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Abstract

In this thesis, a new technique named vapour-liquid-solid glancing angle deposition
(VLS-GLAD) will be used to enhance structural control over branched nanowire
(NW) arrays. NWs are 1D crystals that have been extensively applied in sensors,
photovoltaic devices, and transistors. The functional properties of NWs have been
thoroughly investigated over the past two decades, however, producing 3D
architectures using NW building blocks via bottom-up fabrication remains

challenging.

VLS-GLAD uses glancing angle deposition (GLAD) to deposit a collimated vapour
flux to direct the vapour-liquid-solid (VLS) growth of NWs. Branched NWs, also
known as “nanotrees”, are formed by growing secondary NWSs (branches)
epitaxially on the sidewall of another NW (trunk). In this thesis, control over
morphology, branching and alignment in indium tin oxide (ITO) NW arrays will be

demonstrated.

VLS-GLAD will be used to fabricate structures with unique morphological
anisotropy by exploiting vapour flux shadowing. For instance, branches will be
shown to grow preferentially on the side of trunks facing the collimated flux,
enabling anisotropic branch growth that can be controlled along the height of NWs.
Flux shadowing will also be used to enable the fabrication of azimuthally aligned
nanotrees without requiring epitaxy at the substrate. Aperiodic signals will be

encoded into diameter oscillations along the length of branches by engineering their
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local shadowing environment using dynamic substrate motion during growth. Such
signals enable morphological time-stamps to be controllably inserted in the
structures, providing insight into the VLS-GLAD process. Further, facet selective
branch growth on epitaxially aligned nanotrees will be shown to enable the
fabrication of precisely aligned arrays of self-similar L-, T-, or X-branched
nanotrees. Using this control, VLS-GLAD may unlock access to previously

unachievable 3D architectures using bottom-up fabrication.

Extensive characterization of the branched NW arrays using a wide variety of
nanomaterial characterization techniques will be presented, including: X-ray
diffraction, transmission electron microscopy, and scanning helium ion
microscopy. In addition, VLS-GLAD will be used to fabricate transparent branched
ITO NW electrodes for organic solar cell applications. Sheet resistance and optical
transmission will be optimized by tuning the deposition parameters and post-

growth annealing procedures.
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“Talent wins games, but teamwork and intelligence wins championships.”
— Michael Jordan
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Preface

The work described in Chapters 3, 4, 5, and 6 were published in Nanotechnology?,

b Crystal Growth and Design®, and Nano Letters®,

Applied Physics Letters
respectively. The work in Chapter 7 is primarily unpublished, however, some of the
data was published in two papers in_Nanotechnology™®. See the following page for

bibliographic details for each publication.

The work in this thesis was the result of a collaborative effort under the supervision
of Dr. Michael Brett. Ryan Tucker was the first member in our lab to achieve
nanotree growth. He also led the development of the numerical model described in
Chapter 4, and developed the annealing procedures used in Chapter 7. Tucker also
used his graphic design expertise to produce many of the schematics throughout
this thesis. Joshua LaForge performed X-ray diffraction, led collaborations that
helped elucidate the electrical properties of our structures, and provided his crystal
growth expertise to develop a deep understanding of competitive growth described
in Chapter 5. Michael Taschuk provided invaluable input drawing from his
expertise gained from many years of materials science and optics research. Taschuk
and Tucker led the development of simulation software that guided our
understanding of the growth process as published in The Journal of Applied
Physics'. The aforementioned collaborators and I were the core team of the VLS-
GLAD project that were deeply involved at every level. I performed the majority
of the experimental work, led interpretation of the data, prepared numerous

manuscripts, and led the overall direction of the VLS-GLAD project.

Jason Sorge assisted me in installing and calibrating the second iteration of the
VLS-GLAD experimental apparatus. Sorge also helped design substrate motion
algorithms for the work in Chapter 6. Nicholas Adamski assisted in data analysis
and experimental work for the work in Chapter 6. Peng Li obtained and analyzed
TEM data in Chapter 5 and 6. Helium ion microscope images in Chapter 6 were

obtained by Chuong Huynh from Carl Zeiss Microscopy. HAADF-STEM data in



Chapter 6 was obtained by Akira Yasuhara from the EM Business Unit and TEM
applications group in JEOL Ltd. The template used for this thesis was generously
provided by Steven Jim.
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Figure 2.17: (a) Schematic of X-ray scattering process, where K, Ky, and Q refer
to the incident and scattered X-rays, and scattering vector, respectively. K, Ky,
and @ are all in the scattering plane. The sample coordinates are sy, s2, and s;3.
(b) XRD pole figure collection schematic in an Euler cradle configuration. The
orientation of the scattering plane is controlled by substrate tilt angle  and
azimuthal angle ¢. (c) X-ray scattering intensity is measured for each Q vector
that intersects with a hemisphere above the sample for a fixed Bragg angle 6.
Reproduced from “Thin Film Analysis by X-Ray Scattering” by Mario Birkholz
with permission from John Wiley and Sons. Copyright 2006.17................... 32
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Figure 2.18: Conceptual (222) XRD pole figures for arrays of cubic crystals that
are (a) randomly aligned, (b) vertically aligned but randomly aligned
azimuthally, and (c) aligned vertically and azimuthally. y and ¢ correspond to
the orientation of a particular scattering vector Q and the red represents the
detected X-ray INTENSILY. ..uvvierrieeeiieeiiieecieeeiteeeteeeteeesreeeereeeseveeesaeeeesee e 33

Figure 3.1: This figure depicts height dependent control over branch density and
trunk diameter achieved by modulating flux rate during VLS-GLAD growth of
branched ITO NWs. Portions of this chapter were published in
Nanotechnology*”!, and this figure was featured in a news article entitled,
“Nanotree structures shaped with an arborist’s precision” on Nanotechweb.org
(http://nanotechweb.org/cws/article/1ab/48939). .....cccvvevriieeiieeeeeeee e, 35

Figure 3.2: (a) Ge deposited without Au seeds (o = 85°), Ge deposited on Au seeds
for (b) @ =85°, (¢) a=73°, and (d) = 58°. Adapted from the work by Suzuki
et al. with permission from Applied Physics Letters.?”> Copyright 2011, AIP
Publishing LLC. ..c..cooiiiiiiiiiece et 39

Figure 3.3: (a) cross-sectional and (b) top-down SEM images of Ge NWs grown
on Au seeds using VLS-GLAD at o = 85°. (¢) and (d) are grown without Au
seeds. Adapted from the work by Alagoz et al. with permission from MRS
ProCeedings.®"........cooueeeeeeeeeeeeeeeeeeeeeeeeeeeee et 39

Figure 3.4: (a) Qualitative parameter space for ITO planar, glancing angle
deposition (GLAD), and vapour-liquid-solid (VLS) grown films. Combining
high substrate temperature and high deposition angles produces unique
morphologies in a process we call VLS-GLAD. (b) Schematic definition of
deposition angle (&) and the angle of rotation about substrate normal (¢).
Typical NWs are characterized as having a trunk, droplet, and numerous
branches. Reproduced with permission from Nanotechnology.?’' Copyright
2012 Institute 0f PhySICS. ...cceeiiriiiiiiiiiiiiieeieececteece e 41

Figure 3.5: Two halogen bulbs are directed at the center of the chuck using
aluminum reflectors. The heating assembly rotates in o with the substrate. This
photo was adapted with permission from Graham Hunt’s thesis®®* .............. 43

Figure 3.6: Temperature measured by TC fixed to substrate, and TC elevated 1 cm
above substrate versus time. The elevated TC set point temperature was 240 °C,
resulting in a measured temperature of about 270 °C at the surface of the
SUDSLIALE. ..euttitieiteettete ettt ettt ettt et et sbe ettt b e e e b 44

Figure 3.7: VLS-GLAD ITO NW films deposited with varying deposition angle o
=50°, 70°, 80°, 85°, and 87° (temperature = 240 °C, flux rate = 0.2 nm/s, pitch
= 10 nm nominal). Reproduced with permission from Nanotechnology.*’!
Copyright 2012 Institute of PhySiCS......ccceevviiiiiieniieiieie e 46

Figure 3.8: Gaussian fits from frequency versus nearest neighbour spacing
between trunks measured from top-down SEM images (see Figure 3.7) for ITO
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NW arrays grown at various a, (a) 50°, (b) 70°, (c) 87°, and (d) is 90°. This data
1sused in FIUIe 3.9a. .........ccooviiiiiiiieeeee e e 47

Figure 3.9: Measured parameters for VLS-GLAD NWs deposited at various
deposition angles (a) trunk density per unit area and nearest neighbour distance
(see Figure 3.8), and (b) average branches per unit trunk length and trunk
diameter. Error bars indicate standard deviation (nearest neighbour distance,
trunk diameter) or propagated counting error (trunk density, branches per trunk
length). Reproduced with permission from Nanotechnology >’ Copyright 2012
INStItULE OF PRYSICS. woiiiiiiiiiiieiee ettt 48

Figure 3.10: VLS-GLAD NWs growth with high deposition angle and varying
deposition rate of 0.05 nm/s, 0.1 nm/s, 0.5 nm/s, 1 nm/s, and 2 nm/s
(temperature = 240 °C, deposition angle = 85°, pitch = 10 nm nominal).
Reproduced with permission from Nanotechnology.*’! Copyright 2012 Institute
OF PRIYSICS. 1.ttt ettt et et 50

Figure 3.11: Average number of branches per unit trunk length and trunk diameter
measured for VLS-GLAD NWs grown at o = 85° and varying flux rate.
Reproduced with permission from Nanotechnology.*”" Copyright 2012 Institute
OF PRLYSICS. .tiiutiieiiieiie ettt ettt ettt ettt e st e e b e e ssaeenbaennseenne 51

Figure 3.12: Images of VLS-GLAD NWs at various flux rates of 0.05 nm/s, 0.5
nm/s, and 2 nm/s for deposition temperature of 240 °C, and deposition angle of
a=50°. Reproduced with permission from Nanotechnology.?’' Copyright 2012
INStItULE Of PRYSICS. c.vvieiiiiiiiiiieeieeieeee et 52

