (stem), where Sn seems to discrete faceted islands.
Scale bar is 100 nm. b, Low magnification TEM of a InAs/Sn section. Magnified high resolution TEM in the right shows defect-free single
crystalline quality of Sn grain on InAs. However, due to the high difference symmetry, no epitaxy is observed in the interface and Sn seems
to be out of axis. ¢, Diffraction patterns confirms (orange circles) out-of-plane Sn direction in {002} Sn planes.
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17: Described in section "reconstruction
and grain boundary".

Next, Sn growth phenomena on InAs NW segments (that we used as
the stem) are examined. As elaborated in Figure 2.11 and presented in
Figure 2.13 a, Sn deposition on InAs leads to discrete and randomly
oriented faceted-islands. In contrast to InSb/Sn, low index domain match
for InAs and Sn induces large residual mismatch [52, 70]. This leads to
the high interface energy between InAs and Sn. Eventually, a significant
thermodynamic driving force is required to wet Sn on the InAs surface.
As a result, Sn remains separated islands in our given growth conditions
and limited reach to the lower substrate temperature. Continuous islands
can be achievable by further lowering the substrate temperature, which
will completely freeze the adatoms. Therefore, quick island formation
and coalescence process will lead them to a thin film. Though, such a film
will be very susceptive to elevated temperature and hence, a passivation
layer would be needed to confine the film. A passivation layer can be
done with thin Al film [71]. Furthermore, continuous Sn thin film on
InAs can also be attainable if we increase the adatom concentration or
the thickness of the film. After a critical thickness, the islands will merge
and grain boundary evolution will determine the crystal orientation.
The critical thickness will be determined by the substrate temperature,
adatom density and island size. 7 . In such cases, the film morphology
can be rough compare to the InSb/Sn. Similar phenomena are observed
for Pb on the InSb surface and will be shown in Chapter 3.

In the TEM analysis of InAs/Sn crystals, no planar defects are observed
in the several examined samples, which is opposite to InSb/Sn samples.
Although the discrete grains are not in-axis with InAs surface due to
the high residual mismatch, but are mostly single crystalline. We also
observed a domination of a — Sn film due to our growth condition as
shown in high resolution image of Figure 2.13 b and confirmed with
diffraction pattern in Figure 2.13 c. As we can see from Figure 2.13 b,
high difference symmetry and residual mismatch restrain Sn to exhibit
epitaxial interface with InAs, in contrast to what we have seen for InSb/Sn
interface in Figure 2.12, e.

Migration of Sn into the InSb Core

For further investigation in the interface of InSb/Sn, we take a cross-
sectional look at the structure. NWs are transferred into the SiOy substrate
using micromanipulator for this experiment. Later, protected with de-
posited AlOy and Pt-C layer before preparing the cross-sectional lamella
using FIB (focused ion beam). Parameters and procedures are discussed
in the experimental section of this chapter. In total, three cross-sectional
InSb NWs are examined with identical results. In Figure 2.14a, presents
cross-section of one of the analyzed NW.

As we have seen in Figure 2.12, due to proximity atomic number between
In (49), Sb (51) and Sn (50), it is difficult to attain elemental contrast
during HAADF-STEM (High-angle annular dark-field imaging-scanning
transmission electron microscope). The only contrast is seen can be
attributed to the NW thickness variation. Hence, proper elemental
identification can be done with energy dispersive X-Ray analysis (EDX)
and electron energy loss spectroscopy (EELS). First, EDX analysis on the
sample cross-section is performed, which provides the information of
Sn presence at the edge of the facets with some additional signals of Sn
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Figure 2.14: Diffusion of Sn during post-growth processing. a, High resolution TEM image of cross-sectional InSb/Sn structure. InSb/Sn
is protected with AlOy and Pt-C layer during TEM lamella preparation. b, Magnified structural analysis of InSb/Sn section, where defect-free
ZB crystal is observed and presented in the inset. ¢, Elemental analysis with electron energy loss spectroscopy (EELS), where InSb section
covers the whole hexagonal structure. d, EELS at the edge of the NW shows oxide layer and deposited Pt protection layer in purple color. In
the bottom, SiOy substrate, where NWs are transferred using a micromanipulator. e, Elemental analysis of the Sn on the NW facets. Sn
presence can be identified on the bottom two facets. Unexpected spreading of the Sn signal is observed. f, A combined signal of InSb and Sn,
where Sn diffusion from facets to the NW core is clearly observed. Sn thickness on the facets is almost reduced to half, and the rest is alloyed
with InSb.

around the core of InSb, indicating a possibility of Sn migration. For
precise distribution of the elements and further verification, an EELS
map is presented in Figure 2.14 c-f, where panel (c) shows only InSb
elements and panel (e) presents Sn distribution. As we can see from the
map, Sn can be traced from the lower two facets of the NW. A wider
range of Sn distribution can be observed ranging from the edge of the
facets to the inside of the NW. In principle, Sn should only be present in
the outer edge of the wire facets. It is believed that Sn diffused through
the InSb crystal by making alloys with In. Such type of alloys still keep
the same ZB crystal structure at [111] orientation, as shown in Figure
2.14b, that is assisted by the close lattice parameter (InSb=6.48A and of
Sn=6.49A). Geometrical Phase Analysis (GPA) analysis is also performed
to understand the crystal relaxation. No hidden strain that may be caused
by the alloying or difference between the alloyed section and pure InSb
section is observed in the GPA analysis, which further confirms lattice-
matched alloying. Quantitatively around 11-19 nm Sn remains on the
upper facets, and the rest is diffused in the InSb NW. Due to the overlap
and peaks’ shape, the core-loss signal of the EELS is not very conclusive.
Hence, the map is performed in a certain way. It is attained by the
spectrum from the low-loss region. Then, the spectrums are fitted with
the corresponding plasmons for the individual pure compounds. Such
kind of fitting leads to uncertainty in the individual compound segments
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18: Detailed about the junctions on NWs
are presented in chapter 3.

19: Our optimized InSb/Sn device fabri-
cation recipe is presented in the experi-
mental section of Chapter 3.

Figure 2.15: Superconducting transition
on InSb/Sn devices. a, SEM image of the
fabricated four-terminal device with InS-
b/Sn NW. b, The critical temperatures and
magnetic field for four measured devices,
where Dev#1-2 consist nominal 20 nm Sn
shell and Dev#3-4 consists 15 nm Sn shell.
(Device fabrication and measurements are
done by Charalampos Lampadaris.)

owing to the plasmon delocalization. However, the extracted information
from the low-loss region is in good agreement with the understanding
achieved from the core-loss region, with a small uncertainly spread.

Now, the question arises regarding the reason behind such alloying and
in which stage it may happen: during growth or post-growth analysis.
We examined the Sn thickness with AFM in post-growth analysis and
found the exact thickness as deposited. The AFM was performed in the
junction area, that provided accurate measurement. ¥ On the contrary,
the thickness of the Sn almost get halved during the migration, as shown
in Figure 2.14 f. Hence, the possibility of alloying in the interface during
shell growth can be eliminated. As discussed in the previous section,
InSb /Metal thin film is very susceptive to the processing conditions, such
as elevated temperature. This is also the reason why any heating is avoided
during InSb/SU (Al or Sn) device fabrication [54, 71]. The processing for
cross-sectional TEM involves multiple steps, where InSb/Sn is exposed
to high thermal energy such as ALD or FIB. Also, long exposure in the
high energy electron can cause inter-diffusion. However, that’s unlikely
in our case, as unstable materials can be easily identified through the
evolution of structure in HAADF STEM or EELS analysis. From Figure
2.14 a the structure seems stable after beam exposure. Judging from
different steps and activities related, our best assumption is the diffusion
and alloying happen during the ALD step. As in this step, the substrate
is heated to a high temperature for deposition of AlOy, that leads to
the intermixing of Sn and InSb. To summarize this section, InSb/Sn is
sensitive to the increased thermal energy, and an immediate interfacial
diffusion is possible to happen. This is eventually detrimental to the
device performance. Therefore, it is suggested to optimize the steps
carefully while processing InSb/Sn structure.?

Superconducting Transition
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Demonstrating the Sn epitaxy on semiconductor NWs and analyzing
their structural properties in our given growth conditions, now we would
like to investigate the electrical property of this hybrid system. We are
particularly interested in hunting if Sn shell exhibits any superconducting
properties, considering that our presented growth condition favors
a — Sn domination in the shell, which is a semi-metal. For this, we



fabricated four-terminal devices with InSb/Sn NW, as shown in Figure
2.15a. The diameter of the InSb NWs are ~ 150 nm and continuous Sn is
deposited on three facets of the NWs. Careful device fabrication steps
have been followed without any high-temperature treatment in order
to avoid intermixing of Sn with InSb NWs. Detailed fabrication steps
for InSb/Sn devices will be shown in the next chapter along with other
devices. The superconducting transition of the four measured devices
as a function of magnetic field and temperature is presented in Figure
2.15b, where two different thickness of the Sn are used: nominal ~ 15 nm
and ~ 20 nm. The magnetic field is applied perpendicular to the NW. We
can see from the data that all four devices demonstrate superconducting
transition. Each data is collected from the maximum transition point
in their corresponding applied magnetic field. The superconducting
transition we observe despite of the presence of @ — Sn presumably due
to the proximity effect. It is believed that the superconducting f — Sn
phase in the Sn shell (which is not detected in TEM) proximitized the
a — Sn phase during measurement. The similar proximity effect of two
phases with thin Sn film on InSb substrate was observed by Didschuns et.
al. [202] and very recently reported on NW [71]. However, there are few
other devices we measured that didn’t show any transition. That leads us
to believe that in our discussed growth condition, there is a percolation
threshold of  — Sn phase, below which the Sn shell doesn’t act as a
superconductor (further investigation is ongoing). The measured all four
devices also show transition temperature (at 0T) higher than the bulk Sn
one (3.7K, presented by the dotted line). Further, critical temperature and
field are dependent on the Sn shell thickness. Dev#3 and Dev#4 with
nominal ~ 15 nm thickness show a critical temperature of ~4.6K and
~4.9K respectively at OT. These two devices persist magnetic field up to
2.8 Tand 3.3 T at 1.7K. However, Dev#1 and Dev#2 with ~ 20 nm nominal
Sn shell demonstrate critical temperature of ~3.9K, and their persistency
against the magnetic field are also dropped significantly. Hence, the data
presented in Figure 2.15b recommends that the thinner Sn shell may
provide a better superconducting platform with the enhanced critical
temperature and field value. Besides, with the favorable thin film growth
conditions presented in the previous section, it is possible to grow ultra-
thin Sn film on InSb NW similar to Al (presented in section 2.6), which
we will try in the future.

2.9 Conclusion

In conclusion, MBE-grown InAs and InSb NWs hybridized with Al and
Sn are demonstrated in this work. Initially, growth details are discussed,
where both types of NWs are grown from in situ deposited Au catalysts.
InAs NWs can be directly grown from the InAs (111)B substrate, whereas
InSb NWs are required a stem to initialize the growth. This is due to the
low contact angle of Au in presence of Sb, which leads to the wetting of
Au on the InAs substrate. Structural analysis on these materials shows
a less-defective WZ phase for InAs and highly pure ZB phase InSb
NWs. The high purity of ZB InSb is attributed to the low ionicity value,
critical diameter range, and supersaturation condition of Au-In;, alloy.
Furthermore, a non-equilibrium metal film growth condition is presented
to hybridize Al and Sn on these grown NWs. With low substrate and
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20: See experimental section: "substrate
fabrication" in chapter 3

high deposition flux, the continuous Al thin film can be grown on the
InAs and InSb N'Ws. Here, a continuous Al thin film as low as 3.5
nm is demonstrated on InSb NWs. With the temperature growth map,
it is shown that Sn forms an epitaxy relation with InSb, however, a
dewetted morphology on the InAs NW. It is presumed that a further
lower temperature would require to create a uniform Sn film on InAs
NW. Structural analysis of the Sn shell shows a — Sn domination, which
is a semi-metal. However, the measurements in the four-terminal devices
show a superconducting transition with a critical temperature larger than
the bulk Sn. It is believed that superconducting property is exhibited due
to the proximity effect from the limited § — Sn phase exists in the shell.
Besides, varying the Sn shell thickness, it is observed that thinner shell
exhibits higher critical temperature and magnetic field. For consistent
device performance, further effort is required from the growth side to
find an optimal condition to selectively grow a — Sn and f§ — Sn phase
on the NW.

2.10 Experimental Details

Substrate Preparation

Substrate fabrication for all types of NW growth is done either with
InAs (100), InAs (111)B, or InAs (111)A wafer. InAs (100) substrates are
used to create trenches and to grow angled NWs. Such (111)B trench
creation involves multiple fabrication steps, which will be discussed
in Chapter 3. 2 . Further, InAs (111)B substrates are mostly used for in
situ Au assisted NW growth. In situ Au confirms the high purity of the
growth substrate as no chemicals and process-related contamination or
defects are induced. Au deposition steps on the (111)B substrates before
growth will be discussed later in the NW growth step. In some cases, we
also pre-pattern the InAs (111)B (or sometimes InAs (111)A) substrates
for growth study. For patterning, we take InAs (111)B 2-inch substrate
and spin coat the electron sensitive PMMA resist with 4000 RPM for
45 sec. Then, the resist is baked for 2 min at 180°C. Then, the substrate
is patterned in the electron beam lithography (EBL, Elionix ELS-7000)
system. The typical EBL parameters that we use: write field size: 60000
dots, 300 um; current: 500 pA; aperture: 40 um. After exposure, The
resist is developed using, 1:3 MIBK: IPA for 45 sec and IPA for 30 sec. The
sample is checked carefully with an optical microscope. If the resist is
finely developed, the wafer is transferred to the metal deposition chamber
(AJA evaporation system). After development, we try to move the sample
in the metal deposition chamber as quickly as possible to avoid native
oxide growth on the unmasked dots. Depending on our desired NW
diameter ~ 10-15 nm Au film is deposited with the rate of 1A /s. Then,
lift-off process is performed with the acetone. Initially, the sample is
dipped into the acetone for 1 hour with 50°C heated bath. Later, clean
acetone dipping is done until Au films are completely removed. The
cleaning procedure is done with acetone (10 sec), IPA (10 sec) and milli q
water (30 sec). Next, the sample is further cleaned with oxygen plasma
ashing for 2 min. Finally, to adjust the substrate with our MBE growth
holder, we cleave the 2-inch wafer into four quarters using a manual
scriber. The growth from the pre-patterned substrate was not largely



presented in this chapter. Here, I mainly focused on in situ Au assisted
NW growth and hybridization.

Nanowire Growth

Nanowire growth step starts with heating the source materials to our
desired temperature and stabilizing it for at-least 6 hours. In addition to
the III-V materials, we also heat up the Au cell for in situ deposition. Our
optimized typical cell temperatures are: In (865/815)°C, As (400/345)°C,
Sb (680/500)°C and Au (1100)°C. Before loading in the MBE load lock,
we dip the fabricated substrate into HF for 10 sec and milli-q water for 20
sec. This additional steps are performed only for a fabricated substrate to
confirm further cleanness of the substrate along with removing additional
native oxide. Pristine InAs (111)B substrates are not cleaned with HF, and
directly loaded. Here, I will only focus on the growth steps for in situ Au
assisted VLS NWs. Growth details for trench NWs will be discussed in
the next chapter. 2! There are dedicated holders depending on the type of
materials involved in the growth (As or Sb) and it’s highly recommended
to use the specific holder for the growth. Next, the substrate is loaded
in the load lock and baked for 2 hours at 200°C until the pressure
reaches around 5e~® Torr. The trolley with the substrate is subsequently
transferred to the connected buffer chamber, where the sample holder
is annealed for 1 hour at 200°C. This removes further impurities from
the substrate. After that, the sample is cooled down and wait until the
pressure drops below 5e~'0 Torr. Then, the sample is transferred to the
growth chamber. Before starting the growth, all the corresponding flux
ratios are checked, and the stability is verified. During the growth, the
substrate is annealed at 610°C for 6 min with high Ass over-pressure.
In the annealing step, the Au temperature is raised to 1220°C. After
annealing, the substrate is cooled down 590°C for Au deposition. Upon
the temperature is reached, Au is deposited for 3 sec. The deposition
time may vary depending on our desired diameter of the NWs. With the
hot substrate, sparsely deposited Au is formed as liquid droplets around
the substrate. Then the substrate is further cooled down to our growth
temperature. For in situ Au assisted NWs, the growth temperature is
447°C. The standard InAs or InAs assisted InSb or InAsSb NWs are
grown with corresponding shutter opening. The growth time of each
section is determined by the desired length of the NW. After the growth,
the substrate is cooled down and then, either unloaded or prepared for
the metal hybridization (most common cases), which is elaborated in the
next section.

Thin Film Deposition

In situ Al deposition is usually performed in the MBE growth chamber.
It’s important to know the Al growth rate (through calibration) before
deposition. Right after the growth, all the heated sources are cooled
down to their base temperatures and also the substrate is returned to
the standing temperature (150°C in our case). We wait until the beam
flux monitor reading reaches to the pressure around < 10~ torr. As the
pressure achieved, substrate power and other heating station power are
turned-off leading to the initiation of substrate cooling. We wait again
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21: See experimental section: "Nanowire
Growth" in chapter 3, for the NW growth
on the trench substrates.
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until the substrate holder is cooled down to ~ — 36°C and stable. It
usually takes about 8-10 hours right before the MBE chamber is ready for
Al deposition. When the desired temperature is reached, the substrate
is aligned in parallel with the major flat (of the wafer) and rotated in
~ 337.5° clockwise to adjust the angle with our Al source. This angle
correction is required if we deposit Al on the selected facets of our NWs
(half-shell). For the all-around shell (full-shell), we rotate the substrate at
a given rate, so that the shell is homogeneous around the core NW. Before
deposition, the Al cell is heated 1140°C, and flux is stabilized for more than
2 hours. Then, the flux rate is checked at least twice within half an hour
interval to confirm the stability. Depending on the required thickness,
flux rate, and threshold of forming a continuous film, the deposition
time is determined. Immediately after the deposition, the unloading
process starts (before elevating the temperature). To avoid the dewetting
issue when introduced to room temperature, 15 min of oxidization is
performed in the load lock. During this period AlOy is formed on top of
the film, which locks the films and prevents reconstruction.

In situ Sn is deposited in a standard electron beam evaporation system
connected with our MBE system as shown in Figure 2.1. Similar to Al
deposition, after the NW growth, we wait for the growth temperature to
cool down to the base temperature. When the temperature is reached, the
substrate is moved to the e-beam chamber through the transfer tunnel.
Next, the substrate holder is cooled with liquid nitrogen. We wait until
the lowest temperature is reached ~ — 150°C (thermocouple reading)
and completely stabilized. Once the temperature is reached, we start
melting the Sn source with magnetically guided energetic electron beam.
Then, the flux rate is measured through a quartz crystal monitor, when
material evaporation starts (making sure that the substrate shutter is
closed). We tune for the desired deposition rate and open the substrate
shutter for thin-film growth with the intended thickness. Depending on
the growth conditions, we aim for a deposition rate around 3-5 A /s for Sn
film. Alike Al film deposition, we also correct the angle of the substrate
position with respect to the source, based on the selected NW facets.
After deposition, the sample is unloaded from the e-beam chamber and
oxidized (similarly as described above) in the load lock before exposing
to room temperature.