Figure 3.13: VLS-GLAD NWs grown at various substrate temperatures and at
deposition angles of o = 50° and 85°. Reproduced with permission from
Nanotechnology.?’' Copyright 2012 Institute of Physics. .........cccccevvevevnnnne. 53

Figure 3.14: Images of VLS-GLAD NWs at various flux rates of 0.05 nm/s, 0.5
nm/s, and 2 nm/s for deposition temperature of 165 °C, and deposition angle of
85°. Reproduced with permission from Nanotechnology.?’' Copyright 2012
Institute Of PRYSICS. .ouveiiiriiiiiiieriicieccce e 54

Figure 3.15: For all deposited films, branch diameter has an upper limit of 1/2 of
the trunk diameter. The dotted line represents the side length of the inscribed
square of the trunk’s circular cross-section, as illustrated in the inset figure.
Reproduced with permission from Nanotechnology.>’' Copyright 2012 Institute
OF PRIYSICS. 1.ttt ettt ettt ettt e et e e 55

Figure 3.16: X-ray diffraction patterns of select samples deposited on Si substrates
at a pitch of 10 nm, with variation in deposition angle, substrate temperature
and nominal deposition rate. Powder diffraction pattern file for ITO (01-089-
4597) is shown for comparison. Reproduced with permission from
Nanotechnology.?’' Copyright 2012 Institute of Physics. .........cccocevvvevevennne. 57
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Figure 3.17: TEM images of an ITO NW deposited with the following deposition
conditions: a=85°, T=240 °C, flux rate = 0.1 nm/s and pitch = 10 nm nominal.
(a) TEM image of an ITO NW, and SAED data in the inset. (b) HRTEM image
at a selected trunk-branch interface. To guide the eye, we have added the dark
lines to mark the crystal planes in the branch and trunk of the ITO NW.
Reproduced with permission from Nanotechnology.>”" Copyright 2012 Institute
OF PRIYSICS. ..ttt ettt et e et e e e b e e ave e etaeeenaeeen 58

Figure 3.18: (a) and (c) TEM images, white arrows indicate region where EDX
line-scans were performed, and correspond to position axis in (b) and (d),
TESPECTIVELY. 1eoueiiiiiieiieeieeee ettt ettt et ettt et e e be et e enbeessaeenraens 59

Figure 3.19: Side and plan view SEM images of: (a,b) flux rate modulated VLS-
GLAD NWs with high deposition angle (85°) and flux rate switching from
I nm/s to 0.05 nm/s; (c,d) flux rate modulated VLS-GLAD NWs with high
deposition angle (85°) and flux rate switching between 1 nm/s, 0.05 nm/s, 1
nm/s; and (e,f) deposition angle modulated VLS-GLAD NWs with deposition
angle switching from o = 30° to o = 85° during deposition. Reproduced with
permission from Nanotechnology.?”' Copyright 2012 Institute of Physics. ... 61

Figure 4.1: The work in this chapter was featured on the cover of the November
2012 issue of Applied Physics Letters.®> ...........cccooveeeeeeeeeceeeeeeereeeeenen. 63

Figure 4.2: SEM images of VLS-GLAD ITO nanotrees exhibiting rippled branch
features deposited with the parameters (a) a = 87°, T =240 °C, R =2 A/s, t1ot
= 50 s; (b) magnified edge and (c) plan view of o = 85°, T =240 °C, R =10
AJs, ot =10 5. Reproduced with permission from Applied Physics Letters.®
Copyright 2012, AIP Publishing LLC. ........cccciiiiiiiiieieeeeeee e 65

Figure 4.3: Schematic of VLS-GLAD rippling phenomenon. Side view (a) shows
glancing angle (&) and flux shadowing region. Darker droplets are receiving
incoming flux and lighter droplet occluded; b) plan view shows rotation of
substrate by the angle ¢, and flux modulation () at a droplet from shadowing
by the attached trunk; (c) droplet radius (7) and volume (V), branch length (L)
and monolayer thickness (d), flux rate (R) and capture area (A4), and
incoming/outgoing volume rates (Vin/Vout) as used in the model. Reproduced
with permission from Applied Physics Letters®® Copyright 2012, AIP
Publishing LLC. ....cc.oiiiiieeeeeeeeeeee e e 67

Figure 4.4: Branch simulation (a) input volume rate (Vin) to droplet for z,,, = 10
s and volume rate out (Vout) of the droplet as calculated in each time-step; (b)
enlarged SEM image of a branch deposited at 7, = 10 s; (c) branch edge profile
(open circles) and simulated branch morphology (red line) for 7, = 10 s; (d)
simulated branch profile for 7, = 1 s (blue), 7., = 100s (green), and 7., = 1000
s (magenta); y-axis of inset is 1 nm range. Reproduced with permission from
Applied Physics Letters.*> Copyright 2012, AIP Publishing LLC. .............. 69
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Figure 4.5: Complex VLS-GLAD ITO branch growth by shutter-modulated flux
according to the pattern shown in (a), where 1 is shutter open and 0 is shutter
closed; (b) SEM image of resulting NW with unique branching morphology;
(c) magnified key branch region, with (d), (e), and (f) displaying the flux
modulation due to shuttering, due to rotation-induced shadowing, and the
combined shutter-rotation effect on the flux profile, respectively, for the
magnified branch. Reproduced with permission from Applied Physics
Letters.®® Copyright 2012, AIP Publishing LLC. .......ccccccovvvveeeeeeerennnn. 71

Figure 4.6: Complex VLS-GLAD ITO branch growth by changing the rotation
rates according to the following program (rotations @ 7.:): 10 @ 10's, 2 @ 25
s, 10@5s,1 @50s,~17 @ 3 s, as shown in (a) as flux attenuation due to the
rotational shadowing (1 is flux, 0 is shadowed); (b) SEM image of resulting
NW morphology, and magnified branches (c, ¢) along with the approximate
sections of rotational shadowing from (a) that contributed to each branch
morphology (d, f, respectively). Reproduced with permission from Applied
Physics Letters.”® Copyright 2012, AIP Publishing LLC..........ccccccevune..... 73

Figure 5.1: Table of Contents figure published in Crystal Growth and Design.’"’
This figure schematically depicts in-plane nanotree alignment and height
dependent branch placement using by engineering the azimuthal flux
distribution as presented in this chapter. The arrows represent the azimuthal flux
positions. Discretized flux position (left) result in aligned nanotrees, isotropic
flux distribution (right) results in random nanotree alignment....................... 74

Figure 5.2: Illustration of VLS-GLAD growth of ITO nanotrees. Deposition angle
(@) and angle of flux rotation (¢) are shown. ¢ indicates the initial azimuthal
position of the flux. Reproduced with permission from Crystal Growth and
Design.*"” Copyright 2013, American Chemical Society..........cccccceoeveenre.... 77

Figure 5.3: Top-down schematic of VLS-GLAD azimuthal modulation schemes
for (a) unidirectional, (b) periodic, and (c) chiral (one continuous rotation) and
isotropic (p = 10 nm) ITO nanotree structures. Reproduced with permission
from Crystal Growth and Design.*’ Copyright 2013, American Chemical
SOCIELY ..ttt ettt sttt 78

Figure 5.4: Cross-sectional SEM images of ITO nanotrees grown with o= 85°, T
=240 °C, and flux rate = 0.2 nm/s (top) or 2 nm/s (bottom). Scale bars are all
500 nm in length. The initial azimuthal vapour flux angle (¢) is oriented from
the right to left in each image. The nominal thickness of the films are 300 nm
(top) and 1200 nm (bottom). Reproduced with permission from Crystal Growth
and Design.*" Copyright 2013, American Chemical Society....................... 82

Figure 5.5: Cross-sectional SEM images of ITO nanotrees (o = 85°, T = 240 °C,
and flux rate = 0.2 nm/s). Scale bars are all 100 nm in length. The ITO nanotrees
are named: (a) unidirectional, (b) periodic, (c) chiral and (d) isotropic, based on
the azimuthal modulation configuration used during growth, shown in Figure
5.3. The initial azimuthal vapor flux angle (¢v) is oriented from the right to left
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as indicated by the arrow in each image. The nominal thicknesses (CTM) of the
films were 300 nm for (a), (b) and (c¢), and 450 nm for (d). Reproduced with
permission from Crystal Growth and Design.>*” Copyright 2013, American
Chemical SOCIELY. ...ecciiiieeiieeciee ettt eree e e e ebeeesaaeeenaeeensae e 82

Figure 5.6: Top-SEMs of (a) unidirectional, (b) periodic, (c) chiral and (d) isotropic
films. The top and bottom rows show structures grown at 0.2 nm/s and 2 nm/s,
respectively. Initial flux position is from left to right in each case. Reproduced
with permission from Crystal Growth and Design.**” Copyright 2013,
American Chemical SOCIELY. .......cccuviiiiiiieciieeciie e 83

Figure 5.7: Sample measurements taken from top-down SEM images using ImagelJ
software for (a) unidirectional, (b) periodic, (¢) chiral and (d) isotropic films.
Five images (same as shown above) were measured for each array. One branch
measured for each growth direction on a trunk, with a maximum of four
measurements per trunk. Lines were drawn from trunk-branch interface to
branch tip. Reproduced with permission from Crystal Growth and Design.>"’
Copyright 2013, American Chemical SOCIEtY. .......ccceevvreciieriieiienieeieeieee, 84

Figure 5.8: Normalized radial histograms illustrating the number of branches
counted at azimuthal orientations from ¢ are shown for (a) unidirectional, (b)
periodic, (c) chiral, and (d) isotropic ITO nanotree films grown at 2 nm/s.
Integrated intensity from (440) XRD pole figures are illustrated by dotted black
lines in the histograms. Solid black lines illustrate the integrated intensity from
(440) XRD pole figures with isotropic ITO nanotree background signal
subtracted. The initial flux direction (¢ = 0°) is oriented from right to left as
indicated by the horizontal dashed black line and arrow in each figure. Rotation
of the flux is counter clockwise in (¢) and (d). Bin size is 10°, and the outer ring
corresponds to a maximum of (a) 99, (b) 111, (¢) 75, and (d) 154 counts for
each histogram. Reproduced with permission from Crystal Growth and
Design.>®" Copyright 2013, American Chemical Society.............cccccoevenc... 85