Characterization

Morphology of the hybrid NWs is initially characterized with standard
scanning electron microscopy (SEM, JEOL JSM-7800F). Normally, oper-
ating parameters are secondary electron detector and 15KV accelerating
voltage with 10-15 mm working distance. For the tilted view, we usually
use a 30-degree angle. For identification of the NW facets or hybrid
layers, sometimes we also use 2-5KV accelerating voltage with 5mm
working distance. We try to avoid long exposure of the samples with
electrons, as NWs can be contaminated with carbons and that eventually
detrimental for the device performances. If a section of the growth sample
is thoroughly characterized with SEM for analyzing the length and the
diameter, then, for device fabrication, NWs are collected from a different
section of the growth substrate.



VLS grown NWs require to transfer onto the separate substrate for
further characterization or device fabrication. NWs can be transferred
randomly using a simple dry transfer technique or selectively by using
micromanipulator. A random dry transfer is a fast method and is only
used where precise positioning is not needed. Usually, the edge of
a cleanroom wipe is used to pick the NWs and then, mechanically
transferred on the separate substrate. A gentle touch with the wipe
corner is good enough to collect the wires. Further, for NW collection
on the TEM grid, we directly use the grid to slide over a small section
of the growth substrate. Careful soft sliding is important with the TEM
grid in order to avoid damaging the grid membrane. Such kind of dry
transfer maximizes the density of the NWs and makes it easy to find the
NWs for TEM or AFM investigation and enhance the statistics. On the
downside, collections of the NWs are completely random. If the NWs
are not uniform throughout the substrate, then such kind of dry transfer
is ineffective and proper statistical analysis is not possible. In addition
to that, a large number of the wires get bundled or overlapped with
each other, which may increase the difficulties to characterize through
TEM, AFM, or even unable to fabricate the device out of this. On the
other hand, for the precise positioning on the transferred substrate or
device fabrication with a specific type of NW, a selective collection of NW
is required. In this case, we use the micromanipulator with an optical
microscope attached to it, which assists to locate the collection area. First,
we use SEM to precisely locate the place of our desired NWs. Designated
alignment marks or numbering scheme of the growth segment helps to
identify the NW. Next, we take the NW batch to the micromanipulator

and try to track down the same position with the optical microscope.

Then, we set the device chip or TEM grid next to it and adjust the needle
position with respect to growth substrate and the substrate, where NWs
will be transferred. The convenient needle height and position can be
saved in the system so that we can return to the same selected place after
transferring NWs. We use the 100 nm tungsten needle to transfer the
NWs. During the transfer, the needle approaches close to the bottom of
the NWs. Then, with a gentle force, NW breaks from the bottom and
sticks with the needle due to the electrostatic force. Collected NW is
transferred into the desired substrate and pushed around to precisely
position or align in a certain direction. Such an accurate positioning or
alignment is needed primarily on the device chip or for cross-sectional
lamella preparation, where all the NWs are required to be parallel to
each other. Although NW collection with micromanipulator confirms
high precision and selectivity, it can be a time-consuming process.

Further, for measuring the thickness of the metal shell and surface
roughness (in case of half-shell NW) we use standard atomic force
microscopy (AFM, Bruker Dimension Icon PT). For AFMing the hybrid
samples, we use the tapping mode and the probe is: ScanAsyst-Air, with
a nominal tip radius of 2 nm. We start with a scan size of 1um, 0-degree
scan angle, sample/line is 512, and the scan rate is 1 Hz. Later, based on

the image condition and the scan noise, we optimize the scan parameters.

Usually, for our desired image section, we increase sample/line up to
1024 for better data acquisition. Post-AFMed images are analyzed with
Gwyddion software. Typically, for AFM characterization the NWs are
transferred onto the device chip, so that the same NWs can also be used
for fabricating devices.

2.10 Experimental Details
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22: Detail information about the parame-
ters and conditions of the TEM operation
are provided by Sara Marti-Sdnchez from
Catalan Institute of Nanoscience and Nan-
otechnology (ICN2).

For transmission electron microscopy (TEM), 22 NWs are either trans-
ferred on the TEM grid as discussed before or on SiOy substrate using
micromanipulator for lamella preparation. First, for the cross-sectional
analysis, NWs are positioned parallel to each other on the SiOy substrate.
Then, 30 nm of AlOy is deposited using an atomic layer deposition (ALD)
system to protect the NWs during the cross-sectional cut. Further, Pt-C is
deposited using a focused ion beam (FIB) prior to the cut. The transversal
cross-sectional lamella is prepared by FIB in an FEI Helios Nanolab 600
system situated at the "Laboratorio de Microscopias Avanzadas’ of the
"Instituto de Nanociencia de Aragén’ (INA-LMA), Zaragoza, Spain. After
lamella preparation, the cross-sections of the NWs are transferred to the
TEM chamber for analysis. Atomically resolved high-angle annular dark-
field (HAADF) micrographs are obtained in a probe-corrected FEI Titan
system, which is operated at 300 kV. Electron energy-loss spectroscopy
(EELS) spectrum imaging (in the transversal cross-sections) is performed
in the same microscope at two different energy ranges: i) - 250 €V to
1274 eV with 0.5 eV energy dispersion. The full-width half-maximum
(FWHM) of the zero-loss peak (ZLP) of 1 eV to investigate the spatial
distribution of the core-loss edges of In, Sb, and Sn (In M4,5 at 443 eV; Sb
N4,5 at 528 eV and Sn M4,5 at 485 eV), ii) 0-185 eV with 0.1 eV energy
dispersion. The FWHM of the ZLP of 1 eV (Sn N4,5 at 24 eV) for second
cross-check, given the energy proximity between the different energy
loss edges in the core-loss regime.

Next, for the typical TEM analysis, the nanowires are transferred to a
Cu-grid with carbon using a micromanipulator or simple dry transfer. In
this case, HAADF is performed using the same microscope and imaging
conditions, as mentioned above for the cross-section. High resolution
(HR)-TEM is obtained in an FEI Tecnai F20 microscope, (located in
the Catalan Institute of Nanoscience and Nanotechnology (ICN2)) and
operated at 200 kV. EELS is performed in the samples focusing in the
core-loss region, with energy range from 370 eV to 2418 eV with energy
dispersion of 1eV and a ZLP FWHM (energy resolution) of approximately
2 eV. EELS S/N ratio is enhanced by applying principal component
analysis (PCA) to the spectrum image before mapping (filtering high
order components).



Shadowed Nanowire Junctions
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3.1 Introduction

Josephson junctions (JJs) are critical circuit elements for superconduct-
ing quantum computing. Gate tunable junctions based on proximitized
semiconducting segments in hybrid semiconductor (SE)-superconductor
(SU) materials are an interesting class of junctions with potential as JJ
elements in transmons qubits [210, 211] as well as critical operators in
topological qubits [212]. Similar to all semiconducting circuit elements,
they are highly susceptible to disorder and require dedicated optimiza-
tion for development towards high-fidelity gate operations. In the case
of topological quantum computing, achieving disorder-free junctions is
desirable on several levels. Coupling a one-dimensional semiconductor
with strong spin-orbit interaction and large Landé-g factor to a con-
ventional s-wave superconductor has the fundamental ingredients to
generate topologically protected Majorana bound states (MBS) [28, 29,
51,167, 168].

If the material fulfills the set of requirements, MBS are expected to
tolerate local perturbations and therefore makes it a promising candidate
for scalable quantum computing [212-214]. In recent years, there has
been significant progress in the development of epitaxially grown SE-SU
hybrid materials to fulfill these requirements [48, 52, 184, 215, 216]. Even
though electronic tunnel spectroscopy has yielded results that have been
interpreted as signatures of MBS [30, 31, 55-61], direct evidence for
topologically protected MBS is still missing. Complications in the process
of verifying the MBS with tunnel spectroscopy relate not only to the
hybrid SE-SU nanowire (NW) segments but also to the tunnel junctions,
which may contain random disorders that may give rise to local Andreev
bound states that mimic the zero-bias conductance peaks expected from
MBS [217-219]. Avoiding such misinterpretations is certainly desirable
and a crucial reason to aim for disorder-free junctions. Junctions in
spectroscopy devices have been demonstrated with a top-down etching
process [58, 220, 221], whereas a more recent alternative approach
has been using an in situ method [66, 69, 185]. However, until now, a
detailed investigation of the disorder-free junction formation along with
correlations between fabrication and junction quality has been missing,

Summary

Gate tunable junctions are key
elements in quantum devices
based on hybrid semiconductor-
superconductor materials. They
serve multiple purposes ranging
from tunnel spectroscopy probes to
voltage-controlled qubit operations
in gatemon and topological qubits.
Common to all is that junction
transparency plays a critical role. In
this study, we grow single crystalline
InAs, InSb and InAs{_,Sby nanowires
with epitaxial superconductors and
in situ shadowed junctions in a
single-step molecular beam epitaxy
process. We investigate correlations
between fabrication parameters,
junction morphologies, and electronic
transport properties of the junctions
and show that the examined in
situ  shadowed junctions are of
significantly higher quality than the
etched junctions. By varying the edge
sharpness of the shadow junctions we
show that the sharpest edges yield
the highest junction transparency for
all three examined semiconductors.
Further, critical supercurrent mea-
surements reveal an extraordinarily
high IcRN, close to the KO-2 limit.
This study demonstrates a promising
engineering path towards reliable
gate-tunable superconducting qubits.
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Figure 3.1: Fabricated substrate. SEM im-
age of wet-etched (111)B faceted trenches
with deposited Au disks (scale bar is 1
um).
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Figure 3.2: InAs nanowire growth on the
trenches. a, Scanning electron micrograph
(SEM, 30° tilted) of Au-assisted InAs NW
array grown on the preprocessed "V"
groove (111)B faceted InAs trenches. Scale
baris 1 um. b, V/Ill ratio as a function of
InAs NW growth temperature (1g). The
plot is divided into six regions (A-F), and
NW growth outcome (yield, morphology,
etc.) of each region is investigated. Region
"D" (T ~ 401-415°C with V/III ratio ~ 9-
10.5) shows the highest yield and uniform
InAs NW growth (dark green circles).

which is highly required for further development of the gate-tunable
junctions.

In this work, we study the synthesis of stacking-fault-free InAs, InSb
and InAs;_,Sb, NWs with epitaxially grown superconductors containing
shadowed junctions in a single-step growth process using molecular beam
epitaxy (MBE). To obtain shadowed junctions at predefined positions, we
use (111)B faceted trenches on InAs (100) substrates for NW growth [185,
222]. This method provides freedom for controlled positioning of the
shadow junctions due to the specified NW growth directions. We study
the formation of junctions as a function of the interwire distance between
the shadowing NW and the junction NW. We also analyze the junction
profile, which directly depends on the flux distribution from the source
and geometry of the shadowing. Further with different superconductors
we investigate the influence of growth kinetics on the junction sharp-
ness. Developing a pregrowth substrate fabrication process including
optimized growth condition and sharp-edge shadowing, we show high
junction transparency with reproducible ballistic transport. Correlations
between the structural and electronic properties of the junctions are done
by statistical characterization of the junction morphology and transport
properties of junction NWs from selected positions on the growth sub-
strate. We compare in situ shadowed and etched junctions on statistical
ensembles of NW devices as well as on the same InAs;_,Sb, /Al NWs
and confirm the superior electrical quality for the shadowed junctions.
Finally, measurements at mK temperatures show IcRy products over
seven samples close to the KO-2 and KO-1 limit. Voltage bias measure-
ments reveal the size of the induced superconducting gap, as well as a
phase coherence of at least 5 times the junction length.

['Experimental Details" section is presented at the end of this chapter.]

3.2 Epitaxy of SE-SU Shadow Junctions

NW Growth Optimization

The NW substrates are fabricated using electron beam lithography (EBL)
and wet-etching process to form (111)B facets in planar InAs (100) sub-
strates, where the Au catalysts are positioned with a subsequent EBL
process as shown in Figure 3.1. As opposed to earlier works [185, 222],
we do not use any masks to confine the Au particles, which significantly
reduces the preprocessing efforts and minimizes contamination dur-
ing fabrication. This makes the process suitable for exploring different
material combinations with high throughput. Step-by-step substrate
fabrication details are presented in "Experimental Details" section.

Figure 3.2a shows an SEM image of InAs NWs grown from (111)B trenches.
However, the NW growths on the trenches require careful optimization
of the growth conditions. We find out that Ass beam flux is necessary
to enhance the initial NW growth rate to escape the competition with
planar growth in the trenches. In Figure 3.2b we show a map of InAs
NW growth yield, which resembles the design of growth parameter
optimization. Dark to light green color represents high (> 90%) to low
yield (< 50%) growth of NWs and gray resembles no growth. To help
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tuning in the right growth parameter space, we distinguish between six
growth parameter regions. As can be seen from Figure 3.2b, the growth
temperature window in region "D" with V/IIl ratio ~ 9-10.5 provides the
highest yield and uniform morphology of the NWs, whereas outside of
this region, the growth either has uneven yield issue or has nonuniform
NWs.

C. Non-uniformity, Yield issue

Growth time: 30 min Growth time:'30,min

Figure 3.3: InAs NW growth optimization. SEM micrographs of the InAs NWs growth on the trenches in different growth conditions.
Region D demonstrates the highest yield (> 90%) with uniform NWs growth. Scale bars are 1 um.

Figure 3.3 is the extended demonstration of Figure 3.2b. Starting from
region A, with growth temperature < 400°C (pyrometer reading) and
V /I ratio ~ 10, none of Au seed particles nucleate and grow NWs. Most of
the trenches are filled with InAs planar growth. Reducing the V/III ratio
from A to region B, increased the yield of InAs NWs. However, we observe
non-uniformity along the wires such as diameter change and tapered
profile. Maintaining the V/III ratio as B, we increase the temperature ~
5°C in region C (~ 405°C). We still observe non-uniformity along the
wires with decreased yield. Maintaining the growth temperature, from
C to region D, we only increase the V/III ratio ~10, which improves both
yield (> 90%) and morphology of the NWs. For instance, the growth
time of 30 min results homogeneous ~ 5-5.5 ym long NWs with diameter
varied from 70-90 nm depending on the deposited thickness of the Au
seed particles. It is also possible to grow longer wires maintaining the
uniformity, however, we choose to grow in the above-mentioned length,
considering our shadow design, which will be discussed later in this
chapter. Further, if we increase the V/III ratio in F (~ 16), we observe
uncontrolled NWs length and diameter with a tapered profile. Finally, in
E with increased growth temperature (more than 20°C from D), we start
observing yield issue again across the substrate.

We mostly grow in the lower side of the growth temperature window
in region D, as we get pure wurtzite (WZ) crystal structure at lower
temperatures. As shown in Figure 3.4, post-growth TEM analysis in
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Figure 3.4: High-quality InAs nanowire.
High-resolution TEM of the InAs NW
demonstrating stacking fault-free WZ
structure. Inset shows the FFT of corre-
sponding structure.

Figure 3.5: InSb NWs from trenches.
Tilted SEM image of InSb NWs grown
with InAs stems. Scale bar is 1 ym.

multiple growth sections of the wafer confirms pure wurtzite (WZ) InAs
structures with minimal crystal defects along the individual NW. We
believe this less crystal defects can also be attributed to the high incident
materials flux on the angled NW surface, however systematic study is
required for proper understanding. Small structural defects are observed
at the top of NW near seed particles which can be attributed to the
cooling effect.

Confirming previous reports [223], we are also not able to grow InSb
NWs directly from the trenches. As discussed before, the Au-alloy forms
a small contact angle to the substrate when Sb is present, which prevents
initiation of NW growth [223]. However, once the InAs NW stem is
formed it is possible to switch into InSb NW growth. With optimized
growth conditions (in region "D"), we achieve high yield InSb NWs
across the substrate as shown in Figure 3.5. Post-growth TEM analysis
confirms high-quality zinc blende crystal structure for the InSb segment,
as discussed in previous chapter. [See chapter 2 for TEM analysis of InSb
NWs]

SU Deposition and Shadow Schemes

Figure 3.6a shows the schematic of the NWs with a shadow junction as
grown on the substrate. On the right, the hemisphere diagram shows
the coordinates used to describe the superconductor beam flux direction
with respect to NWs. Depending on the angle of the incoming flux
and orientation of the NW facets, the superconductor can be grown on
selected facets. The table in Figure 3.6b contains information on beam
flux angles required for 2-facet and 3-facet superconductor coverage on
[110]2p/[1120]wz and [112]75/[1100]w oriented NWs. The amount of
superconductor that is grown on each facet (for a given growth time) is
proportional to the effective beam flux (f”) on the selected facet. Here f”
is defined as the flux impinging on the midfacet facing the source during
3-facet deposition (see Figure 3.6b). If we consider 2-facet depositions,
then both facets receive equal amounts of material, as an instance, for
¢=0and 6=35°, fij01] = flon] = % f’. For 3-facet depositions, the facet
facing towards the beam receives f’, whereas the adjacent facets get
f'/2.

The SEM images of InSb/ Al NWs with in situ junctions are demonstrated
in Figure 3.7a, where the inset shows a ~ 100 nm long junction. As the
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NW positions are controlled, it is possible to engineer multiple junctions
in a single NW. Advanced junction schemes are presented in Figure
3.8. Synthesis of hybrid InSb/Sn NWs has recently been reported [71],
showing a route for deposition of alternative superconductors on bare
semiconductor NW facets. Due to the simplicity of the single UHV-step
process in our work, it is easy to vary not only semiconductor compositions
but also the superconducting materials, providing a versatile platform
for exploring the wide range of interesting hybrid material combinations.
Two promising superconductor alternatives to Al are Sn and Pb, which
both have higher T; (for bulk it is around 3.7 K for Sn and 7.2 K for
Pb, compared to 1.2 K for Al). As these superconducting materials are
challenging to etch selectively without damaging the semiconducting
NW segments, the shadowing method may be critical for the realization
of high-quality junctions. Figure 3.7b and Figure 3.7c we demonstrate
Sn and Pb films grown on InSb NWs. After the semiconductor NW
growth, the Sn and Pb are grown on liquid nitrogen cooled stage in a
UHV chamber connected to the MBE, which has already been discussed
in Chapter 2. Compared to Al and Sn, the growth of uniform Pb films
on multiple facets of VLS NWs seems more challenging. Especially for
InSb/Pb and InAs;_,Sb, /Pb interfaces, there is no obvious low index
domain match without a high residual mismatch [52]. This indicates
that the interface energy density is relatively high, which increases the
thermodynamic driving force for dewetting; that is, it requires a lower
growth temperature to prevent kinetic dewetting to occur.

Having growth conditions for InAs and InSb NWs on the trenches, the
As and Sb fluxes can be tuned to grow InAs;_,Sby/Al NWs [184], as
shown in Figure 3.9. Similar to InSb NWs, we initiate the InAs;_Sbyx NW
growth with an InAs stem (using the recipe from Figure 3.2b, region "D").
The InAs stem is not visible in Figure 3.9a due to the over-growth on the
substrate. To enhance spin-orbit interaction [224] while maintaining an
efficient field effect response by keeping the carrier density low [184, 225],
we aim for Sb composition around x=0.7 (nominal Sb/As flux ratio of
0.8). The composition of the InAsg 3Sbg 7/ Al NWs is measured applying
Vegard'’s law [226] for the lattice parameter in ternary alloys.

Figure 3.6: Nanowires growth on the
(111)B trenches. a, Schematic with crys-
tal orientation of the hybrid NWs. Dashed
arrow shows the superconductor deposi-
tion direction. In the right, schematic of
superconductor deposition geometry on
the NW with respect to the beam flux di-
rection and the NW growth axis. Here,
« is the angle between these two vectors
to calculate effective flux (f”) on the NW
facet. b, Schematic of 3-facets and 2-facets
superconductor on the NWs. The table pro-
vides the beam angle requirements in the
case when ¢=0, for 2-facets and 3-facets
superconductor coverage.

c InSb/Pb

Figure 3.7: InSb NWs with different SU.
a, Tilted SEM image of InSb NWs with
epitaxially grown Al b, SEM image of
InSb/Sn NWs with junctions. ¢, SEM im-
age of InSb/Pb NW with junction. Orange
arrows indicate the shadowed junctions.
Dashed arrows indicate the direction of
superconductor deposition. Scale bars for
(a), (b) and (c) are 1 pm. Scale bar for (a)
inset is 100 nm.
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Figure 3.8: Shadow schemes. SEM micrographs and schematic of different shadow junction schemes grown on the trenches. SU deposition
directions are shown with arrows.

InAs, ;Sb, ,/Al

Figure 3.9: Al epitaxy on InAsSb NWs. SEM (30° tilted) of InAsg 3Sbg.7/ Al NW array (scale bar is lpm). The highlighted section shows
double shadowed junctions on the NWs (scale bar is 500 nm).

We also investigate the InAs;_Sby NW junction quality with STEM
tomography as shown in Figure 3.10a.The detail tomography procedure
is discussed in Experimental section. In tomography image, we can see
abrupt junction. However, in some cases, we also observe homogeneous
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2-facet Al and discontinuous third facet Al. This non-uniformity of the
SU on NW can be related to the large interwire distances. Besides, SU
deposition angle with respect to the NW facets and inhomogeneous
growth of the NW can also be responsible. We confirm the composition
of the InAs;_,Sby NW with STEM-EDX analysis and shown in Figure
3.10b. Further, InAsg 3Sbg.7 /Sn hybrid is shown in Figure 3.10c, where
nominal ~ 20 nm Sn is deposited on the wire facet at very low tempera-
ture. The continuous thin film of Sn is formed on NW facets, however,
rough morphology is observed compared to the InSb/Sn NWs. After
deposition, NWs seem to bend away from the Sn. This bending could be
due to the different thermal expansion coefficient between the ternary
InAsg 3Sbg.7 NW and Sn during temperature increment after NW growth.
InAsg 3Sbg.7 NW with continuum Pb hybridization is shown in Figure
3.10d. Magnified NW and junction segments are shown in the inset,
where InAsg 3Sbg 7 /Pb demonstrates opposite bending. Such bending
can be due to the compressive strain in the interface of InAsg 3Sbg.7 and
Pb along the NWs, that is also comparable in some cases of InAs/Al
interfaces [52].

Tomography Analysis STEM-EDX Analysis - -

/.C

Figure 3.10: InAs( 3Sbo.7 NWs with different superconductors. a, SEM micrograph of InAs;_,Sby /Al NW junction. Scale bar is 100 nm.
Blue arrow to right is the HAADF-STEM tomography of the NW demonstrating junction morphology. b, STEM-EDX of the junction shows
In, As, Sb and Al composition. As shown in the bottom, the grown InAs;_xSby NWs consist 30% of As and 70% Sb and the composition
remain homogeneous along the individual NW. ¢, InAsg 3Sbg.; NWs with Sn. d, InAsg 3Sbg.7 NWs with Pb. Scale bars for (c) and (d) are 1
um. Insets scale bars are 100 nm. All the white arrows in the SEM images show directions of superconductor deposition.
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Figure 3.11: Gate response statistics of
shadowed and etched junctions. Pinch-
off statistics of the back-gated devices with
shadowed (green) and etched (blue) junc-
tions.
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Figure 3.12: Shadowed and etched single
NW. a, Schematic of the test device with
comparable size shadowed and etched
junctions in a single NW. b, Electrical mea-
surements of the test device where con-
ductance is shown as a function of gate
voltage for shadowed (green) and etched
(blue) junctions. The shadowed junction
shows quantized plateaus as highlighted
with inset. Applied magnetic field, B=6 T
in both cases. SEM image of the exact NW
is shown inset with a scale bar of 100 nm.

3.3 Comparison of Shadowed and Etched
Junctions

The InAsy 3Sbg.7/ Al NWs are used to compare the field-effect response of
etched and shadowed junctions, as shown in Figure 3.11. The challenge for
etched junctions is to find conditions that selectively etch Al while leaving
the semiconductor unharmed. For instance, we have not been able to find
selective etch conditions for Al on InSb. For InAs( 3Sbg 7 and InAs NWs,
we use etch conditions which were optimized in previous studies and
apparently leave the semiconductor intact [64, 184]. Because the electron
transport characteristics vary from device to device, we need statistics for
comparing quality measures. For this purpose, we compare 41 back-gated
devices: 31 with shadowed and 10 with etched junctions; see Figure 3.11.
For etched junctions, 7 out of the 10 devices are first measured at 20 mK,
out of which 6 pinch off with a threshold voltage of -3 + 1V, a mean
saturation conductance of 1.6 + 0.2 2¢?/h and the field-effect mobility
urg = 1900 = 600 cm? /Vs (highest upg =~ 4400 cm? /Vs). As a comparison,
we measure 9 shadowed devices under identical conditions, where four
devices pinch off with a mean threshold voltage of —36.0 £ 2.5 V and
rest have not pinched-off within the applied gate voltage. The mean
saturation conductance of all shadowed devices is 9 + 1 2¢2/h.

For a higher throughput, we turn to measurement at 2 K and measure
22 devices with shadowed junctions where 20 devices pinched-off with
a mean ppg ~ 17000 + 400 cm?/Vs (highest upg ~ 35000 cm?/Vs). The
mean threshold voltage and saturation conductance of these devices
are —13 £ 2 V and 5.1 + 0.5 2¢2/h respectively. In comparison, three
etched junctions are characterized at 2 K, showing a low gate response
and no pinch off within the voltage limits of the system and with mean
saturation conductance of 4.1 + 0.7 2¢2/h. In short, according to the
statistics presented above, shadow junctions exhibit a significantly higher
conductance and mobility compared to the etched junctions.

As an additional comparison, we fabricate 11 devices with comparable
size etched and shadowed junctions in the same InAsy3Sbg 7/ Al NW
(shown in Figure 3.12a). Among them, only three devices are functional
on both sides, where the electrical measurement of one of these devices is
demonstrated in Figure 3.12b. Despite the almost identical appearance of
the etched and shadowed junctions in these devices, a radical difference is
observed in the transport properties. Here the shadow junction pinched
off with clear quantized conductance plateaus around magnetic field, B
> 4 T, whereas the etched junction is not pinched-off within the available
voltage range. Similar differences are observed for the other two devices
presented in Figure 3.13b and c¢. We note that there can be many reasons
for disorders associated with etching, such as undercut during wet
etching, increased SE surface roughness, impurities left from etchant and
leftovers from the etched metal. There are most likely ways to improve
etch recipes; however, unless the etch actively provides protection, it is
reasonable to assume that optimized shadowed junctions will generally
be of the highest possible quality. Besides obtaining higher quality
junctions, shadowed junctions allow flexibility in the choice of material
combinations, where selective etching may be infeasible. Based on this
and the above results, we choose to solely focus on shadow junctions for
all material combinations.
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Figure 3.13: Additional low temperature electrical measurements of shadow and etched junctions in single NW. a, SEM image of NW
devices with shadowed and etched junctions in individual wires. Blue colour stands for the etched junctions and green for the shadowed.
Measurements are taken in a dilution refrigerator at 20 mK. b, The etched junction is not pinched-off and shadowed junction is pinched-off.
¢, Both junctions are pinched-off, whereas the shadowed device shows quantized conductance (inset) for high field (6 T). d, The results of
the etched junctions obtained from the PPMS at 2 K. None of the junctions are pinched-off within the voltage range. e, and f, Two shadowed
NW junctions that have not pinched-off due to the ambiguous junction region pointed by the white arrows in the relevant SEM images. The
scale bars of all the SEM images are 1um.
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Figure 3.14: Post-growth etching of the junctions. a, AFM image of etched InAs/Al NW device (scale bar 500 nm). Zoomed-in junction
(scale bar 100 nm) exhibits a disorder-free semiconducting segment. b, AFM image of double junctions device (scale bar 500 nm) where
magnified segments of the junctions (scale bar 100 nm) exhibit Al residue, rough InAs surface, and damaged SE/SU interfaces.
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Figure 3.15: Junction formation and edge
profile. a, Schematic of the SE-SU junc-
tion formation and the edge profile. The
broadening (Ap) and profile of the junc-
tion edge can be determined by the flux
distribution in the transition region, inter-
wire distances (/5 ), source to wire distance
(Lsw) and effective width of the source
(Ws). The junction length (¢;) depends on
the size of the Ay and the diameter of the
shadowing NW (dnw). (diagram is not
drawn to scale).

Examples of etched InAs/ Al junction devices are shown in Figure 3.14a
and b. The etching is performed using standard Transene Aluminum
etchants-type D with optimal etch time [64, 211, 227]. In Figure 3.14a and
b, both devices are fabricated in the same chip and junctions are etched
under the same etching conditions. However, the junction in device
Figure 3.14a is clean and damage-free, whereas junctions in Figure 3.14b
exhibit incomplete etching and damaged profile. As a result, in the same
chip, junctions performance in different devices will be deviated and
non-reproducible due to the uncontrolled etching. This phenomenon
justifies the statistics of inadequate performances in the etched junctions,
compare to the shadowed junctions. On the other hand, optimized in situ
shadow junctions avoid disorders and exhibit high yield reproducible
superconductive devices.

3.4 Evaluation of Sharp-edge Shadowing

The influence of the junction edge morphology on the junction trans-
parency is studied by comparing devices with varying edge sharpness.
The edge sharpness is varied by changing interwire distance, [5, between
the shadowing and the shadowed NW. A junction is sketched in Figure
3.15, where the transition region going from a fully shadowed region to
a fully unblocked region (with nominal beam-flux f) is given by

A, = Dsls 3.1)
Lsw

Here, Lsw is the “source to wire” distance, and Ws is the width of
the source opening. The effective flux in the transition region f’(x.)
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as a function of coordinate 0 < x, < Ay is directly related to the flux
distribution across the source opening as

Lsw

Ws— L Xe
£ (x0) o / Foure dr (3.2)
0

Here, fsource is the beam-flux originating from a point source within a
cutoff area up to Ws — LfTer of the source opening (cut-off determined
by x.) as shown in Figure 3.15. Thus, a point in the transition region
X, sees a fraction of the source from where the effective impinging flux
originates. If the outgoing flux distribution within the source opening is
uniform, it can be shown that the effective flux in the transition region is

given by:

f(xe) = g [g — XenJ1-X2 - arcsinXe] (3.3)

where

_ 2Lsw

1 (3.4)

Such an outgoing flux distribution originating from a uniform circular
source opening would give a flux distribution in the transition region,
as shown in the dashed green line in the inset of Figure 3.15, whereas a
uniform beam estimated from a 2D model (or from a hypothetical squared
source opening) would provide a linearly increasing flux distribution
as a reasonable approximation (as shown with the dashed black line).
On the other hand, for a circular source opening with a Gaussian flux
distribution, the transition region will see an effective flux closer to a
step-profile flux distribution shown as red solid line.
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If the temperature is sufficiently low, such that the adatoms are kinetically
limited to stick where they land ("hit and stick" model), the shape
of the junction edges will directly map the flux distribution from the
source opening as described above. However, the "hit and stick” model
collapse if the adatoms are mobile. This will alter the broadening towards
equilibrium shaped morphologies. The length scale at which kinetics

Figure 3.16: Measurements of edge
broadening. a, Geometry for determining
the shadow position. b, A, as a function
of ;. Blue dots are measured A, for Al
junctions on InAsg 3Sbg.7 NWs and green
dashed lines are calculated Ay.
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plays a role can be described by a characteristic adatom migration length

[52, 87]:
1 Ohaa — 5Hinc)
Ag & [ — - 3.5
/pa exp ( — (3.5)

where, p, is the adatom density, 6h,, and Su;,c are a characteristic
activation barrier for migration and chemical potential of the adatoms
respectively. As seen from this equation, also the beam flux (f) can play
a role on A,, which complicates the analysis of the adatom kinetics due
to the effective flux gradient in the transition region. To limit the adatom
mobility, we grow the SU thin film at low substrate temperatures, where
A, is sufficiently short to allow the formation of a uniform thin film at
the given flux.

a [,>500 nm b [ <250 nm

Figure 3.17: Post-growth etching of the junctions. a, Atomic force micrograph (AFM) of the InAsg 3Sbg.7/Al junction for /s > 500 nm.
Large Al broadening with multiple Al grains are observed in the junction. Depending on the effective flux distribution on the transition
region the junction is divided into three segments. b, AFM of the InAsg 3Sbg 7/ Al NW junction for I; < 250 nm, where the junction is clean
with sharp-edge profile. ¢, Zoomed-in TEM image from (b) shows the epitaxial SE-SU interface and small Al broadening in the junction.
Scale bars are 5 nm and 1 nm respectively.

The determination scheme of shadow location is sketched in Figure 3.16a
where [; (and therefore Ap) is controlled with two parameters, 0 and s ,
the spacing between the Au dots along opposite trenches. For ¢p = 0 the
relation is simply

Is = — (3.6)
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These two parameters also determine the position of the shadow on the
NW via the equations I, = ti’ncé);g and 5, = Iscos 0. As described
above, A, depends on [ ,, which is controlled by the Au droplet posi-
tioning during substrate preparation. If the Au droplets offset on the
opposite facets are within the dyw range, then the NWs will merge to
form nano-crosses or other type of networks [66, 222] (see chapter 4).
However, for obtaining sharp-edged junctions, I; needs to be as small as
possible without merging. We vary [s from ~ 170 nm to ~ 570 nm from
trench to trench on a given substrate and measure the broadening on
selected NWs with AFM. Figure 3.16b shows measured broadening (blue
points) together with the calculated "hit and stick" broadening (green
dashed line) for InAsg 3Sbg 7/ Al junctions. Here, W; ~ 1.6 cm and Lgy ~
20 cm for Al deposition in our MBE. The measured mean broadening
follows the trend of "hit and stick" model with an offset, which indicates
that adatom kinetics plays an important role for Al shadow junction
formation under these conditions.
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Figure 3.18: AFM of InSb/Sn and InSb/Pb junctions. a, AFM of the sharp-edge InSb/Sn junction shadowed by thinner InSb NW for I5 <
250 nm. The line scans, taken at the positions marker by black lines show the broadening of ~ 13 nm. b, AFM of the InSb/Pb junction for /5
< 250 nm. The line scans show the broadening of ~ 75 nm.

A general trend is that small Al islands are formed in the junction
region for [ > 500 nm (as shown in Figure 3.17a). The junction edge
broadening with discrete Al islands are estimated from fitting a curve
over the measure islands. For s < 250 nm, we observe well-defined single
junctions with no Al islands, as shown in Figure 3.17b and confirmed
by a TEM image in Figure 3.17c. We attribute the larger broadening
profile of Al shadow edges than predicted by the "hit and stick" model
to the kinetically driven equilibrium shape. For [; < 250 nm, the Sn and
Pb-based junctions on InSb exhibit sharpe-edge shadows, as shown in
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Figure 3.19: Edge profile effect on
the junction performance. a, The gate-
independent resistance of the shadow
junction devices as a function of I;. In-
set is the schematic of standard device
where Ry, is the broadening resistance,
R, is the contact resistance and Rjn; is the
interface resistance. The dotted line till
0.8 kQ represents the statistical value of
contact resistance obtained by four-probe
measurements. b, The conductance satu-
ration as a function of 5.

Figure 3.20: Nanowire junction devices.
a, Pseudo colored SEM image of a typical
single-junction back-gated device. Scale
bar is 1 um. b, Pinch-off voltage statistics
for InAs, InAsg 3Sbg.7 and InSb NW junc-
tion devices.

Figure 3.18a and Figure 3.18b. In contrast to the Al deposition, we used
e-beam evaporation of Sn and Pb, where the source opening Ws depend
on how the electron beam is focused on the targeted materials. In the case
of Sn, the effective area is visibly smaller than the area of the total target,
which means that the effective source opening Ws and therefore A, will
be smaller for a given [, in case of "hit and stick" conditions. The outgoing
flux distribution can be estimated with a Gaussian profile, as discussed
in Figure 3.15, leading to a sharp-edge flux profile in the transition
region. Figure 3.18a with line scan showing A, ~ 13 nm confirms a
sharp-edge profile of the Sn edge. Here, the measured sharpness may
be underestimated due to the AFM tip diameter. On the other hand, for
Pb-based shadowing, the outgoing flux distribution is more uniform
from the source; as a result, A for the Pb-based junction is larger than
that of Sn, ~ 75 nm, as extracted from line cuts in Figure 3.18b.

We study correlations between the junction transparency and the critical
parameter for the junction profile I; on the Al shadowed NWs. For
this purpose, we calculate the gate-independent resistance R by fitting
the pinch-off curves as described in the experimental details section.
This gate-independent resistance contains mainly three contributions:
contact resistance (R.), broadening resistance (Ry,) and SE-SU interface
resistance (Rin). In Figure 3.19a, we can see that the InAs3Sbo7/Al
shadow junction resistance statistically increases with increasing I;.
Surprisingly, the junction resistance, Ry, depends on the slope of the
Al towards the junction, also for junctions without visible Al islands;
however, the trend seems significant. For junctions with dewetted Al
islands, it seems reasonable with a reduced junction transparency due
to potential variations caused by Al islands across the junctions. Using
standard four-probe measurements, the measured mean R, = 0.8 kQJ as
shown in Figure 3.19a. Figure 3.19b shows conductance saturation of the
devices decrease with increased /5. We attribute this effect to the junctions
with multiple Al grains for I; > 500 nm. Unexpectedly, we also observe a
trend of decreasing conductance for I; < 250 nm, although Al grains do
not form within this range. We presume the profile of broadening within
that range may play a role in the conductance deviation.
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We further investigate the device performances of the sharp-edged
junctions for InAs, InSb, and InAs( 3Sbg; NWs. Pseudo-colored SEM
image of a typical single shadow junction device is shown in Figure 3.20a.
In Figure 3.20b, we show the pinch-off voltages for Al-based junction
devices measured at 2 K. The pinch-off voltages for InAsp 3Sbg 7/ Al
junctions show the widest span from ~ =30V to 0V, whereas the InAs/Al
junctions pinch-off in the range of ~ OV to —10V. On the other hand,
InSb/ Al junction devices show pinch-off at mainly positive V,. We
ascribe the statistical differences to the band alignment between the
semiconductor and the Al [228].1
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An example of quantized conductance in InAsg 3Sbg 7/ Al junction device
is shown in Figure 3.21a, where the conductance is measured as a function
of V, and magnetic field (B). A general trend is that the conductance
plateaus are less pronounced at low B but gets gradually sharper with
increasing field. This can be ascribed to lower electron back-scattering
rates at higher B. The first sub-band splits into two spin-split subbands
due to the Zeeman effect, which leads to an energy difference gugB,
where ¢ is the Landé-g factor and up is Bohr’s magneton. For this
particular InAsg3Sbg 7/ Al device, we see the emergence of the spin-
split sub-bands around B > 2.2 T. However, we generally see the visible
splitting appearing around B=2-3 T. We speculate that the late emergence
of visible spin-split bands is related to electron-electron interaction within
the two sub-bands.

The obtained quantized values in Figure 3.21a are lower than the predicted
Ne? /h because of a constant contact resistance, leading to the first sun-
band at of 0.45 - 2¢%/h, the second at 0.9 - 2¢%/h and the third one is
barely observed at 1.3£0.5-2¢2/h. Figure 3.21b demonstrates a hysteresis
that is much smaller than sub-band spacing in the device presented in
Figure 3.21a. The inset shows a comparison of hysteresis statistics near the
pinch-off region between quantized and non-quantized devices, where
the quantized devices typically exhibit a slightly smaller hysteresis ~ 1.5
V, compare to others (~ 2.3 V).