Figure 5.9: Histogram density plots of the branch orientation and length for (a)
unidirectional, (b) periodic, (¢) chiral, and (d) isotropic films. Bin color code
indicates the number of counts at a particular orientation and length. Dotted
blue lines indicate ¢y, dotted red lines indicate +45° from ¢, and dotted green
lines indicate £135° from @y, ....cceovveeeiiieeiieeieeeeeee e 86

Figure 5.10: Typical BF-TEM images within a tilt series of an isotropic nanotree:
(A) tilted at -65°; (B) 0° degree with red arrow indicating tilt axis; (C) +65°.
Reproduced with permission from Crystal Growth and Design.*®” Copyright
2013, American Chemical SOCIELY. ....ccceeevciieiriiiiriieeeiee e 88

Figure 5.11: A volumetric rendering of an isotropic nanotree obtained from TEM
tomography shown tilted at an arbitrary angle in (a), and sliced along its cross-
section in (b). The red, blue and green arrows are used to identify axes between
images. Reproduced with permission from Crystal Growth and Design.>"
Copyright 2013, American Chemical SOCIEtY. .......ccceeveeeiiiiniieiieieeiieie, 88
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Figure 5.12: Diffraction line profiles for the 2.0 nm/s films that were used for pole-
figures. Diffraction peaks in the profiles correspond to the expected peak
positions for ITO (PDF: 01-089-4597) shown at the bottom of the figure.
Reproduced with permission from Crystal Growth and Design.**” Copyright
2013, American Chemical SOCIELY. .......ccveviierieiiiiieeieee et 90

Figure 5.13: A TEM image of a nanotree cross-section at a branch-trunk interface
is shown in (a). Electron diffraction patterns were taken at locations indicated
by the white circles: (b) trunk, (c) trunk-branch interface and (d) branch.
Reproduced with permission from Crystal Growth and Design.**” Copyright
2013, American Chemical SOCIELY. .......ccveeiierieiiiiiieeiiee et 91

Figure 5.14: A projection view of a nanotree along its trunk obtained from a
volumetric rendering is shown in (a). Diffraction analysis of a single nanotree
with the electron beam perpendicular to the trunk was taken across a full 180°,
at locations indicated by the white arrows, as shown from b to h. Diffraction
patterns taken along branch axes (b, e, h) have a zone axis of [001], [0-10] and
[00-1]. Reproduced with permission from Crystal Growth and Design.>"’
Copyright 2013, American Chemical SOCIety. .......ccccovervierienirniiniineeienne 92

Figure 5.15: Pole figures for each films taken of the (222), (400), (440), and (622)
diffraction peaks. The dashed circles indicate the expected radial positions for
X-ray diffraction around a single crystal nanotree oriented [ 100] normal to the
substrate and are located at 54.7° for (222), 45° for (440), and 25.2° (inner
circle) and 72.5° for (622). The flat dashed line indicates the initial flux axis
(¢p), and the flux rotates counter clockwise in the chiral and isotropic films.
Reproduced with permission from Crystal Growth and Design.**” Copyright
2013, American Chemical SOCIEtY. ......ccceveriiriiriiriinierieeeceeeee e 94

Figure 5.16: XRD pole figures obtained from a periodic ITO nanotree film are
shown for (a) (400), (b) (222), (c) (440) and (d) (622) planes. The initial flux
direction (¢y = 0°) is oriented from right to left as indicated by the horizontal
dashed black line and arrow for each pole figure. The dashed circles indicate
the expected radial positions for X-ray diffraction around a single crystal
nanotree oriented [100] normal to the substrate. A schematic illustrating the
crystal structure and facets of a single crystal ITO nanotree trunk growing in
the [100] direction are shown from (e) cross-sectional and (f) top-down
perspectives. Branch growth occurs in the four {100} directions normal to the
trunk. Reproduced with permission from Crystal Growth and Design.>"’
Copyright 2013, American Chemical SOCIEtY. .......cceevverriieniieiienieeiieee, 96

Figure 5.17: Plan view schematic of competitive growth mechanism. Shown are
two different azimuthal trunk orientations that have flux capture cross-sections
of d (left) and 2d (FIZNt)......cveiviiiiieieeeeee e 98

Figure 5.18: (222) pole figure for a unidirectional nanotree grown to a nominal
thickness of 150 nm. The dashed circle indicates the expected radial position
(54.7°) for X-ray diffraction around single crystal nanotrees oriented [100]
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normal to the substrate. The flat dashed line indicates the flux axis (¢).
Reproduced with permission from Crystal Growth and Design.**’ Copyright
2013, American Chemical SOCIELY. .......ccveviieiieiiieieeieere et 99

Figure 5.19: Sample measurements taken from top-down SEM images using
Imagel software for (a) unidirectional, (b) periodic, (c) chiral and (d) isotropic
NW films. Five images (same as shown above) were measured for each array.
One branch measured for per trunk. Lines were drawn from trunk-branch
interface to branch tip. .....coecieiiieiiieieceece e 101

Figure 5.20: Normalized radial histograms illustrating the number of trunks
oriented with a certain angle from ¢ for (a) unidirectional, (b) periodic, (c)
chiral and (d) isotropic ITO nanotree films grown at 2 nm/s. The colored regions
between 0°and 90° provide all the unique trunk orientations due to the four fold
symmetry of the square cross-section of an ITO nanotree trunk. The data was
mirrored around the origin for clarity, indicated by the grey bars. Symmetrized
pole figure data was radially integrated and plotted over the histograms, as
shown by the solid black (isotropic background subtracted) and dotted black
(with isotropic background) lines. The initial flux direction (¢ = 0°) is oriented
from right to left as indicated by the horizontal dashed black line and arrow in
each figure. Bin size is 10°, and the outer ring corresponds to a maximum of (a)
186, (b) 219, (c) 144, and (d) 281 counts for each histogram. Reproduced with
permission from Crystal Growth and Design.**” Copyright 2013, American
Chemical SOCIELY. ...vveviieiiieiieitieeie ettt ettt e et eeeteeetaeebeessseenneens 102

Figure 6.1: Table of Contents figure published in Nano Letters.’'” This figure
schematically depicts directed branch growth in epitaxially aligned nanotree
arrays, enabling the fabrication of self-similar L-, T-, and X-shaped ITO
NANIOLTEES. 1..eetieiiiiieeiiee ettt ettt et ettt s an e st e sbn e e sabnee s 104

Figure 6.2: (a) Oblique view SEM of a nanotree film grown on YSZ. Region in the
white box of (a) is shown magnified below in (b), with a schematic
representation of epitaxial VLS-GLAD ITO nanotree growth. The vapor flux is
deposited at oblique angles () relative to substrate normal, offset by an angle
(@) from the [100] direction of the single cubic crystal YSZ substrate. The inset
depicts various surface diffusion processes that occur once the flux deposits
material on the trunk sidewall. Growth conditions for nanotree array shown here
are substrate temperature = 300 °C, flux rate = 0.1 nm/s, o = 85° and ¢ = 45°.
....................................................................................................................... 107

Figure 6.3: (a) New heating set-up used for epitaxial nanotree growth, with a
reduced size 4 chuck. (b) two 300 W halogen bulbs in each casing, four bulbs
total. (c) Heating set-up installed in GLAD system, oriented with the flux 85°
to substrate normal. QCM behind sample monitors deposition rate. (d) Macor
head piece, and (e) ITO source material. .........c.cccecveeeriiieeniiieeniie e 109

Figure 6.4: (a) Temperature measured by TC directly attached to Si substrate, and
TC 1 cm above center of chuck as the variac controlling power to the lamps is
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incrementally increased. (b) Difference in temperature between the two TCs.
....................................................................................................................... 110

Figure 6.5: Cross-sectional SEM images of ITO NW films grown on Si substrates
placed from one edge (a) to the other (f), through the center of the 4” chuck to
test uniformity in the following order: (b), (¢), (d) and (€).....c.cceevreeurnnnee. 111

Figure 6.6: Nanotrees grown on YSZ substrates at a variety of temperatures at 1
nm/s and = 85°. Red arrows indicate in-plane flux direction.................... 113

Figure 6.7: Nanotrees grown on Y SZ substrates at a variety of deposition rates at
300 °C and o = 85°. Red arrows indicate in-plane flux direction. ............... 113

Figure 6.8: The vapor flux is deposited at oblique angles (o) relative to the
substrate normal, offset by an angle (¢) from the [100] direction of the single
cubic crystal YSZ substrate. SHIM images of ITO nanotrees grown on YSZ
with o = 85°, and (a-d) ¢ = 45° (resulting in L-shaped nanotrees), and (e-h) ¢ =
0° (resulting in T-shaped nanotrees). (a) and (e) are oblique images. (b), (¢), (f)
and (g) are plan view images. (d) and (h) are cross-sectional images. Red arrows
depict vapor flux orientation, and black arrows indicate crystal directions of the
YSZ substrate. All scale bars are 200 nm. Reproduced with permission from
Nano Letters.>'” Copyright 2014, American Chemical Society. .................. 114

Figure 6.9: Overlain XRD 28plots taken detected from a variety of positions above
the sample. Red and green lines in (a) and (b) indicate boundaries for ITO peaks
used in pole figure generation. Grey lines indicate background regions used for
Pole figUre analySiS. ....cccvieeiieiieeieeiie ettt 116

Figure 6.10: XRD pole figures for (a) (400), (b) (222), (c) (440), and (d) (622)
planes for an ITO nanotree array grown epitaxially on a YSZ substrate with 1
nm/s, ¢=45° and = 85°. The red arrows correspond to the flux direction, and
the black dotted lines in (b), (c) and (d) correspond to the expected radial
positions for the diffraction peaks. The region with missing peaks at the outer
radial ring in (d) was not measured. Reproduced with permission from Nano
Letters.>'7 Copyright 2014, American Chemical Society. ..........ccccceveveeeree... 117