Quantized plateaus for InAs/Al and InSb/Al NW junctions under
magnetic field are also observed, as showed in Figure 3.22a and b. The
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1: Device fabrication and measurement
for NW/ Al shell are performed in collab-
oration with Ajuan Cui and Charalampos
Lampadaris. InSb/Sn device fabrication
and measurements are performed by Se-
bastian ] Pauka and Maja C Cassidy from
Microsoft Station Q, Sydney.

Figure 3.21: Quantized InAsg3Sbg 7/Al
NW junction. a, Differential conductance
as a function of gate voltage and magnetic
field of a InAsp3Sbg.7/Al NW junction.
b, Hysteresis of the device shown in (a)
where sweep up and down follows closely.
Inset is a comparison of a statistical value
of hysteresis between quantized and non-
quantized devices.
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Figure 3.22: Quantized conductance on
InAs/Al and InSb/Al junctions. Conduc-
tance is drawn as a function of gate volt-
age for InAs/Al (a), and InSb/AI NW (b)
junctions. All the plots shown here are
measured with 9 T magnetic field, which
is applied perpendicular to the NWs. The
measurement is done at 2 K and the length
of the junction is ~ 100 nm.
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Figure 3.23: Quantized InSb/Sn junction
device a, An SEM image of the NW prior
to deposition of contacts. Contacts are de-
posited such that the only center junction
is being probed. The measured dimension
of this junction is 210 nm. b, Differential
conductance as a function of gate voltage
and magnetic field for InSb/Sn NW junc-
tion.
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conductance plateaus do not appear at the exact value of Ne?/h and differ
between the materials. The plateaus only appear under applied magnetic
field, and they become more pronounced with increased magnetic
field. Two probe measurements are carried out for all these devices, so
other parts in the measurement circuits also contribute to the signals.
Apart from that, the difference caused by contact resistance and contact
geometry among different materials may also the reason behind the
deviation from e2/h, 2e%/h, etc. As can be seen in Figure 3.22a, for InAs,
two plateaus are identified, where the first plateau appears around 2¢2 /.
On the other hand, for InSb (Figure 3.22b), the plateaus are more close to
e2/h. For both, the position of the plateaus can be attributed to sub-band
splitting under high magnetic field, whereas for InAs, no splitting of
plateaus is observed which needs further investigation. The appearance
of conductance plateaus only under magnetic field may be attributed to
the disorder (structural or surface states) induced backscattering, which
is suppressed by high magnetic field. Various resonances can also obscure
the appearance of quantized plateaus.

In Figure 3.23a, SEM image of examined sharp-edge InSb/Sn junction.
In Figure 3.23b, we show the measurement of the device with each
trace offset by the value of the B. In contrast to the InSb/Al junctions,
the devices with Sn show a negative pinch-off voltage around —-10 V,
caused by the different band alignment of Sn to InSb. In these devices,
after the subtraction of the filter resistances in the fridge and a constant
contact resistance, a clear plateau at 2¢?/h is visible even at zero field,
suggesting a scattering length on the order of a few hundred nanometers.
Furthermore, unlike the sample shown in Figure 3.21a, splitting of the
subband is visible immediately as the field is increased. A crossing of
the first two spin-split sub-bands is visible at around 2 T, characterized
by the disappearance and re-emergence of a plateau at 2¢2/h. This effect
is expected due to the large Landé-g factor of InSb [148].

Low Temperature Measurements

Figure 3.25 presents low temperature (T ~ 20 mK) electrical measure-
ments performed on seven InAsy 3Sbg 7/ Al shadow JJs (S#1-S#7) with
l; ~ 100nm. A single contact to the Al shell is fabricated from Ti/Au
normal metal on either side of the shadow junction and split into separate
bond-pads to allow for a pseudo four-terminal configuration, eliminating



contributions from highly resistive filters in the cryostat. The transmission
of the junction is tunable by the back-gate potential V,, and Figure 3.25a
shows typical V — I-curves at V; = 0V for sample S#1. A zero-voltage
state is observed corresponding to a switching current Ic exceeding
200 nA with pronounced hysteresis between up/down sweep directions,
which is commonly observed in such devices and attributed to heating
effects or underdamped junction [229, 230].
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Figure 3.24: Additional measurements in InSb/Sn junction device. a, A two-terminal source-drain measurement is taken at B=0 T, while
b, shows the same measurement taken at B=6 T. The source-drain bias (Vsp) at the device is extracted for both measurements using the
known resistance of the filters and contacts in the fridge. In both sets of data, quantized conductance plateaus are visible, suggesting
transport in the junction is ballistic on the order of a few hundred nanometres. As is expected, at zero field the first plateau has a conductance
of 2e/h, while at 6 T, spin degeneracy is broken leading to the emergence of a plateau at e2//1. In the zero-field data, features relating to the
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superconducting shell are visible near zero bias and as two dips symmetric around zero bias.

Figure 3.25b shows the differential resistance as a function of I and V. The
zero-resistance state is clearly observed, and Ic decreases with Vg as the
transparency of the n-type semiconductor weak link decreases towards
pinch-off at Vy ~ —40'V. Also shown are the extracted gate-dependence
of the switching current Ic(Vy) and the normal state conductance gn(Vs)
measured at with a magnetic field B, = 0.3 T applied perpendicular so
the substrate and exceeding the critical field of the superconducting leads.
The product of Ic and Ry = 1/gn is a typical voltage characterizing
JJs, and Figure 3.25c shows Ic vs. gn for all devices where the range
of ¢n is spanned by sweeping V,. For samples S#2-7 the curves are
extracted from the data shown in Figure 3.26. The dashed line labeled
KO-1 (KO-2) shows IcRn = mA/2e (IcRN = TA/e) expected for a JJ
in the short, quasi-ballistic and dirty (ballistic) regime with the mean-
free path [, < [; < & (I, 2 Ij,l; < &), and a superconducting gap
A =200 peV expected for Al and matching voltage-biased measurements
discussed below. £ is the superconducting coherence length [231]. JJs with
semiconductor NWs weak links have been the subject of a large number
of investigations since the original work of Doh [229] and the critical
currents in these devices are generally much lower than the KO-1 and
KO-2 predictions and I. R, significantly underestimates A [232-234]. The
origin of this suppression is unknown, but has been speculated to arise
due to disorder and in-homogeneity or to heavily underdamped junctions.
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2: Device fabrication and LT measure-
ments of this section are performed by
Lukas Stampfer from Thomas Sand group
at Qdev.

Figure 3.25: Supercurrent and multiple
Andreev reflections in the sharp-edge
junctions. a, Typical VI-curve for an
InAsp3Sbg.7/ Al shadow Josephson junc-
tion (Device S#1). The switching and re-
trapping currents are indicated. b, Differ-
ential resistance as a function of current
and gate potential. The black region cor-
responds to the zero-voltage state. Ic and
normal state conductance gn measured at
B, = 0.3T are shown. ¢, Ic vs. gn for all
measured devices. Dashed lines are the
theoretical expectations. d, Voltage-biased
measurement of the sub-gap structure of
S#1 showing resonances of multiple An-
dreev reflections. The high-conductance
region asymmetric around zero bias (*)
is related to a supercurrent branch en-
abled by the finite resistance of the cryostat
wiring.

For the InAsg 3Sbg.7 shadow junctions studied here the critical currents
are relatively high, and samples S#1 and S#2 follow approximately
the KO-1 and the ballistic KO-2 result. The remaining devices have
suppressed Ic for high Ry indicating presence of channels with weak
contribution to the supercurrent. At lower resistance the increase in Ic
with gn follows the KO-1slope, consistent with additional channels with
contribution to Ic, as predicted by the model. We attribute these results
to the high quality of the sharp edge InAsg 3Sbg 7/ Al shadow junctions
and clean interface. For sample S#1, the phase-coherence is confirmed by
the voltage-biased measurement in Figure 3.25d, which shows a clear
Vg-independent subgap structure which we attribute to multiple andreev
reflections (MAR) as previously studied in NW JJ [229]. The resonance
resolved at lowest V;; corresponds approximately to the n = 5™ order
MAR 2A/ne process requiring five coherent andreev reflection processes.
Higher order MAR processes may be present but are inaccessible in these
measurements due to the cryostat line resistances ~ 6 k{3, making the
measurement an effective current-biased measurement at low applied
voltages.
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Figure 3.26: Supercurrent measurements for other devices. First column of this figure shows the SEM before metallization of the 6 other
devices shown in Figure 3.25. The shadowed region is hinted with an arrow. In the case of the crosses, the merged NW is fully metalized
with the corresponding contact in order to avoid floating pieces of SU close to the junction. Second column indicates the I-V characteristics
of the junctions with up and down sweep at Vo= 0 V. In device S#3, we note a presence of a step like feature which qualitatively looks like a
Fiske step. The third column shows the differential resistances as a function of applied current and back-gate voltage.
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3.6 Conclusion

In summary, we present a versatile single-step UHV crystal growth
method to fabricate epitaxial SE-SU NWs with high quality gate-tunable
superconducting junctions. The flexibility of the approach is exemplified
with the growth of InAs, InSb, and InAsg 3Sbg ; NWs with in situ shad-
owed junctions in Al, Sn, and Pb. Based on the performance statistics of
field-effect InAsg 3Sbyg.7 / Al devices we show that the quality of shadowed
junctions are significantly higher than the etched junctions. Furthermore,
for the shadowed junctions, we demonstrate that the junction trans-
parency depends on the junction edge profile. We conclude that the
junctions with sharp edges have high transparency, exhibiting extremely
large supercurrents and easily resolved quantized conductance of the
lowest sub-bands. The achieved results with sharp-edge shadowing in
this work can also be transferable on the scalable selective area grown
(SAG) NW platform [235, 236] through either post-growth in situ mask-
ing or pre-fabricated substrate with nanopillar/ stencil bridge structure,
which will act as a mask during SU deposition [237]. Hence, this study
shows a path toward reliable gate-tunable operations in superconducting
quantum networks.

3.7 Experimental Details

Substrate Fabrication

InAs (100) undoped single side polished (SSP) 500 um thick 2-inch wafer
is used to start the substrate fabrication for hybrid NW growths. Substrate
preparation is discussed below:

Step 1: For exposure, we use electron sensitive co-polymer resist EL9
and spin with 4000 RPM (thickness ~ 320 nm) for 45 sec. Next, hotplate
baking of the resist is performed at 185°C for 2 min to get rid of the solvent
and improve the adhesion with the substrate. Lines for the trenches are
exposed with EBL. For development, we dip the wafer into 1:3 MIBK: IPA
for 45 sec and IPA for 30 sec. Then, oxygen plasma treatment for 2 min.
Step 2: We use wet-etching to create (111) B faceted trenches. We etch the
exposed lines to create V-shaped trenches with an angle of 54.7° using
the following recipe: i) Mix H,SO4 (1 ml): H,O, (8 ml): HO (80 ml) and
blend for 5 min with a magnetic stirrer. ii) take 4 ml of the above mixture,
mix with 400 ml of H,O, and blend for 5 min with a magnetic stirrer.
The 2-inch wafer is then dipped into the solution for 30 min ( for ~ 1 ym
etching) or 60 min (for ~ 2 ym etching). Afterward, cleaning of the wafer
is done as follows: i) acetone for 4 min, ii) sonication for 2 min with 80 Hz
frequency and 30 W power, iii) acetone for 10 sec, iv) IPA for 10 sec and
finally clean with milli-q water for 30 sec. Step 3: Next is the exposure
for Au particles. Two layers of resist are needed to coat homogeneously
on the trenches. First, EL6 spinning with 4000 RPM (~ 150 nm) for 45 sec,
and subsequently 1 min hotplate baking at 185°C. Second, A2 spinning
with 4000 RPM (~ 60 nm) for 45 sec and similar hotplate baking. The EBL
system is used for dots exposure. For post-exposure development, we dip
the wafer into 1:3 MIBK: IPA for 45 sec, IPA for 30 sec, and then examine
with the optical microscopy to confirm that the dots are properly aligned
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with the trenches. Step 4: Depending on the NW diameter, 7-15 nm thick
Au layer is deposited at the rate of 1 A /s on the wafer using an e-beam
evaporator. If there is a time delay between resist development and Au
deposition, it is crucial to remove the native oxide before Au deposition
through Hydrofluoric acid (HF) dipping or in situ Ar milling in the metal
evaporation chamber. However, this is not needed if the Au deposition
is immediately after the development. For lift-off, Au contained wafer
is immersed into the acetone and kept for 10 min until the Au started
lifting-off. Later, the acetone dipped sample is placed into 50°C heated
bath for 1 hour and then cleaning procedure of the wafer, which is similar
to step 2. Finally, the ready-to-grow 2-inch InAs substrate with trenches
is cleaved into four quarters to make it adjustable with the MBE growth
holder and plasma ashed for 2 min (similar to step 1) to make sure no
organic particles are left on the quarter.

In-situ Aluminum

Trench Fab to Growth

e e e o e e Y W o N

Figure 3.27: Substrate fabrication and molecular beam epitaxy of hybrid nanowires. a, An image of 2-inch wafer with lithography-defined
patterns. Zoomed-in SEM image of the (111) B faceted trenches with deposited Au disks (scale bar is 1 um). b, Schematic of the fabricated
substrate and NW growth scheme. The angle of the etched trenches are 54.7°C. An offset () from the bottom of the trenches is maintained
in order to avoid competition between bulk growth and NW growth in the trenches. Regarding the position of the Au, if it is close to the
lower edge of the trench, the wire may not be able to grow before it gets covered by planar growth. If the catalyst is too close to the upper
edge, it migrates to the (100) facet while annealing. Hence, perfectly aligned lithography to place the Au seeds in the middle of the sidewall
is crucial. Red arrow is an example SU deposition direction along the trenches. ¢, InAs NWs growth from the trench substrate.

Hybrid NWs Synthesis in the Trenches.

Semiconductor-superconductor hybrid NWs are grown using the Veeco
GEN II MBE system (similar to chapter 2). Before loading in the MBE
chamber, the fabricated substrate (1/4 of a 2-inch wafer) is dipped into
diluted HF for 10 sec, and then 20 sec of rinsing with the milli-q water to
make sure the substrate is clean for loading. Initially, the sample is baked
at 200°C for 2 hours in the entry/exit (EE) chamber of the MBE system,
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3: TEM analysis is performed by Martin E
Cachaza, Elisabetta Maria Fiordaliso, Jung-
Hyun Kang and Svetlana Korneychuk.

which confirms the vaporization of remaining water molecules from the
substrate and then transfer to the buffer chamber. In the buffer chamber,
the substrate is degassed for 1 hour at 250°C to confirm additional
cleaning before transferring into the growth chamber. In the growth
chamber, the substrate is annealed for 2 min at 590°C. All the intended
effusion cells are heated up and fluxes are stabilized before the growth.
InAs NWs on the trench are grown with As, overpressure maintaining
the bulk temperature at 345°C and cracker temperature at 400°C. After
being annealed, the substrate is cooled down to growth temperature
within 5 min (linear cooling) and stabilized for 3 min before opening the
"In" shutter for the growth. Right after the NW growth, the substrate
is cool down to 150°C and all the sources are set back to the base
temperature. InSb NWs are grown with initial InAs NW stem where the
growth procedure of stem is the same as described above. Maintaining
the same substrate temperature, "As" shutter is closed and Sb shutter
is opened, leading to InSb NW growth continued from the InAs stem.
Finally, similar to InSb NWs, InAsg 3Sbg 7 NWs are also grown with InAs
stems, where we tune the As flux for different compositions of the NWs.
in situ Al deposition is performed in the MBE growth chamber by cooling
down the substrate holder to ~ — 36°C over 8-10 hours right after the
NW growth. When the desired temperature is reached, the substrate is
aligned to the intended deposition angle. Before the deposition, Al cell is
heated 1140°C and flux is stabilized. 15 min of O, venting is performed
while taking out the NWs sample from the MBE chamber in order to
form AlOx to avoid dewetting. Further, Sn and Pb on the NWs are grown
in the UHV metal deposition chamber (with liquid nitrogen cooling)
which is connected to MBE.

Structural Characterization

The morphology along with length and diameter of the grown NWs are
examined with SEM. AFM is also used to characterize the surface mor-
phology of the junctions, analyze broadening, and also to determine the
thickness of SU. The atomic crystal structures of the NWs are character-
ized by TEM and high resolution (HR-) TEM. ® The structural properties,
including lattice constant and atomic configuration are analyzed using
CrystalMaker for Windows (Ver. 9.2.7, CrystalMaker Software Ltd.). For
STEM Tomography, NWs are transferred from the growth substrate to
a TEM grid with a lacey carbon membrane using a micromanipulator.
The grid is mounted on a Gatan tomography TEM holder, allowing
tilting of samples from —70 to 70 degrees. A Thermo Fisher Scientific
S/TEM Talos F200X microscope is used to acquire high-angle annular
dark-field (HAADF)-STEM images at 200 kV, at steps of 1 degree. The
Thermo Fisher Scientific Inspect 3D software is used for image alignment
and reconstruction. 3D visualization is performed by the Thermo Fisher
Scientific Avizo software.

NW Device Fabrication

The device fabrication process starts with transferring wires onto the
prefabricated back-gated device chip using a micromanipulator. Two
min of plasma ashing is performed before transferring NWs on the chip.



Hybrid NW devices with SE-SU junctions are fabricated as following;:
for InAs/Al NW devices, (1) spin resist AZ1505 on the chip with 4000
rpm for 45 sec and bake the resist at 115°C for 2 min; (2) UV lithography
for source and drain electrode; (3) for development, AZ developer for 60
sec, rinse in Milli-q water for 30 sec, and later oxygen plasma treatment
for 2 min; (4) to remove the oxidized NW surface, RF argon plasma
milling is done for 8 min with 15 W power before depositing e-beam
evaporated Ti and Au (5 and 200 nm) at the rate of 1-2 A/s; (5) lift-off
is done using acetone for 20 min; (6) cleaning procedure is done by hot
bath of NMP at 80°C for 1 hour, rinsing with acetone, dipping into IPA
for 10 sec, and then 2 min of oxygen plasma treatment; finally, baking
the chip for 2 min at 185°C. For InAsy 3Sbg7/Al NW devices, (1) spin
electron sensitive PMMA resist (A4) on the chip with 4000 rpm for 45
sec and bake the resist at 115°C for 2 min; (2) E-beam lithography for
source and drain electrode; (3) for development, 1:3 MIBK/IPA for 45
s, rinse in IPA for 30 sec, and later 30 sec of oxygen plasma treatment;
(4) RF argon plasma milling is done for 5 min with 7 W power before
depositing evaporated Ti and Au (5 and 250 nm) at the rate of 2 A/s; (5)
20 min of acetone dipping for lift-off; (6) for cleaning step, rinsing with
acetone, dipping into IPA for 10 sec, and then 2 min of oxygen plasma
treatment. For InSb/Al NW devices, we follow the similar recipes as
for InAsg 3Sbg.7/ Al NW devices with following changes: in step (1) spin
electron sensitive PMMA resist (A6) on the chip with 4000 rpm for 45
sec, no hot plate baking is performed after resist spinning as the InSb/Al
interface is subjected to damage at high temperature, instead the sample
is dried through pumping for 2 hours to get rid of the solvent of the
resist; and in step (4) RF argon plasma milling for 4 min with 7 W power
to remove the oxidized InSb NW surface.

NW Device Measurements

PPMS measurements. For electrical measurements, a physical property
measurement system (PPMS, Quantum Design Inc.) is used with ~ 2
K measurement temperature and magnetic field up to 9 T. The device
chip with daughterboard is mounted in the motherboard and loaded
in the PPMS system. Then the PPMS system is pumped to a pressure
lower than 0.01 mTorr and then degassing for more than 10 hours at 350
K. For InSb and InAsg 3Sbgy NW devices, the degassing is performed
at room temperature. PPMS is then cooled down to 10 K and supply
evaporated liquid helium (Hy) in the chamber to further cool down to
the measurement temperature (~ 2 K).

20 mK measurements. The devices for the superconducting measure-
ments are fabricated on degenerately doped Si substrates with 200 nm of
thermal oxide. The contact areas are patterned using standard EBL. As
discussed before, the contact materials, Ti/Au (5/195 nm) are evaporated
after an in situ Argon milling process. The measurements are performed
in a cryo-free dilution refrigerator at a base temperature of 20 mK. Critical
current measurements are performed using standard lock-in and DC
techniques with the use of a 50 k() shunt resistor. The clearly identifiable
supercurrent shows a residual resistance. This is attributed to contact
resistance and subtracted from the data set. The nature of the contact

3.7 Experimental Details
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Figure 3.28: Fitting of a pinch-off curve.
Blue line: forward sweep of the gate volt-
age and the evolution of the differential
conductance in units of 2¢2 /. Red dashed
line: the fitted model. On the right, field-
effect mobility as a function of interwire
distances.

resistance lies in the measurement not being a truly four terminal, it
bypasses only the filters in the fridge, not the Ti/Au — Al contacts.

Resistance Calculation and Mobility Fit

Pinch-off curves are fitted using the formula developed in the ref. [238—
240] and also shown below. The mobility values of 16 devices are extracted
using the formula fit and the direct transconductance method as described
ref [240], and the results we get are in agreement.

2

_ e e |
G(Vg) =(R+ HC(Vg — Vth))

Here in the formula, R is the gate-independent resistance, C is the
capacitance calculated from the cylindrical approximation with the
correction for hexagonal NWs [241], [; is the junction length and i is the
field-effect mobility.
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The equation above consists of a gate independent term (R) and a gate
_
pC(Vg = Vin)
more complex than the one described in the Ref [238-240]. These are the
contact resistance (R¢), the resistance coming from the broadening of the
junctions (R, ) and also the resistance of semiconductor-superconductor
interface (Rj;t). The effect of the three gate-independent resistances on
the junctions are presented before. The contact resistance is extracted
from four devices using standard 4-probe measurement technique. On
the other hand, The gate-dependent resistance in the equation emerges
from the semiconductor segment.

dependent term ( . In our device geometry, the first term is



Semiconductor Nanowire
Networks

4.1 Introduction

According to the theoretical proposals [33, 51, 242-245], Majorana fermion
obeys non-Abelian exchange statistics. Thus, the logic operation is possi-
ble through braiding between fermions [245]. Hybrid NWs that I have
demonstrated in Chapter 2 and Chapter 3 are the platform to evidence the
signature of Majorana bound states, which can appear at both ends of the
NW [246]. However, for the logic operations to demonstrate functional
qubits, a network is required, so that fermions’ position exchange is
possible without bringing them into close proximity, that can demise
their property [33, 51, 242-247]. Therefore, the control synthesis of the
semiconductor nanowire network plays an important role for next gener-
ation Majorana devices. Furthermore, the applications of NW networks
extend into different fields, such as multi-terminal device operation
[248-251], cooper-pair splitting [252, 253], optoelectronic devices [254,
255], biological sensors [256, 257] and so on. Hence, recently a signifi-
cant effort is observed in developing NW networks, where two possible
directions are considered: vapor-liquid-solid (VLS) grown out-of-plane
NW networks [66, 84, 185, 186, 247, 258-261] and in-plane selective area
grown (SAG) NW networks [149, 235, 236, 262-264]. Both approaches
have their pros and cons, which will be discussed next.

4.2 VLS and SAG Networks

VLS grown NW networks offer high crystal quality. Due to the free-
standing nature, where axial growth is determined by the supersaturated
catalyst, no defects from the growth substrate follows in the NWs. As
mentioned in chapter 2, in VLS NWs, the strain relaxation mechanism
helps to format different heterostructures with large lattice mismatch,
which we cannot expect from the bulk system [7, 265]. In addition to that,
VLS growth of NWs are well-studied [1, 7, 265-268], hence, an established
understanding of growth dynamics helps to realize control NW networks
with a variety of III-V combinations. In contrast, the growth of VLS
networks require extensive fabrication effort to modify the substrate
and carefully position the catalyst particles [66, 185, 247, 258, 259]. The
substrate fabrication becomes more complicated to in situ shadow the
networks. It also suffers from the limitation of the possible network
design, due to the fundamental constraint of the NW growth. Besides,
scalability is a crucial issue for VLS grown networks. To prepare electronic
devices, the NWs require to transfer into the separate chip, and position
carefully. This is a time-consuming process and in order to achieve an
useful statistics on electrical measurements, a large number of NWs
are required to be transferred. The degree of complexity increases for
more dedicated devices with bottom-gates. All in all, unless significant

Summary

In this work, we study the con-
trolled synthesis of InSb and InAsSb
nanocrosses. We analyze the condi-
tions of nanocross growth as a func-
tion of substrate design, growth time
and nanowire diameter. We also in-
vestigate the network formation for
InAs NWs. Structural analysis of
InAs network exhibits crystal disorder
when NWs are merged. On the other
hand, structural analysis of the InSb
nanocrosses show single-crystalline
zinc blend all over the network, which
makes it interesting for multi-terminal
devices. Finally, an in situ shadow-
ing technique is shown to pattern the
Nanocrosses.
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1: Ref.[235] (Paper 7) shows details about
SAG platform. This thesis will not cover
the SAG growth.

2: TEM of this chapter is performed by
Jung-Hyun Kang at Center for Electron
Nanoscopy, Technical University of Den-
mark (DTU CEN).

3: See chapter 3, experimental section for
detail substrate fabrication steps.

development happens toward the as-grown device fabrication with the
VLS network, it will be difficult to transfer this platform into the industry.
Nonetheless, VLS grown networks are essential to study the fundamental
physics and material properties (due to their high crystal quality) on a
single device scale.

On the other hand, SAG NWs are grown in-plane on a predefined area
of the growth substrate. ! Therefore, it offers scalability. In contrast to
the VLS, SAG provides the freedom to create any kind of networks by
predesigning the substrate. Also, the devices can be fabricated directly on
the growth substrate. Thus, no additional step is required for transferring
the NWs. Besides, due to their in-plane nature, it is possible to make
in-situ devices with SAG through stencil lithography (shadow masking),
after the NW growth, avoiding any resist or chemical treatment to the
device. This confirms the purity of the as-grown devices. Although
SAG promises scalability, the fundamental challenge remains to their
crystal quality. As the NWs are grown from the template, any short of
disorders during substrate fabrication will induce the defects during
the NW growth. Reactive ion-assisted dry etching (RIE) is often used
to define the SAG template. It is known that, RIE creates atomic-scale
defects due to the energetic ion sputtering, which is difficult to get
rid of [269]. Therefore, NWs can contain initial defects promoted by
the template. Besides, misfit dislocations due to the lattice mismatch
similar to the planar heterostructure appear in NW structures. So, it is
challenging to achieve the desired crystal quality in the SAG platform.
Further, a systematic study is required both on the substrate fabrication
and material growth in order to achieve high crystal quality of SAG
NWs. In sum, for proof of concept and fundamental study, high-quality
VLS grown networks are preferable. On the other hand, for large scale
applications, the SAG platform is preferable, if the high crystal quality is
achieved. Similar to the previous chapters, here, I will only focus on the
VLS grown NW networks.

In this chapter, I will demonstrate the synthesis of high yield InSb and
InAsSb nanocrosses. Detailed analysis of the structural formation as a
function of catalyst position and growth time will be presented. Besides,
the network formation from InAs NWs and their crystal structures will

be shown. 2 .

Remark 4.2.1 Section 4.3-4.4 and 4.7 are adapted from Paper 2.
Sabbir A. Khan*, Lukas Stampfer*, Timo Mutas, Jung-Hyun Kang,
Peter Krogstrup, Thomas S. Jespersen, "Multiterminal Quantized Con-
ductance in InSb Nanocrosses" Advanced Materials (Accepted).

4.3 InSb Nanocrosses

Substrate Preparation

Similar to the Chapter 3 ® , InAs (111)B faceted trenches are also used for
creating the NW networks. The only difference is the catalyst positioning.
As shown in Figure 4.1a, Au catalyst particles are carefully positioned
on the (111)B trenches depending on the conditions of the networks.
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Figure 4.1: Conditions for different InSb networks. a, Tilted scanning electron micrograph (SEM) of InAs (111)B trenches with deposited
Au catalyst particles. Trenches are created by wet-etching in InAs (100) substrate. Here, Ax is the distance between two Au catalysts from
opposite trenches, Az is the offset between two Au catalysts, and hy, is the height or the etch depth of the trench. The schematic is not drawn
to scale. b, Three possible schemes of the NWs, grown from the opposite directions depending on their Au positions. First, when the final
diameters of the NWs (dnw) are smaller than the offset of the Au catalyst (dnw < Az), then the wires are used for shadowing as elaborated
in Chapter 3. Second, if the diameter of the NWs (dnw) are bigger than the offset of the Au catalyst (dxw > Az and Az # 0 ), a nanocross
can be formed. Finally, if Au catalysts are positioned face-to-face which means, NWs are grown without offset a nanoplate shape structure
can be formed. Later two networks will be discussed broadly in this chapter. ¢, Tilted SEM image of InAs stem assisted InSb NWs grown
from the opposite trenches. Predesigned Au positioning on the trenches confirms NWs growth direction towards each other and condition
for nanocross formation. The highlighted section shows an example of proper nanocross formation, where the NWs merge through the
side-wall and combined as one structure. d, Schematic of the nanocross from the trenches with the condition dNw > Az. Scale bars for (a)
and (c) are 1 ym.

Such pre-positioning of the catalysts on the (111)B facets of the trenches
locks NWs growth only in < 111 > directions. That assists to control
the synthesis of the NW network by tuning the lithography design, NW
length, and diameter. The Au catalysts are positioned both head-to-head,
where Az = 0 and with an offset between the catalyst aiming to dyw > Az.
Different catalyst positioning will lead to different network formation,
which will be discussed next.

Growth of InSb Nanocrosses

As discussed in Chapter 2 and 3, Au assisted III-Sb NWs are not directly
grown from the III-V substrate. InAs stem is used to confine the contact
angle of the liquid catalyst and assist InSb NW growth. Hence, optimized
InAs stem growth in the trench is the prerequisite to achieve uniform
InSb NWs across the substrate. Detailed growth analysis of InAs NWs
on the (111)B faceted trenches is discussed in Chapter 3 and Paper 1 [54].
With optimized InAs growth conditions, we first confirm the high yield
of InSb growth throughout the substrate.
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InSb NWs are grown from opposite < 111 > directions, hence, we can
tune the position of the Au and investigate the conditions for a controlled
way of creating an InSb network unlike the previous studies [66, 247].
For this, we systematically determine the trench size and Au catalyst’s
positioning during lithography (Figure 4.1a). The distance of Au in the
opposite trenches (Ax), offset between Au catalysts (Az) and height of
the trench (h¢;) determine the conditions of the networks (as for instance,
length of the stems, length of InSb segments, NWs merging point etc.).
Hence, based on the Ax, Az, and the number of catalysts, the network can
be nanocross with two NWs, has-tag with four NWs, and higher order of
networks from multiple trenches or multiple Au from deeper trenches.
In our experiment, we only concentrate on studying nanocross, that also
provides an understanding of the high order network. In the case of
InSb nanocrosses from two opposite trenches, the length of the stem and
InSb segment are chosen in a way that the merging happens almost in
the middle of the InSb segment. Figure 4.1a shows an example of the
arrangement of two trenches with precisely positioned Au catalysts.

Different schemes of opposite grown NWs are presented in Figure
4.1b, where possibility of the network formation is dependent on the
Au position (Az), the final diameter of NWs (dnw). We already have
elaborated in Chapter 3 about shadowing NWs by varying Au positions
(where the fundamental condition is dyw < Az) and how the distance
of shadowing determines the broadening of the junction and eventually
junction performance. Now, if Az # 0, but dyw > Az, the NWs merge
from the sidewall and create a nanocross structure, as highlighted in
Figure 4.1c with an elaborated schematic presented in Figure 4.1d. Please
note that here, dyw is the final diameter of the NW, not the diameter
when NWs pass through each other initially (this will be elaborate in later
section). Now, in the case of Au catalysts are positioned without offset
(Az ~ 0), as shown in Figure 4.1c, the NWs meet “head-to-head” and
create different structures such as “nanoplate” or “nanobridge” instead
of nanocrosses.

First, the growth condition of individual InSb NW on the trench is
investigated. InSb growth morphology as a function of In growth rate
and Sb flux conditioning is presented in Figure 4.2. A fine-tuned condition
will provide the uniform morphology with a high aspect ratio, that is
important to realize the control synthesis of nanocrosses and also other
types of networks. Figure 4.2a shows four panels with different V/III
ratio and their corresponding micrographs. Starting with V/III ratio 4.49
(panel (i)), where In growth rate and Sb flux are set to the highest in
this experiment. High In growth rate ensures a bigger Au catalyst with
rich-In concentration after switching from InAs stem to InSb segment.
As a result, the diameter of the InSb increases with a bigger Au droplet.
In addition to that, higher Sb flux means a high effective Sb deposition
rate on the NWs facets. Since facets are nucleation limited, hence, high
Sb flux may not contribute initially to the diameter. However, once the
diffusion length limit is reached, high Sb flux will directly contribute to
the fast radial overgrowth. Thus, both high In growth rate and more Sb
effective flux will enhance the total diameter of InSb NWs.

Keeping the In growth rate same, if we decrease the Sb flux rate in panel
(if) (meaning the less effective Sb adatom to the sidewall), a drop in
diameter is observed for V /Il ratio 3.25. Here, the Sb flux is decreased to
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Figure 4.2: Morphology evaluation of InSb nanowires on the trench. a, InSb NW growth analysis as a function of In and Sb flux ratio.
Tilted SEM images for four different conditions and corresponding growth times are presented. The growth temperature is maintained
constant for all different conditions. With the highest In growth rate and Sb pressure (1.8 X 107 Torr, V /1II ratio 4.49), the diameters of the
InSb NWs are significantly larger compared to the other three conditions. On the other hand, lowering the In growth rate 0.289 ML/s with
Sb pressure 1.3 x 107° Torr (panel (iii)) provides a high aspect ratio meaning longer length with smaller diameter compared to the other
three conditions in the same growth time. The scale bars for all the images are 1 um. b, Length, and diameter as a function of the V-III ratio
on the same samples presented in panel (a). ¢, Aspect ratio as a function of V-III ratio, where V/III ratio 4.49 demonstrates the lowest aspect
ratio and V/III ratio 4.30 shows the highest aspect ratio. d, Axial and radial growth rate as a function of V/III ratio. It is further evidence
that high In and Sb flux causes larger radial growth to compare to the axial growth. Reduced Sb flux and In growth rate helps to lessen the
radial growth and results in a higher aspect ratio.

1.3 X 107 Torr. Now maintaining Sb flux (to 1.3 x 107 Torr), if we lower
the In growth rate to 0.289, which provides V/III ratio 4.30, in panel
(iii), then, further reduced diameter is observed for same growth time.
Finally, if we fix the In growth rate to 0.289 ML/s and increase Sb flux
to 2.1 X 107° Torr from 1.3 X 107° Torr, that leads to the high V /11T ratio
6.95 (panel (iv)). The diameter of the NWs are increased again. However,
the diameters in panel (iv) are still less than the diameters in panel (i), as
In growth rate is lower. That means, a higher In concentration has larger
effect on NW diameters, in panel (i). Nevertheless, if we keep increasing
Sb flux in panel (iv) at some point diameter will increase significantly, as
it will be mostly determined by the radial growth (with high Sb flux).

Figure 4.2b-d show an extended data on the growth conditions and
related InSb morphology. Figure 4.2b demonstrates statistical value of
the length and diameter as a function of In and Sb flux ratio presented in
Figure 4.2a. With low Sb flux sample (ii) and (iii) have a higher InSb length
compare to the sample (i) and (iv). The highest length is observed on the
sample (ii) (V/III ratio 3.25), where In growth rate is 0.383 ML/s (high).
Decreasing In growth rate to 0.289 ML/s in the sample (iii), (keeping Sb
flux same as sample (ii)) also decreases the InSb length. Hence, high In
concentration has a positive effect on length if Sb flux is low. However, as
discussed before, high In growth rate also increase the diameter. If we
look into the diameter scale, samples with a high In growth rate (i) and (ii)
have diameters in the higher end, which is expected. Sample (iii) and (iv)
with In growth rate of 0.289 ML/s has diameters in the lower side further
evidence of In flux effect on the diameter. Sample (iii) has the lowest
diameter among the four, as both In and Sb flux are low. Accumulating
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length and diameter in Figure 4.2¢, we can conclude that sample (iii) has
the highest aspect ratio and sample (i) has the lowest aspect ratio, as also
evident in the SEM image of Figure 4.2a. Finally, we also analyzed the
axial and radial growth rates for those four samples, as shown in Figure
4.2d. The highest axial rate is achieved for sample (ii) and the highest
radial growth is achieved for sample (i), which are consistent with Figure
4.2b. On the other hand, the sample (iii) has the lowest radial growth
and marginally high axial rate. Considering all the scenarios, we choose
the growth conditions of the sample (iii) (V/III ratio 4.30 with In growth
rate 0.289 ML/s) for our InSb nanocross experiments.

Figure 4.3: Understanding InSb nanocross formation. a, Length and diameter as a function of growth time. Here, the In growth rate is
fixed to 0.289 ML/s. b, Aspect ratio as a function of growth time while maintaining other growth conditions fixed. ¢, Radial growth rate as a
function of growth time. d, Schematic of the nanocross geometry, where Ax is the trench-to-trench distance between the Au catalysts, MP is
the point where NWs merge or cross each other and Lyp is the length of the NW before merging. e, Schematic of the evolution of NWs to
merge and form nanocrosses. Here, d is the initial diameter of the InSb NW without radial growth, Ar is the thickness of the radial growth,
Az is the offset between two Au catalyst. In the growth time scale, to is the time when growth starts, t(\p) is the time when merging happens
or NWs pass through each other and t is the final growth time. Here, three different merging possibilities are shown depending on the
growth condition, which will be discussed in detail in the text.

4: See chapter 2 for a detailed explana-
tion of the switching from InAs to InSb,
Au shape-changing before starting InSb
growth and diameter determination.

Figure 4.3a- ¢ show further analysis with growth conditions presented
in Figure 4.2a-(iii). We measured the average InSb length and diameter
from the trenches with Ax = 4.5 ym and pitch size of 970 nm between
Au catalysts at different growth times, as shown in Figure 4.3a. Not only
does the NW length but also the diameter increases with growth time.
As the growth evolves, the diameter of the NWs increases significantly
compared to the length, which is also evident from the decaying trend of
aspect ratio data over a long growth period, as shown in Figure 4.3b. As
briefly discussed above, InSb NW growth is determined by axial growth
and radial growth. It is initiated by axial growth via the liquid-solid
transition, with an initial diameter dy. The initial diameter of the InSb
segment is determined by the volume of the Au, the contact angle, and
the supersaturation of the Au with In and Sb. # This Au catalyst assisted
growth helps InSb to keep growing axially until a certain period. In the
later stage, due to the diffusion length limit, the supersaturation in the
Au catalyst gets limited, and eventually, the axial growth of the NWs
slows down. As a result, the length of the NWs doesn't increase linearly,



as shown in Figure 4.3a.