Figure 6.11: (a, b) HRTEM images of ITO NW-YSZ substrate interface. (b) white
lines indicate stacking of lattice planes from substrate into NW trunk. (c, d)
STEM images of the interface between the YSZ substrate and an ITO nanotree
early in the growth process. Red lines in (d) indicate 0.26 nm measured in ITO
trunk. Dashed white circle indicates edge dislocation at interface. Green lines
indicate imperfect stacking of horizontal atomic columns in YSZ substrate.
Reproduced with permission from Nano Letters.>!” Copyright 2014, American
Chemical SOCIELY. ....eeviieiieeiieiie ettt ettt seaeeneens 119

Figure 6.12: (a) HAADF-STEM image with electron beam oriented along [110]
direction of ITO NW trunk. Bright spots indicate In or Sn atomic columns.
Schematics of In2O3 unit cells viewed along (b) [110], (¢) [100], and (d) [111]
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directions. Red and blue balls correspond to In and O atoms, respectively. (b),
(c), and (d) were reproduced with permission from Rauf, I. A. Appl. Phys. Lett.
2008, 93, 143101.3% Copyright 2008, AIP Publishing LLC. ....................... 120

Figure 6.13: One fifth of total branch orientation and length measurements taken
from top-down SEM images for each of (a) ¢ continuously rotated on Si, and
(b) ¢ continuously rotated, (c) ¢=0°, and (d) #=45° on YSZ. Reproduced with
permission from Nano Letters.3'” Copyright 2014, American Chemical Society.
....................................................................................................................... 121

Figure 6.14: Plan view SEM images of nanotrees grown on YSZ substrates with
(a) p=45°,(c) p=0°, and (e) ¢grotated. (g) Plan view SEM image of nanotrees
grown on a Si substrate with @rotated. Radial density scatter plots shown in (b),
(d), (f), and (h) depict 1892, 2552, 1866, and 1919 branch length and orientation
measurements taken across 140 um? of plan view SEM images of nanotree
arrays in (a), (¢), (e), and (g), respectively. Radial rings represent 100 nm length
increments. Red arrows indicate flux direction. The in-plane [100] and [010]
directions shown in (a) are the same for (a-f). All data in figure corresponds to
growth conditions of rate = 1 nm/s, T = 300 °C and « = 85°. Reproduced with
permission from Nano Letters.*'” Copyright 2014, American Chemical Society.
....................................................................................................................... 122

Figure 6.15: Plan view schematic of direct branch growth on select NW facets. (a)
@ = 45° leads to L-shaped nanotrees, (b) ¢ = 0° leads to T-shaped nanotrees,
and (c) ¢ rotated leads to X-shaped nanotrees. Red arrows illustrate flux
direction and the red lines along the surface indicate where the nanotree’s cross-
section is directly exposed to flux. Reproduced with permission from Nano
Letters.’'” Copyright 2014, American Chemical Society. ...............cccou...... 124

Figure 6.16: (a) Plan view schematic of a nanotree grown with serial bi-deposition
motion where the azimuthal flux position is periodically alternated between two
positions separated by 180°. (b) Plan view SEM image, and (c) oblique SHIM
image showing nanotrees grown using a SBD process, the alternated flux
positions are indicated by the red arrows. The white dotted line circle in (b)
indicates a possible interconnection between two nanotrees. (d) Radial density
scatter plot of 1437 branch length and orientation measurements taken across
an area of 140 um? where each ring corresponds to 200 nm length. Reproduced
with permission from Nano Letters.’'” Copyright 2014, American Chemical
SOCTEEY ..ttt ettt et ettt e bee st seeeeneen 127

Figure 7.1: Sheet resistance for ITO NW films grown at different deposition angles

(o), measured for as-grown, after annealing in air (anneal 1), and after H, anneal
(ANNEAL 2). ..viiiiiie e et e e e e ar e ennneas 134
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1. Introduction

1.1 Motivation

Nanotechnology has forever changed the way humans live, think, and interact by
enabling rapid advances in computational power, and expanding our knowledge of
fundamental physical phenomena such as electrical conductivity, quantum
mechanics, and the relationship between light and matter. Significant advances in
energy generation and storage, lighting, catalysis, and sensing are a result of
improved control over nanoscale processes. Nanofabrication methods need to be
developed and improved upon as design targets for nanodevices become more
intricate, and the required feature sizes continue to plummet. In this thesis, a
bottom-up fabrication technique capable of producing arrays of 3D crystalline
nanostructures with controlled alignment and structural anisotropy will be

presented.
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There are two nanofabrication approaches: top-down fabrication, and bottom-up
assembly. The top-down approach typically involves nanostructuring a planar thin
film using lithography. It is currently the standard mass manufacturing method used
for nanodevices due to its incredibly high yield and throughput. In contrast, bottom-
up assembly relies on allowing matter to arrange itself into ordered nanostructures
with a predictable shape, morphology, and crystal structure.!*> While the top-down
approach is comparable to carving a large piece of lumber into the shape of a chair,
the bottom-up approach is comparable to tree-shaping; the art of guiding the growth
of a tree into the shape of a chair (Pooktre method, as shown in Figure 1.1). A deep
understanding of the tree’s growth mechanism is required to guide its growth into
a chair with a desired shape. In principle, a bottom-up approach should reduce
fabrication steps, and enable device architectures that would be highly challenging
to achieve using a conventional top-down approach. In practice, however, it is also
highly challenging to reliably guide materials into useful device architectures from

the bottom-up.

Figure 1.1: Tree-shaping — guiding the growth of a tree into a designed shape.
Reproduced with permission from http://pooktre.com/photos/living-chair/.
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In bottom-up fabrication, the self-assembly of matter is guided to produce ordered
architectures. Self-assembly was defined as “the autonomous organization of
components into patterns or structures without human intervention” by Whitesides
and Grzybowski.>  Self-assembly can be guided using top-down fabricated
templates or by engineering the growth conditions, such as temperature, pressure,
and the concentration of material at the growth site. The resulting morphology of
the nanostructures produced by bottom-up processes strongly depends on
properties of the growth material, including composition, and crystal structure. In
a paper from 2003 titled, “Nanoscale Science and Technology: Building a Big

9]

Future from Small Things™’, Lieber states:

Central to my vision for nanotechnology is the idea that by developing and following a
common intellectual path—the bottom-up paradigm of nanoscale science and technology it
will be possible in the future to build (or more correctly, assemble) virtually any kind of
device or functional system, ranging from ultra-sensitive medical sensors to nanocomputers.
Underpinning this bottom-up paradigm is the controlled growth of nanoscale materials—the
building blocks of the bottom-up approach—pursued within the disciplines of materials
science and chemistry. Specifically, our goal is to control with atomic precision the
morphology, structure, composition, and size of nanoscale materials, since these will define

and enable our control over the physical properties of the resulting materials.

While the synthesis of individual nanostructures with highly tunable functionality
has been achieved, guiding the arrangement of nanostructures into ordered 3D
architectures using bottom-up fabrication remains challenging. In this thesis, arrays
of self-similar and preferentially aligned 3D nanostructures with controlled
morphological anisotropy are produced by depositing material on select regions of
structures to guide their self-assembly. The technique relies on depositing material
on regions where growth is desired, and preventing material from reaching other
regions. The technique is an additive fabrication approach, similar to 3D printing.
Such control may be a powerful tool for achieving control over nanostructured

architectures called for by Lieber.
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1.2 Outline

Nanowires (NWs) are high aspect ratio crystalline nanomaterials that are often
produced using a bottom-up process named vapour-liquid-solid (VLS) growth.
NWs have enticing properties for applications in transistors, solar cells, and
sensors. In this thesis, a technique named vapour-liquid-solid glancing angle
deposition (VLS-GLAD) is shown to significantly enhance structural control in 3D
branched NW architectures. The control offered by VLS-GLAD may enable the
design of directional conductive pathways between adjacent NWs, and may lead to
the growth of intricate interconnected 3D NW networks across large substrate

arcas.

VLS-GLAD is used to provide a collimated vapour flux to guide the growth of
branched indium tin oxide (ITO) NWs. Enhanced control over morphology,
branching and crystal texture will be presented. The collimated flux is deposited at
oblique angles with respect to substrate normal, causing flux shadowing to prevent
material from reaching directly behind growing structures. Asymmetric vapour
deposition enables controlled anisotropic branching in nanotree arrays. Using
substrate motion, the flux can be placed on select sides and heights of the growing
NWs, significantly enhancing branch placement. The arrangement of these
branched NWs into architectures for device applications are discussed. Properties
of both individual and the ensemble of branched NWs are thoroughly investigated
using a number of nanomaterial characterization techniques. In addition, branched
ITO NW transparent electrodes are optimized for organic photovoltaic device

applications.

The main capabilities achieved using VLS-GLAD presented in this thesis include:
1. Highly tunable height dependent morphological control.
2. Height controlled anisotropic branch growth.

3. Preferential azimuthal branch and nanotree crystal alignment without

requiring epitaxial growth on a lattice matched substrate.
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4. Fabrication of precisely aligned self-similar L-, T-, and X-branched NWs

via epitaxial trunk growth on lattice matched substrates.
5. Arbitrary signals encoded into the diameter of branches along their length.

6. Tuning optical and electrical properties of nanostructured ITO transparent
electrodes by optimizing deposition conditions and post-growth annealing

procedures.