On the other hand, initially, the incorporation rate of the adatom on the
sidewall is close to zero due to the nucleation barrier. After a certain
growth time, the radial growth begins, presumably by overcoming a
critical adatom density that initiates growth on the side facets. In other
words, all the adatoms can not reach the Au catalyst when the NW length
becomes comparable to the incorporation limited diffusion length A.
Hence, the radial growth rate (I'taq) of the InSb segment is expected
to increase once the NW length is much longer than A. The measured
diameter is shown in the Figure 4.3a, together with the radial growth
rate in Figure 4.3c, where the diameter in long growth run is mostly
dominated by increased radial growth. In general, radial growth of
the NWs can be divided into three stages: no radial growth (L << A),
transition stage (L ~ A), and constant radial growth (L >> A). From the
radial growth rate data in this study (from 43 to 70 minutes), we conclude
the main part of the InSb growth resides in the transition stage (see Figure
4.3c). Experimentally we do not have the data where the radial growth
rate completely saturates. In fact, such data will require a long growth
time in the given conditions we are analyzing. Also, such a long growth
run is not the core focus of the experiment here. We are particularly
interested in controlling the radial growth rate, in order to design the Ax
and Az through appropriate substrate fabrication and thereby improve
the dimensions and yield of the InSb nanocrosses.

A model for determining the NWs merging position (MP) for nanocrosses
isshown in Figure 4.3d. Here, Lyp is the length of the NWs before merging.
MP and Lyp directly depends on the Au catalysts distances from trench to
trench, Ax. Lyp can be expressed as, Lyp = Ax/2 cos 6, where, 6 = 35.3°
and the coordinate of the merging point is MP = (Ax/2, Ax cos 54.7° /2).
Based on the Ax and the axial growth rate of given growth condition,
we can control the Lyrp and merge the NWs in our intended position (in
our case, Lyp =~ 2.8 um). In Figure 4.3e, we discuss about the conditions
of Az to control the formation of nanocrosses, by imaging the different
scenarios as a function of growth time. For control synthesis, Az can be
directly related to the radial growth rate.

The nanocross growth formation from initial growth time (ty) to final
growth time (t) is shown in Figure 4.3e. Post-growth analysis reveals how
the NCs can be fully formed, partially intersected, or slightly touched at
the side-facets (also can be seen in Figure 4.1c). The appearance of any of
these situations are dependent on initial diameter, dy and thickness of
radial growth, Ar. To form a NC the axial growth front needs to pass the
opposing NW at the MP. We consider two scenarios, when NWs pass each
other with diameter dy, either it is the dg > Az or dy < Az. As illustrated,
total diameter of the InSb NW is a combination of initial diameter during
axial growth and thickness of the radial growth, dNw = do + 2 f Traqtdt.
Since, the NWs are grown from Au catalysts (in the same lithography
step) with similar diameter and volume, we can assume that the initial
diameter during axial growth is identical for both sides of the NWs in
the trench. Now, assuming that if Lyp < A radial growth is negligible
until the NWs reach the MP. In this case, for dy > Az, the opposing
NWs side-facets may slightly connect at typ with do, and then radial
overgrowth of both NWs assist them to merge properly in the subsequent
growth time. On the other hand, if dy < Az, then NWs pass each other

4.3 InSb Nanocrosses
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in close proximity but do not merge as shown in Figure 4.3e. In such
case, the subsequent radial growth leading to thicker nanowires with
diameter d; determines whether the NWs connect to form NCs. Such
as, if Ar > Az — d, then NWs can overcome the interwire distance and
connect each other to create NCs (considering the radial growth rate
of both NWs are almost equal). However, if the radial growth for both
NWs are not equal (which means, one NW remains thinner than the
other one), then, Ar for thicker NW require to be significantly large,
Ar >> Az — dy in order to form a NCs. Furthermore, if Ar = Az — d, the
NWs get enough radial thickness just to marginally touch each other
through the side-facets instead of intersecting.

Structural Analysis of InSb Nanocrosses

Figure 4.4a shows an SEM image where all the NWs are merged as
nanocrosses due to the enhanced materials consumption from the side-
wall, as elaborated in Figure 4.3e. Here, the lithography defined Ax and
Az are respectively 4.5 ym and ~ 188 + 0.06 nm. Based on this, we grow
the InSb segment for 75 min, which provides 3.90 + 0.06 um long InSb
segment with a diameter of 266 + 5.64 nm. As a result, all the opposite
directional NWs radially overcome the Az spacing and connect through
the sidewall demonstrating high yield synthesis of InSb nanocrosses.
Apart from the InSb segment, the length of InAs plays a role to engineer
the meeting point of the NWs. Here, we grow ~1.5 um of InAs segment
before InSb to position the nanocross merging roughly in the middle.

Figure 4.4: TEM analysis of the InSb nanocrosses. a, Tilted SEM image of InSb nanocrosses, where all the NWs are crossed with assistance
of the radial growth in longer growth time as the schematic is shown in Figure 4.3e. Scale bar is 1 ym. b, Representative TEM of a nanocross.
Scale bar is 100 nm. ¢, High resolution TEM from highlighted section of (b) confirming ZB crystal structure before and after merging. d,
Highlighted TEM of the curved section from (b). Couple of stacking faults are observed only at the edge (indicated by white arrow) of
merged section. On the other hand, pure ZB structures maintains to the center of the merged section and in all arms. e, Representative TEM
image of the pure WZ InAs stem. Scale bars for (c) and (d) are 2 nm, and (e) is 5 nm.



TEM analysis of the nanocrosses are presented in Figure 4.4(b-e). Figure
4.4b shows an overall structure of the nanocross under TEM inspection,
which confirms all four arms and the merged segment in the middle
maintain the same crystal structure and no significant stacking-fault
or other crystal defect is observed along with the structure. A high
contrast section in the middle is observed in the TEM due to the higher
thickness. Single crystalline quality throughout the crossed structure is an
essential element to achieve a ballistic multiterminal device. Figure 4.4c
shows high-resolution TEM (HR-TEM) image of the transition between
two arms magnified from Figure 4.4b. We can see that the defect-free
Zinc blend (ZB) crystal phase maintains despite merging from opposite
directions and also seems to be independent of the InSb NW aspect ratio
[127]. Here, a twin-plane is observed in the merging place of two NWs.
This can be attributed to the merging of two ZB NWs with different
stacking sequences. Figure 4.4d exhibits HR-TEM from the highlighted
curved section from Figure 4.4b. It appears that multiple stacking faults
(indicated with arrows) occurred at the boundary after crossing the area,
which we also presume to be due to the slight misalignment during
merging. However, such defects do not seem to have appeared along the
arms and core middle section. Figure 4.4e shows the HR-TEM image of
WZ InAs stem without any disorders. InAs stems get thinner with longer
InSb growth time due to the As decomposition. Further, misfit dislocation
can be observed within a few layers from InAs transition to InSb, which
is due to the structural relaxation mechanism while shifting from WZ
InAs to ZB InSb. Such interface analysis and relaxation mechanisms are
elaborated in chapter 2. °
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5: See chapter 2 for detail analysis on InAs-
InSb interface

Figure 4.5: Structural analysis of marginally overlapped and partially intersected InSb nanocrosses. a, Schematic of the opposite
directional InSb NWs partially intersected through the sidewall due to radial growth. b, Tilted SEM image of InSb nanocrosses, where
NWs are moderately meet (or overlap) each other through the facets when final InSb diameter is reached. ¢, TEM analysis of the similar
nanocross, as shown in panel (b), where NWs are slightly touched but not intersected through each other. The magnified TEM image in
the right confirms the overlapping, as no intersection is observed. d, Tilted SEM image of the nanocrosses, where NWs are marginally
intersected from the sidewall after final growth time. e, TEM image of the similar nanocross. It is clearly observed that NWs are intersected

to each other, unlike the previous one. Scale bars are 100 nm.
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Structural analysis of the overlapped and partially merged nanocrosses
are presented in Figure 4.5. If the lithography position of Au catalysts and
diameter of the NWs are chosen in a way that dyw ~ Az (final diameter
of NWs), then NWs create networks by overlapping through the sidewall
in the merging point as shown in the SEM image of Figure 4.5b. However,
the NWs do not completely intersect with each other. Here the NWs are
crossing from the very close proximity with the initial axial diameter and
then radial overgrowth of both NWs helps them to get connected. Since
the wires just touch from the boundary of the diameter, presumably no
crystal defect is induced in any of the wires. The period of the overlapping
can be anytime from between NWs passing each other to NWs reaching
their maximum length. Figure 4.5¢ shows a TEM image of two overlapped
NWs and the magnified TEM section confirms no intersecting through
the sidewall. In Figure 4.5d shows NWs that marginally intersect from
the side facets at final growth time. Here, the yellow dotted line shows
the merged zone inside the NW. Outside the equal radial overgrowth
of both NWs, if the diameter of one of the NW gets significantly thicker
due to the local condition that may also lead to a partial intersection as
discussed in Figure 4.3e. A TEM image of such structure is shown in
Figure 4.5e, where a clear intersection area is shown by a dotted yellow
line. Such an intersection also does not change the crystal structure after
converging and maintains the ZB crystal phase as we can see in the TEM
image. However, some crystal defects (twining) may appear in the section
where NWs intersect.

4.4 InSb Nanoplate and Other Nanostructures
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Figure 4.6: Head-to-head Au catalyst position. a, Tilted SEM image of the trenches, where the Au catalysts are lithographically positioned
without any offset. b, Initial InSb section grown with InAs stem. ¢, Schematic of the three possible types of nanostructure formation when
InSb NWs are grown head-to-head towards each other. Here, Am is the distance of the merging point from the Au catalyst. Scale bars for (a)
and (b) are 1 ym.
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As we mentioned at the beginning of this chapter, the types of InNSb NW
networks depend on the corresponding Au position and NWs meeting
point. Hence, playing with the Au catalyst position and knowing the
optimized growth conditions provide freedom to control the synthesis of
other types of InSb nanostructures (in addition to nanocrosses). We use
the same optimized growth condition discussed in Figure 4.2. Now, if the
Au droplets are placed head-to-head, different types of nanostructure



4.4 InSb Nanoplate and Other Nanostructures 81

formation are observed in the post-growth analysis. Figure 4.6a presents
an example of a prepared substrate where all the Au catalysts in the
opposite trenches are positioned face-to-face. Figure 4.6b shows InAs
assisted the initial InSb segments, where all the opposite NWs are growing
towards each other. Next, in Figure 4.6¢ shows three different categories
of InSb nanostructures we observed for design Az = 0. In "Type-I", NWs
colloid on each other’s sidewall with an offset in the axial direction,
Am. In this case, one NW continues growing in the <111> direction,
whereas the other one slides through the opposite wire facet after the
collision and continues growing. In the "Type-II" situation, Am is smaller
compared to "Type-I", and NWs meet approximately at the top of each
other. After merging, Au catalysts slide through each other side-facets
and create a bridge-like structure. Finally, in "Type-III", Am =~ 0, which
means that with the same growth rate both of the NWs meet at their
Au catalysts. As a result, Au catalysts merge into a single droplet and in
the long growth run continue growing in a kinetically driven direction.
We counted 321 networks to understand the statistical distribution of
different types and the result is presented in Figure 4.7. As we can
see in the histogram, "Type-I" is the largest number of nanostructures
we observed in our experiment. On the other hand, "Type-III" is the
smallest portion observed. In addition to these three types, some random
directional networks are also observed which are challenging to classify
under a category (mentioned as "Others"). Further details of each type
are discussed in the following sections.

a
“Type I” merging
(Hit the sidewall)

"Type-I" merging: Nanoplate with Elongated Arm

In the first scenario, we are going to discuss when one NW in the pair hits
on the sidewall of another NW, whereas the other one keeps growing in
<111> direction. A schematic of such side-wall hitting ("Type-I" merging)
is shown in Figure 4.8a and an example SEM image is shown in Figure
4.8b. Pair of both NWs are grown from the Au catalysts that are deposited
in the same growth process and intended to have the identical volume.
However, the volume can still differ from each other depending on the
e-beam Au deposition and lift-off efficiency. As a result, the growth
rate of the opposite NWs may differ in some cases. It is reported that,
NWs with bigger Au droplet leads to the slower growth rate compared
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Figure 4.7: Formation of different types
of network. Histogram presents percent-
age of different types of InSb structures
created from Au catalyst positioned with-
out offset. Total 321 data are counted.

Figure 4.8: "Type-I" merging. a,
Schematic of the "Type-I" InSb network.
Here, one NW hit on the side-wall of
another NW with an offset. b, Tilted SEM
image of the "Type-I" merging. ¢, TEM
analysis of the similar phenomena, where
Au catalysts are well separated from
each other after merging. d, Magnified
highlighted section from panel c. Scale
bars for (b), (c), (d) are 100, 50 and 5 nm
respectively.
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Figure 4.9: InSb nanoplate with elon-
gated arm. a, Schematic of the InSb
nanoplate with a long arm. Inset SEM im-
age demonstrates the top view of the elon-
gated arm. b, Tilted SEM image, where all
the arms are in the same direction. ¢, Tilted
SEM image, where arms are shown two
different directions demonstrating dom-
ination of kinetics of the Au catalyst to
determine the direction of the arm. Inset
is the top view demonstrating the triangu-
lar nanoplate section. Scale bar for (a) is
100 nm. Scale bars for (b) and (c) are 1 ym.

to the smaller Au droplet [270, 271]. In addition to that, local growth
conditions such as flux distribution, adatom diffusion, and materials
sharing between the wires may also deviate the supersaturation condition
of the Au catalyst, eventually lead to the variation of the NW growth
rate. So, the faster-grown NW passes the meeting point (MP) earlier
than its counterpart, which leads the other NW to hit into the side-
wall, when it reaches the meeting point. The distance Am is directly
dependent on the axial growth rate of the InSb NW. Further, this Am
is a crucial parameter to determine the nanostructure. TEM analysis
of the similar structure is presented in Figure 4.8c, where NWy, meets
NWRr’s sidewall with an axial offset from Au (NWR) catalyst. As we can
see from the TEM, the direction of NWR’s Au catalyst is independent of
the "Type-I" merging. The change we observed in NWy after merging is
highlighted in Figure 4.8d, where the shape of the neck beneath the Au
catalyst is enhanced. Additional materials consumption may happen in
the neck due to the adatom collection from NW ’s facets and also from
the solidified materials layers precipitated from supersaturated NWg Au
catalyst. Figure 4.8c also shows the initial phase of NWy, Au catalyst’s
transformation from <111> to a new direction (opposite) connected to the
sidewall of NWR. Au catalyst of NW(, initially hits on the sidewall with
<111> direction. Since the direction creates an obtuse angle to the sidewall
of NWg, the Au catalyst gets unstable after merging and continuous
nucleation process pushed down the Au catalyst into the (111)A facet as a
new growth direction of NWr..

For a long growth run, one NW keeps growing in <111> direction, and the
other one crawl down to the sidewall and grow an additional structure
attached with the NW, as depicted with arrows in Figure 4.9a. For a
clear understanding of the Au droplet position in <111> direction, the
long arm is shown in the inset of Figure 4.9a. In post-growth analysis,
we observe both NWs lead to a final structure, which is analogous to
two dimensional (2D) nanoplate with elongated arm as illustrated in the
schematic Figure 4.9a and in the SEM images Figure 4.9b and Figure
4.9c. Apparently, there are two growth processes running in parallel;
one, nanoplate formation, and the other one is standard NW growth.
Nanoplate formation is driven by the Au droplet with changed direction
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and the associated structure with it, whereas the long arm is grown by
the droplet that unconditional to the merging.

As we have addressed previously, InSb NW growth is driven by both
axial and radial growth, and after a certain period, the radial growth rate
increases significantly compared to the axial growth rate. Here, similar
to the nanocross formation, the axial growth defines the skeleton of the
nanostructure by assisting NW pair to connect with each other. After
that, the radial growth rate plays a significant role especially to form
a nanoplate. Based on that, we can divide InSb nanoplate formation
into three stages. In the initial stage, after changing the direction (with
(111)A facet), Au droplet keeps growing as a secondary NW connected
to the side facet of NW, (in the schematic of Figure 4.9a). In this phase,
the growth is mainly driven by the catalyst and side facet, which is still
nucleation limited. The length of this secondary NW on the sidewall
defines the actual frame of the nanoplate. As we can see in Figure 4.9c,
different size of the nameplates depending on the position of the merging
and the length that secondary NW traveled. In the next stage, during the
growth time domain, when radial growth dominates the InSb structure
with increased adatom density, both primary and secondary directions
of NWg © (respectively <111> and crawling down to the (111)A facet
of NWp) grow thicker. It is presumed that the secondary arm of NWg
collects more materials compared to the primary arm as it is adjoined
with the NWy, which means the radial growth is also significantly large.
An increase in the growth rate of such crawling NW was also reported in
earlier research [222]. In the final stage, the overgrowth from both arms
help to connect with each other and create a nanoplate structure. A top
view example of 2D nanoplate is shown in inset of Figure 4.9¢.

On the other hand, Au catalyst growth of NW, is independent of the
merging, hence, NWy, grows as an elongated arm. Which NW in a
pair will continue as an elongated arm completely depends on their
corresponding growth rate. In some cases, this growth rate seems to
be organised, as shown in Figure 4.9b and in other cases it is more
random, as shown in Figure 4.9¢. It is reported that, such a 2D structure
of InSb demonstrates defect-free crystal quality owing to the intrinsic
ZB crystal nature of InSb nanowires [272-275]. We can predict that high
crystal quality InSb nanoplate will be an interesting materials platform
for different quantum transport experiments.

"Type-II" merging: Nanoplate without Arm

Now we are going to discuss the second set of nanostructures shown in
Figure 4.10a that appears due to the "Type-II" merging. According to the
statistics shown in Figure 4.7, "Type-II" merging is the second-highest
number of structures we counted. "Type-II" merging occurs when growth
rates of the paired NWs do not vary significantly, which means instead
of connecting from the sidewall, NWs connect proximity to the top of
their length. However, Au droplets of NWy, and NWR do not coalesce.
Different scenarios may appear depending on where the Au droplets
connect and the kinetic direction after that, which also defines the final

6: NW, and NWpR are considered from
the schematic of Figure 4.9a.
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Figure 4.10: InSb network with "Type-II" merging. a, Schematic of the InSb network created after "Type-II" merging. b, Tilted SEM image
of InSb network where Au catalysts of NWy, and NWR slide through each other facets after the meeting. The highlighted red circle shows
the Au catalyst’s position after the final growth time. ¢, SEM image shows the similar phenomena as (b), but in the opposite directions. d,
Schematic of the Au position to create network shown in panel (b) and (c). e, Schematic and inset SEM shows the condition, where Au
catalysts sit on the top and bottom facets of the NWs instead of side facets. f, Tilted SEM image of the nanoplate where upper NW slides on

(101) and (011) facets and at the same time bottom NW crawl through (011) and (101) facets in opposite <111> directions. g, Tilted SEM

image of the nanoplate structure, where Au catalyst of NW, stays in the top facet, whereas the NWR catalyst crawl through the sidewall
similar to other conditions.

growth structure. After connecting in proximity, both Au catalysts may
change their growth direction to [-1-1-1] and slide to each other side facets.
SEM images and schematic of such event is displayed in Figure 4.10b-d.
In Figure 4.10b, we can see the NW growth in <111> direction terminates
after the collision and growth continues in new catalyst’s direction. Au
catalyst of the NWy, is highlighted with a red circle, that is sliding on
the NWr side facet and the arrow shows the trail of the NWy, growth.
NWr growth follows on the other side of the NW, as indicated with
the second arrow. It’s clear from the SEM images and from the sketch in
Figure 4.10d, unlike "Type-I" merging condition, here the Au catalysts do
not crawl through (011) or (101) facets, instead catalysts slide in one of the
four facets: (110), (101), (110) or (011) . In Figure 4.10c, we see the similar
phenomena where NWg Au catalyst is visible from the viewing angle.
In both cases, enhanced facet growth of both NWs conjointly creates a
nanoplate structure without any elongated arm.