Chapter 2 will present the required concepts, techniques, and mechanisms to
provide a background for the reader. The growth and applications of nanowires will
be discussed, followed by an outline of the glancing angle deposition principles.
Chapter 2 concludes with a brief description of nanomaterial characterization
techniques used throughout this thesis. Chapter 3 will introduce the VLS-GLAD
technique, provide an overview of work by previous groups, and will show
significantly enhanced morphological control over branched ITO NW networks
grown by self-catalyzed VLS. Chapter 4 will present how self-shadowing effects
can be exploited to encode arbitrary oscillations along the diameter of a nanowire
branch. Enhanced branch placement using a directional vapour flux to grow
branches on select facets of NW will be demonstrated in Chapter 5, followed by a
discussion of a shadow mediated competitive growth mechanism that allows
nanotrees to be azimuthally aligned without requiring epitaxy at the substrate. In
Chapter 6, branch placement is decoupled from competitive alignment by growing
nanowires epitaxially on a lattice match substrate. Directed branch growth on these
epitaxially aligned nanotrees resulting in arrays of self-similar L-, T-, and X-
branched nanotrees. Conductivity optimization and the preliminary fabrication of
electrodes will be presented in Chapter 7. Finally, the thesis will be summarized

and directions for future work proposed in Chapter 8.



2. Background

2.1 Focus

This thesis involves a technique that uses glancing angle deposition (GLAD) to
control the vapour-liquid-solid (VLS) growth of crystalline branched nanowires.
Therefore, NW growth and properties will be described first, followed by a
discussion of GLAD principles. The intersection between crystal growth and
ballistic vapour deposition will then be presented. The chapter will conclude with
a brief description of essential techniques used to characterize the morphology,

crystallinity, and composition of the nanostructures in this thesis.

2.2 Nanowires (NWs)
2.2.1 Properties

NWs are 1D crystalline nanostructures with enticing properties for nanoelectronic
applications. NWs have been the subject of intensive research over the past twenty
years, and a number of excellent review papers regarding the growth, properties
and applications of NWs are available.>!! NWs are typically produced by vapour-
liquid-solid (VLS) growth!*!>_ or by high-aspect ratio etching of crystalline

substrates'®!”. NWs are crystals with two dimensions confined between 1 to 100
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nm, and the third dimension typically extends to microns, but has been grown to
lengths upward of millimeters.'®!° The crystalline structure and smooth faceted
surfaces of VLS grown NWs ensure high quality 1D charge transport properties as
compared to amorphous or polycrystalline materials shaped at a similar size
scale.!®?” As a result, NWs exhibit excellent electrical properties for applications

2030 "and solar cells®' 2. In addition, NWs are applicable as biological

in transistors
sensors* 2 due to their diameter being on the order of many biological processes,
and their high surface to volume ratio. NW surfaces can be functionalized to
interact strongly with certain analytes. The smooth faceted surfaces of NWs enable
epitaxial growth on their outer walls, allowing for the fabrication of core-shell p-n
junctions.>*"3 Extremely sharp doping profiles can also be formed along the length
of a NW simply by changing the precursor gas during growth.’®” In addition,
epitaxy between materials with relatively large lattice mismatches due to strain
relaxation on a NW’s surface is achievable, enabling the fabrication of devices with
previously incompatible materials.’®®! The functional properties and growth of
NWs have been well developed, however, new approaches to arrangement of these
1D building blocks into device architectures still need to be developed. Examples
of vertically aligned Si NWs fabricated by Wang et al., and microwires grown by

Kayes et al. via VLS growth are shown in Figure 2.1 a and b, respectively.

Figure 2.1: (a) Si NWs grown using Al catalyst, Reprinted by permission from
Macmillan Publishers Ltd: Nature Nanotechnology®®, copyright 2003. (b) Si wires
grown using Cu catalyst, reprinted with permission from Kayes, B. et al.’s work.%
Copyright 2007, AIP Publishing LLC.
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2.2.2 1D Crystal Growth

An excellent source describing the basics of crystal growth is available from
Markov.®* 1D crystal growth refers to a crystal growing rapidly in one direction,
requiring a feature that preferentially collects adatoms on one side of the crystal’s
surface to favour anisotropic growth. Prior to 1964, a screw-dislocation driven
growth mechanism proposed by Frank was the dominant theory used to explain the
growth of 1D crystals.®> Frank suggested that unidirectional crystal growth was a
result of energetically favorable accommodation of adatoms on a self-perpetuating
step created by a screw dislocation at the tip of the growing crystal.®* 7% A schematic
adapted from the work by Jin et al. illustrating screw dislocation driven 1D crystal
growth, is shown in Figure 2.2.”! The high surface energy provided by the dangling
bonds at a step results in the preferential adsorption of adatoms. The incorporation
of adatoms along the step will lead to continued propagation of the screw
dislocation, leading to continuous anisotropic growth. Therefore, the nucleation
rate is higher at the tip of the crystal compared to at the crystal’s sidewalls or at the
substrate surface due to the high concetration of adatoms. As a result, crystal growth
is faster in the direction orthogonal to the screw dislocation, leading to 1D crystal

growth.

However, three key observations made in numerous 1D crystal growth studies
suggested a different mechanism was at play: many were found to be dislocation
free, the presence of certain impurities was necessary for unidirectional growth, and
“small globules” observed on the tips of the crystals were found to have a higher

concentration of impurities than the rest of the structure.'? 14
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Figure 2.2: Schematic for screw driven 1D crystal growth. (A) a step on a dislocation
free surface, depicting conventional layer by layer crystal growth. (B) Depicts a screw
dislocation that has a self-perpetuating step. (C) Depicts preferential adsorption of
adatoms at tip of growing crystal, leading to 1D crystal growth along the screw
dislocation. Adapted with permission from The Journal of Physical Chemistry Letters.”!
Copyright 2010 American Chemical Society.

2.2.3 Vapour-Liquid-Solid (VLS) Growth

The aforementioned observations led Wagner and Ellis to intentionally include Au
as an impurity on the substrate prior to Si vapour deposition, leading to their
seminal VLS growth paper in 1964, which has been cited over 3000 times.!? First,
a thin film of gold deposited onto a (111) Si substrate, and then the temperature was
elevated to 950 °C. SiCls and H, was then flown over the molten film of Au,
resulting in the growth of 1D Si crystals with hemispherical tips composed of an
Au-Si alloy. The VLS process is depicted in the classic schematic adapted from
Wagner and Ellis’s work in Figure 2.3.

SILICON
VAPOR CRYSTAL

Au-SL LIQUID
A

SILICON SUBSTRATE

a b

Figure 2.3: Schematic of Au-catalyzed Si VLS growth. (a) Vapour deposition on Au-
Si liquid alloy droplet. (b) Crystalline Si-NW with Au-Si alloy at the tip. Reprinted with
permission from Wagner and Ellis’ work.!* Copyright 1964, AIP Publishing LLC.
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It was postulated that the Au must have somehow been lifted on top of the growing
crystals. Wagner and Ellis reached the conclusion that liquid Au droplets form early
in growth and play a similar role to the screw dislocation in the mechanism
proposed by Frank. Si vapour is preferentially adsorbed to the liquid droplets due
to their high sticking coefficient; meaning once adsorbed, adatoms have a much
lower probability of escaping the droplet surface compared to adatoms on the bare
substrate. Adatoms on the substrate surface are highly mobile in comparison, and
therefore, liquid droplets serve as “sinks” for adatoms migrating on the surface;
resulting in a large proportion of the deposited Si becoming stuck to the surface of

the droplets.

The Au droplets become Au-Si alloys as Si diffuses into the droplet. Recently, in-
situ transmission electron microscopy was used to image the early stages of Au-
catalyzed VLS Si NW growth in real-time, providing insight into the alloy
formation and nucleation stages.”>’* The alloy becomes supersaturated as the Si
concentration in the droplet continues to rise, driving the precipitation of solid Si
onto the substrate surface underneath the liquid droplet. As a result, Si crystals grow
layer-by-layer underneath the droplets, and the droplets are lifted on the tip of the
crystals, sustaining growth as long as the droplets remains sufficiently concentrated
with Si. The term VLS growth was used to describe this crystal growth process,

and has been studied extensively for the past 50 years.

2.2.4 NW Applications

NWs are ideal structures for transistors due to their attractive properties: width can
be controlled below size-scales achievable by conventional lithography; scattering
of charge carriers is reduced due to their crystalline structure and smooth surfaces;
and high yield fabrication of NWs with uniform electrical performance is readily
achievable.?*?>>° Using core-shell epitaxy, gate oxides and metal gates can be
grown on the sidewall of NW channels, enabling the fabrication of cylindrical
wrap-gated transistors that enhance electrostatic control over the channel compared
to conventional single sided gate configurations.?*??%3%75 In some cases, the

electrostatic control is sufficient to deplete the channel of the charge carriers upon

10
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the application of an “off” gate voltage.?*273%7677 Therefore device fabrication is
simplified due to the elimination for the need of abrupt dopant concentration
gradients to be formed between the channel, and the source and drain. Recently, the
highest reported device density for any reported nanoelectronic system was
fabricated using NW components.’® This result suggests NWs may play a role in
maintaining the rapid pace of Moore’s Law of increasingly miniaturized

computation architectures.

NWs with core-shell p-n junctions along their length may improve performance in
solar cells by reducing the distances generated minority charge carriers need to
travel to reach their majority carrier region.>**>* NW solar cells have been shown
to increase defect tolerances, easing fabrication requiements.*? High efficiencies
attained in vertically oriented NW arrays have been achieved due to their excellent
light absorption and trapping properties.!¢417?% NWs also make excellent
materials for sensors due to their high surface to volume ratio and the ability to
controllably functionalize their smooth surfaces. For example, a pH sensor can be
fabricated simply by functionalizing a p-type Si NW’s surface to interact strongly
with H" ions.® Therefore, the H" concentration determines the NW’s surface
charge, behaving much like a gate voltage, and the pH can be determined by
measuring the conductivity of the wire. Biological sensors designed to interact with

more sophisticated molecules have been fabricated using a very similar approach.*

11
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2.2.5 Branched NWs

Branched NWs, also known as “nanotrees”, are 3D nanostructures composed of
NW trunks and branches.?>’!#1%* Branches are grown by epitaxial VLS on the
faceted sidewall of a NW trunk, and offer the unique capability of arranging NWs
in three-dimensions which may enable access to new NW device architectures. 3D
nanotree electrodes have been shown to enhance charge collection from the
surrounding photoactive material in an organic solar cell device, mimicking the
evolved solution of trees for efficiently capturing light and transporting nutrients.”
Branched NWs increase the surface area above that of 1D NWs, which may enable

improved sensing, and catalysis.