The next case we observed, when Au catalyst of NWR (or NWp) connects
just beneath the Au catalyst of NWy, (or NWR). A schematic of such a
scenario is shown in Figure 4.10e and experimental observation of such
event is presented in the SEM below. This incident is very similar to the
one depicted in "Type-I" merging (see Figure 4.8), hence it is expected that
one catalyst will continue in [111] direction and another one will change
in [-1-1-1] direction. However, the difference appears in Figure 4.10e is
that the position of Au, and its interface with the facet after merging. In
Figure 4.8, the upper Au catalyst and its corresponding solid interface still
directed to the [111]. On the other hand, in Figure 4.10e, after connection,
the upper Au catalyst get relaxed in the interface of (101) and (011) facets
and no (111)B interface is remained to grow. As a result, with continuous
nucleation upper catalyst may continue growing in [-1-1-1] direction on
(101) and (011) facets interface. Similar to "Type-I", the bottom catalyst
slides and continue growing on (011) and (101) facets. In the end, with
radial overgrowth of each NWs, a nanoplate like structure is formed,
which is shown in Figure 4.10f. In other cases, we also have seen, after
merging and upon reaching to new facet-interface, the upper Au catalyst
does not assist on the NW growth any longer as shown in Figure 4.10g.
It’s presumably due to the reason that the contact angle of the Au catalyst
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with the new interface is not favorable to the axial growth anymore,
however, the radial growth through adatom collection continues.

a “Type III"” merging
(Au merge)

Figure 4.11: "Type-III" merging with InSb network. a, Schematic of the "Type-III" merging. Here, Az and Am are zero, as a result, Au
droplets of both NWs merge. b, Initial stage of the merging, where two Au droplets meet. ¢, Second stage of the merging, where Au droplets
are combined into one. On the right, SEM image of such structure. d, In the last stage, Au droplet assists growing in < 100 > direction for
longer growth time. SEM image on the right shows similar results in long growth time. Scale bars for (c) and (d) are 100 nm.

"Type-III" merging: Nanobridge

Finally, the last kind of merging ("Type-III") that we observe is presented
in Figure 4.11, where Az and Am are zero, which lead to a condition of tip-
to-tip” merging. In our counting, "Type-III" merging is the lowest number
that appeared during the growth. Furthermore, "Type-III" merging is
mostly observed when the wires are merged “head-to-head” from long
distance trenches (Ax ~ 6um). The schematic of "Type-III" merging is
shown in Figure 4.11a. The nanostructure formation, when Am = 0, can
be divided into three phases. In the initial phase, the NWs with identical
growth rates meet almost at the middle of the trenches, as shown in Figure
4.11a. At this point, the Au droplets of both NWs come in contact with
each other, and the droplets coalescence process starts. The coalescence
process of two Au droplets and the relaxation mechanisms depend on the
contact angle of the liquids with solids, droplet size and the contact line
between the droplets [276]. However, the coalescence process to reach
the final single droplet stage is much more complicated in our case. This
is because, the Au droplets are continuously collecting materials, and the
solids beneath the droplets are also evolving. An atomic-scale analysis
of the Au droplets coalescence process of NWs can be an interesting
research project, and will probably require in situ TEM examination.
However, it was not the focus and capability of this research.

In the next phase, after relaxation of the coalescence process, the combined
Au droplet reaches its final volume. Both <111> directional NWs are
entirely merged and created a nanobridge structure. Also, the (111)
interfaces of this new Au droplet diminish completely. As the <111>
directional growth completely terminates, Au droplet is now positioned
on the (100) facet, as shown in the sketch in Figure 4.11b and the SEM
image on the right. After the termination of the <111> growth, a triangular
shape interface is observed beneath the <100> directional Au catalyst (see
schematic in Figure 4.11c). Similar triangular interfaces are also observed
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in Si and InAs NWs [222, 277]. In the final phase, a triangular overgrowth
in the <100> direction is observed, as shown with an arrow in Figure 4.11d.
However, <100> directional growth in the VLS NW is not very common.
Furthermore, it has been reported that [222, 259, 261], after coalesce, the
Au catalyst gets bigger. But after the long growth time, Au catalyst size
gets smaller as illustrated in Figure 4.11d. During the extended period,
nucleation from Au catalyst gets limited, as a result, catalyst volume
decays with time. Consequently, catalyst driven growth segment becomes
very short (see the triangular segment in the SEM image of Figure 4.11d).
Conversely, <111> directional arms of the nanobridge get significantly
thick due to the enhanced adatom collection. In brief, head-to-head
merging with Am = 0 results in Au droplets convergence, that along with
the overgrown arms lead to a nanobridge structure.

4.5 InAs Nanowire Networks

In this section, we will discuss InAs NWs related networks. Several
researchers have reported VLS grown InAs network formation on InAs,
InP and Si substrates [66, 222, 258, 260, 261, 278-280]. So far, InAs
network formation has been studied both in an arbitrary way directly
from the substrate [66, 260, 261] and control positioning on the tilted
facets [222]. In our experiment, we will study the control way of forming
InAs networks. The fundamental growth mechanism of Au assisted InAs
NWs network is comparable to the InSb network. However, the main
difference in growth kinetics is the adatom assisted radial growth, which
is significantly high for the InSb NWs due to the diffusion length limit.
Thus, with distinct growth dynamics, the final morphology of the InAs
network is also different than the InSb one. Study of synthesizing single
WZ crystalline and ZB inclusion of InAs nanocross depending on the
growth geometry is reported by Krizek et. al [66]. It is demonstrated
that, if the WZ InAs NWs are grown from different ZB basis, then the
difference in initial crystal orientation leads to the incoherent merging,
which results in ZB area inclusion in the nanocrosses. On the other hand, if
the NW couples are originated from the same WZ basis (by kinking InAs
NW), then the possibility of single-crystalline InAs nanocrosses increases
[66]. We will concentrate our study on appearance of different InAs
networks, when the catalysts are positioned head-to-head. Depending
on the distance between the Au catalysts (Ax), different types of InAs
junctions are observed.

Networks from Two Trenches

Figure 4.12 shows two kinds of junctions when Ax =~ 4um. As we dis-
cussed earlier, Au catalysts of both NWs may coalesce if the growth
rates are the same. Otherwise, Au catalyst of one NW may hit into the
side-wall of another NW. Figure 4.12 a shows InAs NW networks, which
are the result of tip-to-tip catalyst merging. Similar to what we discussed
in the InSb case ("Type-III" merging, see Figure 4.11), Au catalysts come
close to each other and the coalesce process begins. At the same time (111)
interface diminish, and a new interface is introduced beneath the Au
catalyst. Eventually, the Au catalyst is pushed into one of the wire’s legs
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and continued to crawl that direction. However, unlike Figure 4.11 d, no
growth in <100> direction is observed for InAs case. Similar phenomena
are reported in previous reports [222, 258, 260] and step-by-step catalyst
position during and after merging is shown by Dalacu et. al [222]. In
Figure 4.12 b, shows the junctions, where the Au catalyst hit the sidewall
of opposite NW due to the difference in growth rate. As expected, after
hitting, the Au catalysts slide down to it’s supporting NW in [-1-1-1]
direction. Since the catalysts are lithographically defined, we can produce
the network in well-organized manner, as shown in In Figure 4.12 a and
b, unlike the previous arbitrary studies [66, 258, 260, 261, 281].

Figure 4.12: InAs network from two neighbouring trenches. a, SEM image of the junctions, where the NWs meet tip-to-tip and Au catalysts
merge into one. Later, the merged catalyst choose to slide into one of the NWs’ arms. b, SEM image of the "T"-shaped junctions, where
one catalyst hit the sidewall of another one and crawl down to [-1-1-1] direction. ¢, TEM image of the junction interface from similar NW
highlighted from (c). A trapezoidal ZB inclusion is observed after merging. A couple of stacking faults (indicated with arrows) are observed
close to the boundary area of the ZB segment. Scale bars for (a) and (b) are 1 um and (c) is 20 nm.

Unlike InSb networks, a significant crystal reconstruction is observed
during the merging of InAs NW. As InSb is already grown with the
cubic structure, during merging it is kinetically unfavorable to change
the crystal structure. On the other hand, InAs WZ NWs are grown from
opposite <111> directional ZB basis, which means crystal sequencing
of both WZ NWs may not be the same. Hence, when both NWs meet
(either at the side-wall or the top), the crystal structure immediately
alters into the more energetically favorable ZB structure in the interface.
Eventually, capillary penetration of the ZB crystal structure propagates
into the diameter of the secondary NW, and the trapezoidal area of the
ZB structure is observed, as shown in the HR-TEM image of Figure 4.12 c.
Later, in the continuous growth period, ZB propagation stops, and the
crystal switch back into the WZ phase, which is the predominant phase
of InAs NWs. This switching from WZ-ZB-WZ can also be attributed
to the supersaturation and the contact angle of the Au catalyst during
and after merging. During merging, the triple-phase line shifts from the
edge of the NW side facet, which means that the nucleation position also
moves from the edge. This condition favors the ZB structure [120], hence,
we observe a shift from WZ to ZB. Later, the position of the triple-phase
restores at the edge, as a result [-1-1-1] directional sliding NW switch
back to WZ structure. A similar incident is also reported by Kang et.
al [260], where they initially observed partial penetration of Au with a
rough interface into another NW and later, ZB crystal propagate into the
"hit" NW. We observe the boundary of the transition is atomically sharp,
which is also seen by others [66, 260]. The size of the trapezoidal area is
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Figure 4.13: InAs network from one
trench. a, SEM image of the single trench
with Au catalysts positioned in both side
of the (111) facets. Au catalysts are placed
head-to-head. b, Tilted SEM image of the
"y"-shaped InAs network with a 2D nano-
plate overgrown area in the junction. Scale
bars for (a) and (b) are 1 um.

dependent on the diameter of both NWs, penetration of the Au droplet
into the second NW, and the interface between them. If the diameter
of "hit" NW is significantly larger than the "hitting” NW, then the ZB
structure may not propagate into the whole area of the diameter. We
presume, for the same reason, WZ to ZB switching phenomena is also
true for the new interface generated when Au catalysts coalesce in the
"V"-shaped junction shown in Figure 4.12 a. However, the ZB inclusion is
supposedly a triangular shape for Figure 4.12 a interface due to the elbow
structure. We do not have TEM inspection for Figure 4.12 a interface,
however the evidence of our prediction can be validated by the TEM
demonstration from Ref.[260].

Networks from Single Trench

-

2D plate e

We are now going to discuss the InAs junctions grown from the same
trench. In this case, the distance between the Au catalysts is approximately
2 um as shown in Figure 4.13 a. Grown "y"-shaped InAs junctions are
shown in Figure 4.13b. In contrast to the "T"-shaped junction formation
that we have discussed in Figure 4.12b, here, the opposite NWs meet in
a very early stage due to the close distance. Also, we haven’t observed
the catalyst crawling to each other’s arms. Thus, it can be assumed that
the growth rates of both NWs are equal, and NWs meet at the tip-to-tip
condition. Au catalysts are merged as one and continued growing in
<111> direction, unlike the previous junctions. An increase in diameter is
observed in the post-merged <111> directed arm due to the bigger Au
droplet. Also <111> continued arm seems to be slightly bent from their
initial growth direction. This bending is occurred due to the post-merging
re-position of the Au catalyst with a new interface and later continued
growing from that. Furthermore, we observe a two dimensional (2D) plate
formation in the merging point, as indicated in Figure 4.13b. We attribute
this 2D plate to the high adatom incorporation in the given time of the
junction area. The junction is formatted at the early stage of the growth
and, in long run, collected adatoms from both NWs’ arms accumulated
in the junction area, which overcomes the nucleation barrier of the facets.
As a result, an overgrown 2D plate junction area is observed.
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Long Distance Networks

Figure 4.14: Formation of branched InAs NW. a, Schematic of the branched InAs NWs junction, where opposite <111> directional NWs
merge from the side and a third new directional NW grows in parallel to the substrate (<110> direction). b, SEM image of the three parallel
trenches with EBL positioned Au catalysts. Dotted highlighted Au from the last trenches are positioned "head to head" to merge and form a
network. ¢, SEM image of the grown brunched NWs, where the orange highlighted NW grows in <110> direction after merging. Scale bars
are 1 um.

Finally, an interesting phenomenon we observe when the NWs are merged
from long distance. SEM image of three parallel trenches are displayed
in Figure 4.14b, where "head-to-head" Au catalysts are positioned in the
opposite (111) facets approximately 6 um apart, as highlighted with the
dotted circle. NWs pair grown on <111> direction has an uneven growth
rate, as a result, one NW passes the merging point (usually the middle
of the trenches) faster than the other one, which leads to the other NW
hit on the sidewall of the longer NW. Unlike the previous scenarios, the
"hitting" NW doesn’t crawl down to the "hit" NWs facet, rather choose
a completely new direction of NW growth, as shown in the schematic
of Figure 4.14a and SEM image of Figure 4.14c. Such <110> direction,
which is parallel to the substrate, is quite unusual for the VLS grown
NWs. Nevertheless, it is very reproducible for the NWs grown from the
trenches shown in Figure 4.14b and c. A similar new NW branch from
arbitrary catalyst position is observed and analyzed in Ref. [260, 261],
where they demonstrated that after merging, the third possible direction
can either be in <001> direction perpendicular to the substrate or <110>
direction parallel to the substrate, similar to our case. They have also
argued, in some cases, after merging, the Au catalyst may split into two
and one slides through the sidewall, whereas the other one initiates a
new branch. However, judging from our networks, we haven't observed
any such scenario. After merging, the modified interface between Au
and beneath material is the driving force for the new Au direction. As
we mentioned before, crystal phase change appears from WZ to ZB in
the post-merging interface, which helps Au droplet to re-position in a
new energetically favorable crystal plane [261]. The complete mechanism
behind this unusual <110> directional new branch of NW growth is not
conclusive and requires a detailed investigation of the interface during
Au merging on the sidewall, which can lead to a new way of branching
NWs. Few other arbitrary and non-reproducible networks from long-
distance merging are also observed. An example TEM analysis of such
branched InAs junction is presented in Figure 4.15a-i. However, due to
their random nature, it is complicated to draw a proper analysis.
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Figure 4.15: Crystal structure of an arbitrary branched InAs NW junction. a, TEM image of a branched InAs NW junction in the grid. b,
Magnified TEM image of the junction area. Coloured boxes are our sections of interest, where we will perform high-resolution TEM and
present in later panels. ¢, HR-TEM image in the segment of InAs NWg, which is uninfluenced to merging and shows pure WZ crystal
structure. d, Coexistence of WZ and ZB crystal structure after merging, which is also shown in Ref.[261]. Here Shockley partial dislocation
leads to a couple of stacking faults induced in the structure during transition [282]. e, Interface between NWy, and the junction area.
Although merged, a clear distinction between NW, and NWR is observed. Several stacking faults are also appeared in the process of
relaxing the crystal structure. f, Magnified TEM image of the interface section reveals the transformation of two WZ structures into ZB
while merging. g, HR-TEM from NW, before merging. The NW shows mostly WZ crystal structure with the inclusion of several stacking
faults. h, HR-TEM of the junction progression after merging. The clear distinction between NWy, and NWg (which initiated in the interface,
shown in panel (e)) continues. A dotted line in the contrast area is indicated. The growth of both NW segments side by side is a unique
phenomenon. h, Au catalyst position at the top of the branched NW. The separation between both structures continues beneath the catalyst.
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Figure 4.16: Nanocrosses with InAsSb NWs. a, Tilted SEM image of the InAsSb NW growth on the trenches, where the spacing between
the catalysts are different from right to left. Based on that, NCs are created only on the sections where dxw > Az. b, Tilted SEM image of the
magnified InAsSb nanocrosses, where less radial overgrowth is observed compared to InSb. Scale bars for (a) and (b) are 10 ym and 1ym

respectively.

4.6 InAsSb Nanocrosses

Here, we will discuss InAsSb NW-based nanocrosses. We have already
presented InAsSb NW growth on the trenches in Chapter 3. It has
been shown that a composition of 70% Sb and 30% As provides single-
crystalline ZB InAsSb NW, which leads to high-performance devices.
Hence, to maintain high-quality single-crystalline ZB InAsSb NC forma-
tion, we stick to the same composition. Similar to the previous section,
InAsSb NWs are grown with InAs stem from (111)B trenches, as shown
in Figure 4.16a-b. Typical InAs segment is grown for 12 min maintaining
As/In ratio ~ 9.78. Later, the Sb flux is introduced in the system with
optimal Sb/In flux ratio ~ 4.30 and In growth rate 0.289 ML/s, which is
expected to provide a high aspect ratio and uniform morphology of the
Sb based NWs on the trenches.” Simultaneously, As to In ratio is lowered
to 2.04 by tuning the As valve opening, which helps us to achieve the
right composition in the InAsSb NW. Standard InAsSb segment is grown
for 30-35 min providing the length of 4-4.5 ym long NW with diameter
varies from 100-150 nm. The diameter variance depends on the catalyst
size, which is usually varied from one growth section to another. Besides,
depending on the spacing of the opposite Au catalyst (Az), occasionally a
radial overgrowth is performed after the InAsSb NWs growth, that also
enhances the diameter of the InAsSb NW. Radial growth is performed
with As, (contrary to the NW growth, which is performed with Asy) by
cracking As molecules in the cracker cell at high temperature. For this,
after the InAsSb growth, the As cell temperature is elevated to 700 °C
and stabilized for 15 min, and then 10 min As; assisted overgrowth is

7: See Figure 4.2 for aspect ratio and mor-
phology analysis with respect to Sb/In
ratio.
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8: See Figure 4.1 for the trench and Au
position schematic

Remark 4.6.1 The InAsSb NCs pre-
sented in this section is part of the
research project of "Paper 8" (In Prepa-
ration).

9: The bridge substrate project for
nanocross shadowing is developed in col-
laboration with the Thomas Sand group
at Niels Bohr Institute.

performed confirming all the intended NWs are merged properly.

Figure 4.16a shows high yield InAsSb NW growth on the parallel trenches,
where the Au catalysts are positioned in ~3 um lateral distance (Ax) on
the trench opening. The Az ® between the catalysts are varied from right
to left. In the rightmost three trenches, InAsSb NW diameters are smaller
than Az, (Az > dnw), hence NWs are not merged. In the next two trenches
dnw > Az, which leads to the formation of InAsSb NCs following the
similar radial growth assisted mechanism, as elaborated in InSb cases.
However, unlike InSb cases, a reduced radial overgrowth is observed in
the InAsSb NW growth, as shown in Figure 4.16b. This reduced radial
growth can be attributed to the increased diffusion length of adatoms
on the NW sidewall assisted by the presence of As.With As, adatom
incorporation in the Au catalyst increases, as a result, tapering-free axial
growth is longer than the InSb NWs, but shorter than InAs NWs. For long
growth run, with high Sb concentration (70% Sb here) of InAsSb NWs,
a tapering profile is usually observed, that is related to the increased
Sb incorporation on the NW sidewall. In addition to that, a gradual
transition from InAs stem to InAsSb NW is observed (unlike InSb case).
This is due to the continuous As inclusion to InAs stems through direct
impingement and diffusion from the substrate. Finally, in the leftmost
two trenches of Figure 4.16a, Az ~ 0, hence, the coupled NWs grow face-
to-face and after merging, different scenarios appear depending on the
droplet kinetics. As the radial growth of the InAsSb is limited, leading to
the low growth rate in the side-facets, therefore, no nanoplate formation
is observed (unlike InSb). In most of the cases, head-to-head collision of
the InAsSb with same growth rates (combined catalyst) causes random
directional network. Thus, cannot be categorized like the previous two
investigated NWs. However, in a few cases where the growth rates of
both sides are different, similarities of network formation with InAs NWs
are observed.

4.7 Shadowing VLS Nanocrosses

Substrate Preparation

We use a bridge on top of the trenches to shadow the nanocrosses while
depositing superconductors. ° The idea of bridge fabrication to use as a
shadow method is adapted from recently published work related to in
situ patterning [69]. Similar to the trench fabrication, InAs (100) wafer is
used for preparing the substrate. The preparation is divided into four
main steps: Masking, developing bridges, creating trenches, and finally,
positioning Au catalysts. In total, three lithography steps and two etching
processes are involved in the development. Starting with the first step,
which is masking the InAs substrate. Either SiOy or SizNy4 can be used for
masking. However, for an easier wet-etching process, we use SiOy. 150
nm of SiOy is deposited on top of InAs substrate using plasma-enhanced
chemical vapor deposition (PECVD) system, as shown in Figure 4.17a.
For fabricating the bridges, we pattern the intended bridge area on the
mask with an EBL system and develop with standard MIBK and IPA
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Figure 4.17: Substrate preparation for nanocross shadowing. a, Schematic of the InAs (100) wafer, where 150 nm of PECVD SiOy is
deposited for masking. In the right, color codes are mentioned for different materials. b, First electron beam lithography (EBL) is used for
defining the pattern for the bridges. Buffered HF is used to remove the SiOx from the developed area. As a result, the bridge for shadowing
is formed. ¢, Second EBL process is used to pattern the area to make the trenches. Sulfuric acid based wet-etching is used to etch the
developed area and create (111)B facted trenches [54]. d, Third EBL process is used to define the position of the Au catalyst on the (111)B
faceted wall. E-beam evaporation is used to deposit the Au film. After lift-off, only developed areas are left with Au catalysts.

dipping (see previous experimental sections for development recipes).
Next, buffered hydrofluoric acid is used to etch the SiOx mask from
developed area, which leaves the expected patterned SiOy bridge, shown
as cross-sectional view in Figure 4.17b. Then, the substrate is cleaned
to remove the unintended resist and etch residues. For creating the
trenches beneath the bridges, we use a second EBL process to define
the trench area and developed the resist after lithography. Next, we use
sulfuric and hydrogen peroxide acid-based wet-etching process to etch
the trenches as described in chapter 3.1° . As depicted in Figure 4.17¢, the
etching process is anisotropic [283], hence, a lateral etching beneath the
SiO4 mask is observed. After this stage, the substrate has (111)B faceted
trenches with a bridge on top for shadowing. In the final step for Au
deposition, we use the third EBL process to define the position of the Au
catalysts and develop the resist. Next, the e-beam evaporation system is
used to deposit Au film on the substrate (see the previous chapter for
details). Subsequently, the lift-off process is performed, which removes
the unintended Au film leaving only the Au disks that will be used as
a catalyst during the growth, shown in Figure 4.17d. Finally, a careful
cleaning procedure and ashing is performed to make sure all the resist
residue is removed before loading in the MBE. Here HF based etching
is not used before loading in the MBE, as it can damage the bridge
structures.

10: See chapter 3 for detailed fabrication
steps and recipes.
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Figure 4.18: Shadowing InSb nanocrosses with Al. a, Tilted SEM image of the fabricated substrate. Related parameters for the shadow
geometry is shown in the inset. b, Tilted SEM image of the shadowed nanocross. The arrows show the direction of the Al deposition.
Indicated dotted lines show the shadow bar and the overgrowth on SiOx mask. Scale bars for (a) and (b) are 1 ym.

11: The nanocross substrate fabrication
and SEM imaging is performed by Lukas
Stampfer from Niels Bohr Institute. The
recipe is adapted from Ref. [54, 69].

12: See chapter 3 for InAs NW, and
nanocross section in this chapter for InSb
NW growth conditions

Nanocrosses Growth and Shadowing

For multi-terminal Josephson junctions, we require to pattern the NCs
with a superconductor. However, shadowing complex network structures,
such as nanocross is not yet demonstrated in the literature. Hence, we
investigate in situ procedure with bridges to shadow the intersection area
of the nanocrosses. In situ superconductor growth on semiconductor
and their optimal deposition conditions are demonstrated in chapter 2.
Further in chapter 3, we discussed the patterning of the superconductors
by in situ shadowing along with fine-tuning and geometry for controlled
shadowing. Based on that, Figure 4.18a I shows the fabricated SiOy
bridge with trenches, where the Au catalysts are deposited (shown
with arrow). Similar to the previous shadow study, the geometry of
the bridge structure is crucial to realize both the nanocross growth and
the shadowing in desired place. The position of the Au catalyst, Ax
depends on the depth of the trenches, hy,, which is again determined
from the merging point (Lyp). In this case, we set hy > Lyp, so that the
intersection of nanocrosses (where we would like to have our shadow)
stays beneath the shadow bar. Hence, unlike trenches discussed in chapter
2 and previous sections in this chapter, the trenches here etched deeper
(etched for 1.5 hr that may provide approximately 2um deep trench).
The etch efficiency of the solution may decrease due to the SiOx mask,
compared to the unmasked trenches. Further, the merging point (MP)
requires to be exactly under the shadow bar. We lithographically position
the cross-bar in the middle of the length of Ax. The width of the shadow
bar, Wy, is a crucial parameter to define the size of the shadow junction.
Depending on the fabricated Wy, we decide the diameter of the NW,
which determines the intersected area of the nanocross. If Wy, > dnw,
then the shadowed area will be extended to the individual arms. On the
other hand, If Wy, < dnw, the shadowed area is expected to be confined
within the intersected area.

Nanocross growth with shadowing is shown in Figure 4.18b. Here, for
demonstration of the process, InSb nanocross growth and Al deposition
are shown. The NW growth conditions under the bridge are different
compared to the normal trench growth discussed above. Hence, the
optimal growth conditions from the normal trenches 12 , are not effective



with the bridges. As a result, we observe a yield issue in the growth,
shown in Figure 4.18b. Since the substrate is completely covered by
SiOx, which changes the local growth temperature, that affects the
growth outcome and the morphology of the NWs. Here, we observe a
significant overgrowth both in the trenches and on top of the oxide mask.
Overgrowth on the oxide mask can be attributed to the non-selective
temperature window of operation. Enhanced planar overgrowth in the
trenches compare to the previous chapter can be due to the confinement
of the trenches with the oxide mask. This leads to high adatom density
inside the box. As a result, the nucleation sites increase in the trenches,
leading to high planar growth and also hinders the NWs growth. The
arrows in Figure 4.18b show the direction of the Al deposition. The
deposition direction is carefully adjusted so that the Al get blocked in
the shadow bar. Furthermore, the overgrowth on the shadow bar has
an adverse effect on the shadowing. As discussed before, the shadow
size and broadening are directly dependent on the angle of deposition,
shadowing object, and the distance of shadow position from the shadow
object. Here, the shadow size is a function of the initial width of the
shadow bar, the overgrowth SiOy mask, and the broadening due to the
geometry. In this growth, the overgrown bar with the angle of deposition
lead to long broadening in the edge profile and non-optimal shadow
size. 3 For control shadow condition, first we have to eliminate the
overgrowth on the mask and grow NWs selectively. A possible direction
can be covering the trenches with an oxide mask and create openings only
for Au catalysts. This will help to investigate the optimal temperature,
which will ensure the selectivity both on shadow bars and trenches [284].
This research requires further development and currently ongoing.

4.8 Conclusion

In conclusion, we presented the control synthesis of InSb, InAs, and
InAsSb nanowire network by engineering the Au catalyst positions.
First, we showed the tuning of InSb NWs morphology on the (111)B
trenches by varying the V/III ratio, which helped us to find the optimal
conditions. We showed that an offset between the Au catalysts is required
to create NCs. Investigating the time-dependent radial and axial growth
of InSb NWs, we explained the detail growth dynamics of forming
InSb NCs and nanoplates. Structural analysis of InSb NCs showed ZB
single crystal quality even after merging, which is essential for multi-
terminal ballistic transport. Next, we showed nanoplate and nanobridge
formation from head-to-head Au position. Depending on the growth rate
of paired NWs, we found three types of merging conditions, which lead
to different structures. Further, InAsSb NW growth is also performed
from the trenches by varying Au positions, which exhibited radial
growth assisted network formation similar to InSb. Unlike III-Sb, InAs
networks demonstrated less domination to the radial growth, leading to
the different structural outcomes. We analyzed InAs network formation
from head-to-head Au position. Here, we found the distance between the
Au in opposite tranches determines the structure of the network. Varying
this trench distance, we manage to create V-shaped, T-shaped, y-shaped,
and also a new directional branched network. Structural analysis of InAs
NWs showed a ZB inclusion in the merged area, which we attributed

4.8 Conclusion 95

13: Understanding the co-relation of edge-
profile evolution and deposition geometry
is elaborated in Chapter 3.
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to the changed contact angle and triple-phase line during Au collision.
Finally, we demonstrated the in situ shadow technique to pattern NCs
with superconductors, which may unveil a high-quality platform for
NW based multi-terminal Josephson junction. Here, we exhibited the
junction with Al, however, the experiment can be extended to any other
superconductors.



Conclusion and Outlook

In this thesis, I have divided the development of my research project into
three core segments. Initially, MBE-grown semiconductor-superconductor
hybrid NWs have been demonstrated. Going forward, a single-step in
situ method have been developed to obtain semi-super hybrid NWs with
the shadowed junctions. Finally, I have presented semiconductor NW
networks and revealed an advanced technique to shadow nanocrosses
for multi-terminal devices. In this chapter, I am going to sketch the core
outcomes from each chapter, associated challenges and will try to connect
them with future development.

Hybridization

Why Hybrid? Majorana bound state is expected to appear in a hybrid sys-
tem of semiconductor NW (strong SOI and Landé-g factor) coupled with
a superconductor (S-wave). Besides, high crystal quality and disorder-
free interface between hybrid is essential. These motivated us to study
MBE-grown high-quality SE-SU material platform.

Key Results. First, we demonstrated the VLS-grown InAs and InSb NWs.
With optimized growth conditions, it has been shown that InAs exhibits
WZ crystal structure and InSb exhibits pure ZB crystal structure. As InSb
has been grown from InAs stem, a study on the InAs-InSb interface is also
presented, which is vital to understand the growth mechanism. Next, we
demonstrated hybridization of both NWs with Al and Sn. To confirm the
high interface quality, SU depositions have been performed in situ after the
NW growth. With Al, we showed the uniform thin film on both InAs and
InSb NWs, where a thin film of as low as 3.5 nm has been demonstrated.
In the final section, we showed a continuous Sn film formation on InSb
NW. However, on the InAs NW surface, Sn film exhibited dewetted
islands. In the structural analysis, & — Sn supremacy in the Sn shell has
been observed in the presented growth condition. Whereas, in the device
demonstration, we found superconducting transition of the Sn shell. It is
believed that the presence of superconducting f — Sn phases proximitize
the neighboring & — Sn phases, resulting in a superconducting shell.

Challenges and Next Step

In this two-layer system of semiconductor and superconductor, the
challenges are present in both layers. Disorder in one layer can be
detrimental for the whole system. Hence, proper tuning is required
considering the crystal quality, interfacial domain matching, surface
and grain boundary energy, etc. Moreover, a wide range of material
combinations are possible to explore. On the semiconductor side, InSb
and InAsSb are preferable material systems as both exhibit defect-
free single-crystal quality and compatible with the standard device
fabrication steps. Other semiconductors with high spin-orbit coupling
can also be explored, such as PbTe nanowires. On the superconductor




98

5 Conclusion and Outlook

side, Sn and Pb seem to be an interesting platform on III-V NW to
investigate further. The issue with Sn is that, the cohabitation of both
phases can be a bottleneck for the device yield. Particularly, devices
for topological superconductivity (f — Sn) and topological insulator
(a — Sn), a well-defined single phase would be desired. Hence, our
ongoing research is directed to the tuning of growth parameters to
control synthesis of Sn-phase on semiconductor NWs, which will
open up Sn’s application in multiple research areas. Besides, Pb (high
T.) combined with single-crystalline InSb NW is another promising
platform that we are currently investigating. Apart from single element
superconductors, inorganic compound materials can also be explored
for high T, superconductivity (such as MgB,). However, the challenge
that appears with compound superconductors is to grow uniformly
on III-V NW surface by finding an interfacial domain match.

Shadowing

Why Shadowing? The disorder-free junctions are crucial to realize Joseph-
son Junction in gate tunable transmons qubits, spectroscopy devices,
superconducting Majorana islands, and other kinds of hybrid NW based
quantum devices. The conventional approach of creating a junction in
the hybrid NW is to remove the superconducting segment by a top-
down etching process. Such metal etching is not always controllable and
damages the SE-SU interface, sometimes leave metal residues, which
eventually detrimental to the device performances. In chapter 3, we
attempted to resolve this issue by in situ shadowing the hybrid NWs in a
single-step growth process.

Key Results. We used NWs to shadow each other during hybridization
by growing them from opposite <111> directions with a lateral spacing.
Such single-step shadowing avoids any post-processing of NW to create
a junction. We manifested the versatility of the process by growing InAs,
InSb, and InAsSb NWs and creating shadow junctions with Al, Sn, and
Pb. Growing NWs from the mask-free trenches can be challenging due
to the competition between planar growth and the NW growth. Hence,
we developed a growth map with temperature window and appropriate
flux ratio (Ig ~ 401-415°C with V/III ratio ~ 9-10.5), where the high-
est yield with uniform morphology can be achieved. With full control
over the synthesis and geometry of shadowing, we managed to create
multiple superconducting islands with different sizes on a single NW.
In-depth analysis was performed on the shadowed junction and unveiled
that junctions performance depends on the junction morphology, which
is determined by the material kinetics and shadowing geometry. The
shadow-edge profile primarily relies on whether the adatoms follow the
"hit and stick" model or they are kinetically active. If the adatom follows
the "hit and stick" model then junction edge is a function of interwire
distance, deposition system geometry. We experimented with varying
the inter-wire distances and showed that the sharp-edge junction can
be achieved with short interwire distance. Besides, the transition of the
edge profile (from gradient to step-like profile) is also determined by the
flux distribution from the source, where using EBPVD we showed it can
differ from materials to materials. It's because, when adatoms are mobile
(which means the temperature is not low enough) then adatom migration
length for a given material plays a crucial role in determining the junction



profile. It is found that InSb/Sn exhibits the sharpest junction profile.
Demonstrating NW devices with different junction profiles revealed that
the sharp-edge junction show low resistance with repeatable quantized
conductance for all type of NWs. Furthermore, low-temperature mea-
surements on these sharp-edge junctions exhibited a large supercurrent.
Finally, a statistical comparison of in situ shadowed and etched NW
devices showed superior performance of the shadowed NW devices,
which validates our efforts toward in vacuo fabrication of the quantum
materials.

Challenges and Next Step

Our findings clearly show the importance of fabricating quantum
materials and devices in situ. However, we only have performed a
fundamental study, whereas plenty of development and engineering
yet to be done. For instance, the next possible challenge I can think
of is to fabricate a complete VLS NW device in situ. A 3D structure
is required for that, allowing to pattern the NW from different sides.
Concerns may appear regarding the control fabrication of such 3D
structures and their persistence during the growth process. Another
challenge I see is to transfer shadow lithography in the scalable devices.
Going forward, we have to consider a scalable material platform for
the development of quantum computation. Hence, using in situ stencil
lithography technique can be a possible direction to pursue. Right
after the materials growth (2DEG or SAG), a stencil mask can be used
to selectively deposit SU, dielectric materials, and contact electrodes
on the grown structure. In this way, full device fabrication on the
scalable platform can be performed in an ultra-high vacuum.

Networks

Why Network? Semiconductor nanowire (NW) network is a crucial
material platform for exploring Majorana braiding operation [33, 51,
243, 244]. However, the use of such networks can also be expanded in
multi-terminal quantum devices and other areas like, optoelectronic
devices, biological sensors, photovoltaics etc. All this factors motivated
us to study control synthesis of semiconductor NW networks, which we
discussed in Chapter 4.

Key Results. We demonstrated VLS grown InSb, InAs, and InAsSb
NW networks. It is observed that network formation and their types
are highly dependent on the catalyst position and growth conditions.
Starting with InSb NWs, if the Au catalysts are placed with an offset, NWs
grow and pass each other without intersecting. Later, radial overgrowth
assists them to merge and form nanocrosses. Depending on the radial
growth rate, the NCs can be slightly overlapped, partially intersected, or
properly merged. Such InSb NCs exhibit defect-free ZB crystal quality.
Furthermore, if the catalyst particles are placed head to head, InSb NWs
seem to form other types of structures such as nanoplates (with or
without an arm) or nanobridges. InAsSb NWs also follow the similar NC
formation mechanism as InSb. In the case of WZ InAs NWs, head-to-head
catalyst positioning leads to V-shaped, T-shaped, y-shaped, and also a
new directional branched network, where inclusion of well-defined ZB
crystal segment in the merging area is observed. Lastly, we demonstrated
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an advanced architecture to shadow nanocrosses with a bridge, providing
a platform for multi-terminal Josephson junction devices.

Challenges and Next Step

Addressing the scalability issue is the main challenge for VLS grown
networks, which is hindering its progress towards technology. An
approach to attain scalability with kinked VLS NW is reported earlier
[285]. However, the controlled kinking direction, maintaining crystal
quality, and reliable fabrication process become an issue. If the kinking
direction is controlled, then various possibilities can be explored. An
idea can be, growing the NWs in the etched trench or hole and kink
them after the trench (or hole) height, which will make the device
fabrication process similar to SAG. As a potential material, InAs-InSb
can be used for high crystal quality, and kink after the InAs segment,
which has been shown before [247]. In this case, patterning with
superconductor will also be possible using shadow-wall. This project
may require efforts to overcome challenges in both the growth and the
fabrication side. On the other hand, the SAG NW networks inherently
provide scalability. In combination with in situ stencil lithography, it
already promises in vacuo platform for large-scale quantum devices.
However, the drawback is in the crystal quality, which relates to the
substrate lattice mismatch leading to the misfit dislocation in the
SAG structure (much like planar heterostructure). Hence, focusing
on the SAG platform to improve the crystal quality should be highly
considered as the next step for the quantum network. Providing the
existing advancement in the semiconductor industry, my best guess
would be SAG NWs on silicon platform as a promising direction to
be able to integrate with the present technology. In short, VLS grown
networks provide high crystal quality for fundamental academic
research and SAG networks will provide scalability. Hence, we should
consider synergistic progress on both material platform.
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