Figure 2.4: (a-b) SEMs of GaP nanotrees, (¢) TEM image of trunk with five branches,
(d) HRTEM image indicating epitaxial growth of branch on trunk (image taken from
region indicated by arrow in (c)). Reprinted by permission from Macmillan Publishers
Ltd: Nature Materials, copyright 2004.%3

12
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Liquid droplets can be deposited on the trunk sidewall to catalyze branch growth

by a variety of methods, including: a separate catalyst deposition step®>3+%; surface

t%'

; self-catalyzed placement””?’;

migration from primary growth drople ; in-situ
catalyst formation®; or co-evaporation of catalysts'®’. Branches with different
compositions as the trunk have been grown, such as Ge NW branches grown
epitaxially on Si NWs.!'”! In addition, screw dislocation driven trunk growth
followed by secondary VLS growth of branches has resulted in unique helical
branched structures.”’"® Epitaxially grown and aligned GaP nanotrees from the
work by Dick et al. are shown in Figure 2.4. Aerosol Au particles were deposited
on the trunks to subsequently catalyze branch growth. Branch growth was shown
to be epitaxial on the sidewall of the trunk using high-resolution transmission

electron microscopy imaging (Figure 2.4d). In this thesis, significantly enhanced

control over branch placement will be demonstrated.

2.2.6 Interconnected Nanotree Architectures

Branched NWs are building blocks for the bottom-up fabrication of interconnected
3D NW networks, and offer a new approach to constructing nanoscale architectures
for device applications, +8793:100.1027105 T fabricate NW networks, the trunks are
periodically arranged on a substrate using electron beam or nanoimprint
lithography to pattern seeds that will alloy with the vapour, and catalyze VLS
growth. NW branches are grown epitaxially on the sidewall of the trunk, therefore,
if the trunks are grown epitaxially on a lattice matched substrate, their facets will
be azimuthally aligned, resulting in branches growing along a discrete number of
in-plane directions determined by the substrate crystal orientation. If the seed
pattern is strategically designed to reflect the crystal symmetry of the substrate and
NW material, branch growth can be directed toward adjacent trunks to form

connections.

13
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A schematic adapted from Dick et al. depicting the fabrication of interconnected
NW networks using epitaxial growth and pre-patterned seeding is shown in Figure
2.5.34 Figure 2.5g shows an SEM image of the resulting NW network. In the work
by Dick et al., isotropic interconnectivity had been achieved, however, height
dependent anisotropic interconnectivity throughout NW networks has yet to be
achieved. Improved control over positioning branches on select sides and select
heights of NWs would enable the fabrication of NW networks with complex
conductive pathways. Precise branch positioning is a capability currently lacking
in the NW community®'*%!%  The improved control over branch placement
demonstrated in this thesis may enable design of conductive pathways throughout

NW networks.

(C <i1i> <11i>
<0007> 0001>
<1z1>
<1i0> <1100>

(101 <1210> <i7>

<2110> <1010>
A A
Figure 2.5: (a-f) Schematic for the fabrication of position controlled, interconnected
branched InAs NWs epitaxially grown on InP substrate. Gold seeds are placed on NW
sidewalls in (d) for epitaxial branch growth. (g) SEM image of the resulting NW

network. Adapted with permission from Nano Letters.®* Copyright 2006 American
Chemical Society.
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2.3 Glancing Angle Deposition (GLAD)

2.3.1 Introduction

Glancing angle deposition (GLAD) is a physical vapour deposition (PVD)
technique used to fabricate nanostructured thin films.!”!'3 During GLAD, a
collimated vapour flux is directed onto a steeply tilted substrate that can be rotated
around two axes (Figure 2.6). The angle between the flux and substrate normal is
referred to as the deposition angle (), and is controlled by tilting the substrate. The
azimuthal angle (@) can also be controlled independently by rotation about substrate
normal, enabling the position of the vapour source to be changed from the
perspective of the developing film. At oblique deposition angles (o > ~70°)
shadowing of the flux between adjacent nuclei results in the evolution of separated
columns (Figure 2.7). The growth direction of columns can be guided during
deposition using substrate motion, enabling a high degree of morphological control

over nanostructured thin films. GLAD films are applicable as humidity sensors'!*-

116 117-124 125-132
2

, nanostructured solar cells , ultrathin layer chromatography and

liquid crystal alignment!33-13¢,

A highly collimated flux is required to control geometric shadowing between
adjacent structures. Electron beam evaporation (EBE) is the preferred PVD method
to achieve good flux collimation due to lower deposition pressures compared to
sputtering, and smaller source size compared to thermal evaporation. In addition, a
large source to substrate distance is used to further collimate the flux. EBE will be

used to deposit ITO throughout this thesis as shown schematically in Figure 2.6.
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Figure 2.6: Schematic of e-beam evaporated ITO deposited using GLAD. « and ¢ are
controlled by stepper motors during deposition. Adapted with permission from
Nanotechnology.'?* Copyright 2011 Institute of Physics.

During GLAD, shadowing of the collimated flux prevents material from reaching
regions behind nuclei that form on the substrate as adatoms begin to agglomerate
and form raised islands on the substrate (Figure 2.7b).!3” Nucleation is inhibited
in regions shadowed from flux in conditions of limited adatom mobility on the
substrate (ie low temperature). As nuclei increase in size, ballistic deposition
eventually results in growth material accumulating solely on top of the separated
nuclei, leading to growth of structures toward the incoming vapour flux. This
process leads to the growth of separated nanocolumns inclined at an angle f with

respect to substrate normal (Figure 2.7c).
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f # ain general, instead S depends on a, substrate temperature, pressure, crystal
structure, growth mechanism, and surface diffusion. As will be seen in this thesis,
the growth direction of VLS grown ITO NW structures appear to be independent
of a, which deviates from what is typically observed in conventional GLAD.
Smaller nuclei and columns stop growing as they become increasingly shadowed
from flux by larger structures as depicted in Figure 2.7d. Shadow mediated
competitive growth is inherent to GLAD, and will be investigated in detail in this

thesis.

2.3.2 Nanostructured Thin Films

Structures cast longer shadows as o is increased, enabling control over spacing
between adjacent structures. The azimuthal orientation of the collimated flux with
respect to the growing columns can be controlled by rotating the substrate in 4.
Columns grow toward the flux, therefore, substrate rotation can be used to guide
the growth of columns into more complex nanostructures (Figure 2.8), including:

helices, vertical posts, and chevrons.!%%110-112

(@) E o (b)

Figure 2.7: Schematic of shadowing in GLAD leading to slanted post films. (a) Formation
of nuclei on substrate surface. (b) Nuclei begin to cast shadows. (c) Columnar growth
begins, smaller structures are starved from flux. (d) Columns grow inclined at an angle £.
Adapted with permission from Handbook of Deposition Technologies for Films and
Coatings."*® Copyright 2010 Elsevier.
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Figure 2.8: Various GLAD morphologies: (a) slanted post, (b) zig-zag posts, (c) helical
posts, and (d) vertical post. Adapted with permission from Journal of Materials Science:
Materials in Electronics.'*' Copyright 2006 Springer.

Alternating ¢ between 0° and 180° results in columns slanting back and forth as
they follow the apparent position of the flux, leading to chevron structures shown
in Figure 2.8b. Slow rotation about ¢ causes the growth direction of the column to
slowly rotate, leading to the growth of helical structures shown in Figure 2.8c. The
helical morphology is lost when ¢ is rapidly rotated since the apparent vapour
source essentially becomes isotropic azimuthally, leading to the growth of
vertically oriented columns (Figure 2.8d). More complex substrate motion
algorithms can be designed to achieve further control over film morphology.'3-14°
The morphology of GLAD films is primarily determined by geometrical features
of the vapour flux, and surface diffusion properties of the material. In contrast, the
shape of VLS grown crystals is largely dependent on the crystal properties of the

material. '’

2.3.3 Seeding

In VLS growth lithographically patterned seeds can be liquefied to collect adatoms
from an isotropic vapour flux, due to their high sticking coefficient, leading to the
growth of periodically arranged arrays of NWs, as previously discussed. In
contrast, seeding in GLAD relies on ballistic flux deposition solely onto pre-
patterned seeds on the substrate to grow ordered columnar films (Figure 2.9). Seed
spacing must be designed for a particular a to ensure shadowing is sufficient
between seeds to prevent deposition on the substrate, and that seeds do not shadow
adjacent seeds from receiving flux. Seeding in GLAD eliminates stochastic

nucleation, leading to a uniform local shadowing environment for the growing
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columns which significantly enhances morphological control.!*>"!%” Physical
seeding during GLAD enables the fabrication of 3D architectures composed of

periodically arranged nanocolumns with highly uniform shape and morphology
(Figure 2.10).

(a) RANDOM NUCLEATION (b) PERIODIC NUCLEATION s
TILT ANGLE NUCLEUS VAPOUR NUCLEUS
VAPOUR o ! SHADOW SEED SHADOW
FLUX \‘tb—*/ FLUX \"::_T;
-\\* \\~>

VAPOUR

¥fSQ”L\_:_? COLUMN FLu% COLUMN
— SHADOW T SEED

SHADOW

Figure 2.9: Illustration of (a) stochastic or random nucleation versus (b) periodic
nucleation on pre-patterned seeds. Taken with permission from Journal of Materials
Science: Materials in Electronics."*' Copyright 2006 Springer.

Figure 2.10: Highly ordered square spiral GLAD film grown on top of pre-positioned
seeds. Taken with permission from Science.'’
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2.3.4 Crystal texture in GLAD films

GLAD nanostructures are typically polycrystalline or amorphous unlike crystalline
structures obtained through VLS growth.!*’ In this thesis, the intersection between
VLS crystal growth and GLAD will be explored. This section presents a discussion
regarding the atypical case of crystalline growth using GLAD, and how ballistic
vapour deposition can lead to the evolution of crystal texture through shadow

mediated competitive growth mechanisms.

During GLAD processes, crystalline column growth is occasionally achieved at
lower temperatures than typically required for crystal growth (Tgrowen <
~0.3Tperting)"” due to reduced adatom mobility requirements for posts with

nanoscale dimensions.'*® Following initial observations of preferred crystalline

orientations in GLAD posts!47- 14

, numerous studies regarding the GLAD growth
of crystalline and polycrystalline nanorods composed of a variety of material

systems have been reported.'?+!30-171

Crystal texture refers to the degree of alignment of crystallites in a polycrystalline
sample.!” Fiber texture is used to describe the case where crystallites in a thin film
have a preferred orientation in the axial direction (typically pointing vertically on
the substrate), and a random azimuthal orientation. Biaxial texture is used to
describe the case where crystallites are preferentially aligned both in- and out-of-

plane of the substrate.

GLAD can be used to selectively grow crystallites oriented with high surface
energy facets pointing vertically, enabling fiber texture to be achieved even in the
case of random crystallite nucleation on a non-lattice matched substrate.!>® High
surface energy facets exhibit faster vertical growth rates due to low adatom
mobility; adatoms stick to high energy facets, leading to enhanced vertical growth
rates.!!” Karabacak et al. used GLAD to selectively grow B-W or a-W crystals in a
film that nucleates with a mixture of crystal phases.!>® B-W posts have high surface
energies, and therefore a high vertical growth rate. a-W crystals have higher

adatom mobility, and therefore, adatoms diffuse to column sidewalls and contribute
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to lateral growth, slowing vertical growth. During GLAD growth, the o-W phase
goes extinct due to increased shadowing from the enhanced vertical growth rate of
B-W crystallites (Figure 2.11b) Conversely, in an isotropic deposition geometry
(non-GLAD) a-W oriented films result (Figure 2.11a). The enhanced lateral a-W
phase growth rate results in burying of the B-W phase. Therefore, the orientation of

the crystallites in the film depends strongly on the geometry of the vapour flux.

[ {slands with texture having Islands with rexture having
— high adatom mobility low adatom mobility
and faster lateral growth and faster vertical growth
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Figure 2.11: Schematic illustrating texture evolution mechanisms in crystalline W films
at (a) normal deposition, and (b) oblique angle deposition. Taken with permission from
Applied Physics Letters.">® Copyright 2003, AIP Publishing LLC.

GLAD can also be used to engineer the azimuthal flux distribution to grow
crystallites with a select in-plane orientation, resulting in biaxially textured
films, 13%-161L.166-168.170.171 Qe application of biaxially textured GLAD films is to act
as a buffer layer on amorphous substrates to enable subsequent epitaxial thin film
growth.'®167 LaForge et al. demonstrated a flux engineering methodology capable
of growing films composed of crystalline Fe nanocolumns with their triangular
cross-sections preferentially aligned in-plane.!”® ¢ was alternated between three
positions separated by 120°, resembling a three-fold symmetric flux distribution.
A large number of nanocolumns oriented with their triangular cross-section such

that each of the three flux positions was normal to each sidewall were observed
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following growth. It was postulated that evenly distributing the flux on the facets
of the growing crystallites gave crystallites with the preferred orientation a
competitive advantage during deposition. Conversely, an isotropic azimuthal flux
configuration (achieved by rotating ¢ continuously) resulted in random alignment
of the crystallites’ triangular cross-sections. The flux engineering technique

developed by LaForge et al. is used extensively in this thesis.

(a) Isotropic flux (b) 3-fold symm. flux

¢1

Figure 2.12: Schematic of azimuthal flux configurations and resulting crystallite
alignment. (a) substrate rotation led to randomly oriented crystallites. (b) Symmetric 3-
fold azimuthal flux configuration led to aligned crystallites, and biaxial film texture.
Adapted with Permission from Crystal Growth and Design.' Copyright 2012
American Chemical Society.
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2.4 Indium Tin Oxide (ITO)

ITO is the primary material used throughout this thesis. ITO has many useful

)1737193’

properties, including: (i) ITO is a transparent conductive oxide (TCO and

(i1) branched ITO NWs are produced through a low temperature self-catalyzed VLS

growth process’’ 92194202,

2.4.1 Electrical and Optical Properties

ITO is the standard transparent electrode used in organic devices, including:
organic light emitting diodes (OLEDs), and organic solar cells.!332%213 ITO is a
wide bandgap (~ 4 eV), degenerately doped n-type semiconductor. Therefore, ITO
has the unique property of being simultaneously transparent to visible light and
conductive. Sn and O-vacancies act as electron donors in an In,Os lattice. Sn**
substitutes In®" in the In,Os lattice, donating an electron. The following equations

describe how electrons are introduced into the lattice via incorporation of Sn and

():174
00 = Vg +2€™ +30yq 2.1)
25M05(s) = 25Mj, + 300 + 2™+ 054 (2.2)

O-vacancies donate two electrons to the conduction band (O is removed from
lattice). Due to the highly doped nature of ITO, the bandgap is wider than In,O3
(3.75 €V to 4 eV) since the low energy bands in the conduction band are occupied
(Burstein-Moss shift).!8:186207.214219 ITQ has a relatively high work function,

reported between 4.1 eV to 5.3 eV'¥, although, is generally assumed to be 4.7
eV221222.

ITO was first recognized as a transparent conductive material in 1971, where a low
sheet resistance of 15 Q/sq and a high transmissivity of 80% were reported.'”
Shortly after in 1972, a significantly improved sheet resistance of 1.6 €/sq (with

73% optical transmission) for ITO was obtained via sputtering in a slightly oxygen
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deficient environment.'®* In 1975, Molzen determined low sheet resistances of 2-3
Q/sq achieved 95% transmittance in the visible region by annealing ITO films in
argon.'”® The effect of annealing has on the optical and electrical properties of ITO

will be discussed further in Chapter 7.

The variance in ITO properties between research groups is a result of a complex
balance between stoichiometry, and crystallinity. An excellent review describing
the dependence of ITO’s electrical and optical properties on growth and annealing
conditions was written by Bel Hadj Tahar et al.'”” ITO is a material with highly
tunable properties where the optimal balance between transmittance and sheet
resistance can be achieved depending on the requirements of the desired

application.

2.4.2 ITO Crystal Structure

ITO has a complex cubic bixbyite crystal structure composed of 80 atoms per unit
cell. 2132237225 A5 a result, the properties of ITO can vary strongly with changing
stoichiometry, doping, impurities, and phase-segregation, placing stringent
requirements on the growth conditions. The preferred crystallographic growth
direction depends on the O-content in the chamber. In an oxygen deficient
environment, ITO films grow along the [004] direction, and have a high oxygen
vacancy concentration leading to high carrier concentration, poor mobility, and
poor light transmission.?!#226:227 Meanwhile, in an O-rich growth environment, ITO
grows preferentially along the [222] direction, and has enhanced Sn** doping,
leading to higher carrier mobility.?'®?%¢ The change in growth direction is a result
of the (004) surface being higher energy than (222) in an O-rich environment, and
vice versa. The effect of oxygen concentration during growth not only effects
carrier concentration, it also impacts the preferred crystallographic growth
direction, increasing the complexity when determining optimal ITO growth

conditions.

The lattice constant of InyO3 increases upon Sn doping. This increased lattice

constant violates Vegard’s law, which predicts a reduced lattice constant upon Sn
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doping due to the smaller radius of Sn*" compared to In**. The lattice constant
increase is attributed to amplified electrostatic repulsion caused by the

incorporation of increased positive charges from Sn**.228-232

2.4.3 Self-catalyzed VLS of ITO NWs

ITO undergoes self-catalyzed VLS growth when deposited by PVD onto a
sufficiently heated substrate.”’ %%194-202.233-242 pigyre 2.13 shows a schematic for
self-catalyzed growth of branched ITO NWs. Early in deposition, In and Sn form
liquid alloy droplets on the substrate at relatively low temperatures (under 150 °C)
as shown in Figure 2.13a.2** These molten alloys collect material and catalyze the
VLS growth of crystalline ITO NWs (Figure 2.13b). A detailed description
regarding the precipitation of Sn-doped In2O3 crystals from In-Sn melts was
reported by Frank et al.>** As a result of this nucleation process, a very thin (~ 5 nm)
solid film layer remains on the surface of the substrate (Figure 7.3). In some cases,
In-Sn liquid droplets form on the sidewall of the initial NWs. These droplets collect
growth material, and catalyze epitaxial growth of NW branches on the sidewall of
the NW trunk (Figure 2.13¢).?*! Separate catalysts, such as Au, are sometimes used
to catalyze ITO NW growth, however, higher temperatures are required to form a

thIld alloy. 198,229,245-255

The structure of ITO NWs is strongly effected by growth conditions. A similar
effect as observed in planar films**®, Takaki et al. reported that ITO NW
crystallographic growth direction and resulting morphology was a function of
sputtering power and oxygen partial pressure.”® Both  (400)°%1%
198,234,235.245,249.250.253 and (222)”8992%* oriented ITO NW growth has been reported
in literature. The catalytic droplets have been found to have a higher Sn
composition than the NW, supporting the proposed self-catalyzed VLS

mechanism.”’l 95,197,199,242

ITO is an excellent material system to study the combination of GLAD with VLS
growth because it is self-catalyzed, grown through simple PVD processes, and

occurs at low temperatures (~ 150°C). These features reduce fabrication steps and
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ease equipment requirements. The self-catalyzed mechanism of ITO will be studied

extensively throughout this thesis.

(@) (b)
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Figure 2.13: Schematic of the self-catalyzed VLS growth of branched ITO NWs. (a) In-
Sn liquid droplets form on substrate early in ITO deposition. (b) Liquid droplets catalyze
growth of NWs, liquid droplets form on sidewall of trunk. (¢) Liquid droplets catalyze
epitaxial branch growth on sidewall of NWs, trunks and branches grow along (400)
directions. (d) SEM image of VLS grown branched ITO NWs.

2.4.4 Nanostructured electrodes for organic photovoltaics

OPV devices use organic photoactive materials to absorb light and produce

203,204209.211.256260  OPVs offer potential solutions to cheap power

electricity.
generation and flexible devices. However, low efficiency and short device lifetimes
have prevented OPV from becoming a contender in the solar energy market.
Nanostructured electrodes have been used to extract charges in OPV devices,
leading to enhanced performance and lifetimes. In this thesis, 3D branched ITO
NW transparent electrode architectures will be optimized for OPV applications.
This section will briefly describe the operation of OPV devices, and provide a

background of nanostructured ITO electrodes.
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Upon absorption of light in an organic photoactive layer, an electron-hole pair is
created as a bound exciton. Unlike inorganic semiconductors, the exciton has a
significant binding energy that must be overcome to separate the generated
electron-hole pair. An interface between an acceptor and donor provides offset
energy levels that enable the separation of an exciton into an electron and hole.
However, excitons often decay prior to reaching the interface in a planar device due
to their extremely short diffusion length, typically on the order of ~ 10 nm in
polymeric materials. The bulk heterojunction (BHJ) architecture is composed of a
mixture of donor and acceptor materials, enabling the generated excitions to be
within a diffusion length of an interface at all times, ensuring efficient charge
separation.”>® The separated free charge carriers must travel to their respective
electrodes, however, charge transport in polymeric materials is also extremely
limited. Therefore, the thickness of the BHJ is limited by the distance charge
carriers can travel prior to decaying, which limits light absorption, and as a result,

places limitations on the amount of charges generated in an OPV device.

A limiting factor in the performance of OPV devices are the long conduction
pathways separating the generated charge carriers from their respective electrodes.
As a result, the generated charge carriers often undergo recombination or are
trapped prior to collection at an electrode. Embedded nanostructured electrodes
have potential to improve OPV performance by shortening the distance a charge
carrier must travel prior to being collected by their respective electrode (Figure
2.14) 33123201261 Thig can enhance the efficiency of an OPV device by improving
charge collection of a low mobility charge carrier. By enhancing conductive
pathways, nanostructured electrodes may remove the need to compromise between
increased optical absorption and efficient charge collection. In Chapter 7, branched
ITO NW architectures will be fabricated and optimized for applications as

nanostructured transparent electrodes in OPV devices.
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Glass

Figure 2.14: Schematic of BHJ OPV device with branched ITO NW transparent
electrode designed for enhanced charge extraction.

2.5 Nanomaterial characterization techniques

Numerous characterization techniques are used throughout this thesis to assess the
structure, composition, conductivity, and crystallinity of NWs. This section will

provide a brief discussion of the relevant characterization techniques.

2.5.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is used to analyze the morphology,
topography, and to a lesser extent composition of a sample.?®* Electrons produced
by field-emission or thermionic-emission are scanned across a sample of interest.
Backscattered electrons and secondary electron emission result from interaction
between the electrons and the sample. The emitted electrons are detected and used
to reproduce highly magnified images of the samples. Backscattered electrons are
a result of Rutherford scattering, and their intensity increases with atomic number.
Therefore, backscattered electron imaging can provide compositional contrast.
Secondary electrons are ejected from the core of an atom. Due to their relatively

low energy, secondary electrons escape from a shallow distance below the surface
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of the sample (~ 5 nm). As a result, secondary electrons imaging provides
information about the topography and morphology of a sample. SEM imaging
requires conductive samples, otherwise charging may obscure the image. Coating
with Cr or Au or low voltage imaging are often performed on insulating samples to

prevent charging.

2.5.2 Energy-dispersive X-ray spectroscopy (EDX)

Electrons from higher energy orbitals fall to fill the vacancy left behind when a
secondary electron is emitted from a core energy level. A photon (X-ray) is released
when electrons fall from higher energy levels. The energy of the emitted X-ray is
equal to the difference in energy levels involved in the transition (ie Ka refers to
X-rays emitted when an electron falls from the L-shell to the K-shell). The X-rays
are detected in a technique named energy-dispersive X-ray spectroscopy (EDX, or
EDS) where elemental fingerprints are obtained and used to identify the

composition of a sample.

2.5.3 Scanning Helium lon Microscopy (SHIM)

Scanning helium ion microscopy (SHIM) is a recently developed technique that
improves upon the resolution of an SEM. SHIM bombards the sample with helium
ions, which results in the ejection of secondary electrons from the sample. He™ ions
are produced by flowing He through an intense electric field generated by a
positively charged metal needle. He atoms are polarized by the needle, and are
pulled towards it. Near the tip of the needle, electrons tunnel from the He atoms
into the tip, forming He" ions which are accelerated toward a negatively charged

anode, and focussed into a beam directed toward the sample.?%3~2%

The helium ion beam is scanned across the sample and the secondary electrons are
detected to produce a highly magnified image of the sample. An advantage of
SHIM is the small interaction volume in the sample compared to SEM. Secondary
electrons are produced within a few nanometers of the surface providing high

resolution imaging of the topography of the sample. In addition, the yield of
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secondary electrons is very high, allowing very low ion currents to be used for
imaging, reducing charging effects on insulative or semiconducting samples that
limit resolution in SEM images. Helium ions are a noble gas atoms, and therefore,
have very little chemical reactivity with the sample. Helium ions do not sputter or
implant into the sample to a significant extent due to their low mass compared to

gallium ion beams.

2.5.4 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is used to determine the crystal structure and texture in
thin films.!”? In this thesis, XRD will provide insight into the internal structure and
composition of the NWs, and will also be used to characterize the alignment of the
nanostructure arrays. X-rays diffract from adjacent lattice planes and undergo

constructive or destructive interference as defined by Bragg’s law (Figure 2.15):
niA = Zdhkl Slﬂ(@) (23)

n is an integer, dn 1s the distance between lattice planes, and @1is the angle between

the X-rays and substrate plane.

Figure 2.15: Schematic of Bragg diffraction condition for X-rays incident at an angle & on
a crystal lattice with spacing d.
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The spacing between lattice planes in a cubic crystal with lattice constant a can be

determined using the following equation:

a

it = s (2.4)

Where 4, k, and [ are integers known as the Miller indices that define the orientation
of the crystal plane with respect to the unit cell. [/#4/] denotes a direction orthogonal
to the (hkl) plane. {hkl} refers to the family of equivalent (4k/) planes. (hkl) refers
to the family of equivalent [/4kl] directions. The 4, k, and / values are obtained by
taking the reciprocal of the three points that the (/4/) plane intersects with the unit

cell. Miller indices of a cubic crystal are depicted in Figure 2.16.

(b)

Figure 2.16: Schematic of Miller indices in a simple cubic system. Planes are listed in the
order: blue, green, red. (a) (004), (002), (001); (b) (022), (011), (022); (c) (444), (222),
(111). Purple arrows correspond to (a) [001], (b) [011], and (c) [111].

Crystal texture refers to the degree of alignments of crystallites in a film; a textured
film describes the scenario where crystal planes preferentially point in a certain
direction. XRD pole figures provide spatial insight into preferential orientations of
crystallites both vertically and azimuthally. The scattering vector, Q, is defined as:

Q=K-K, 2.5)

Where K and Ky are the wave vectors for the incident and scattered X-rays,
respectively (Figure 2.17a). In a conventional XRD line scan, Q is typically
oriented along substrate normal, and therefore, if a film is textured, lattice planes
oriented such that they are stacked vertically on the substrate will scatter X-rays
with a higher intensity compared to an untextured film where their alignment is

random. In a pole figure, Q is mapped throughout a hemisphere above the sample
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for a certain crystal plane by changing the orientation between the scattering plane
and substrate during collection. The source, detector, and sample are motioned in
an Euler cradle to measure a single Bragg angle as the substrate is incrementally
tilted by an angle y from substrate normal, and rotated azimuthally about ¢ during
collection (Figure 2.17b). Figure 2.17¢ shows how XRD scans are performed at
each Q intersecting with the hemisphere above the sample to provide a spatial map
of the scattering intensity. Therefore, it is possible to determine the direction crystal
planes are pointing in three-dimensions, allowing the alignment of crystallites to be
quantified. The pole figure represents the stereographic projection of the detected
X-ray intensity for all Q.

(a) S~

yl /

plane |
»

Figure 2.17: (a) Schematic of X-ray scattering process, where K, Ko, and Q refer to the
incident and scattered X-rays, and scattering vector, respectively. K, Ky, and Q are all in
the scattering plane. The sample coordinates are sz, s2, and s3. (b) XRD pole figure
collection schematic in an Euler cradle configuration. The orientation of the scattering
plane is controlled by substrate tilt angle w and azimuthal angle ¢. (c) X-ray scattering
intensity is measured for each Q vector that intersects with a hemisphere above the sample
for a fixed Bragg angle 6. Reproduced from “Thin Film Analysis by X-Ray Scattering” by
Mario Birkholz with permission from John Wiley and Sons. Copyright 2006.'7

Conceptual figures for (222) pole figures for an array of unaligned, vertically
aligned but azimuthally isotropic, and vertically and azimuthally aligned cubic
crystals are shown in Figure 2.18a, b and c, respectively. y refers to tilt angle of
the scattering vector with respect to substrate normal, and ¢ is the azimuthal angle.
Randomly aligned cubes have no preferential orientation for (222) planes, and
therefore produce equal scattering intensity in all directions, as shown in Figure
2.18a. For a vertically aligned array of cubic crystals, the (222) planes point 55°
from substrate normal. Therefore, (222) planes will scatter the most intensely when

w ~ 55° Due to random azimuthal alignment, the scattering intensity will be
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uniform about ¢, resulting in a pole figure with an isotropic ring located at 55° as
shown in Figure 2.18b. For vertically and azimuthally aligned cubes, the (222)
planes only point along four possible directions above the substrate, resulting in
four peaks at = 55°, separated by 90° in ¢ as shown in Figure 2.18c. Pole figures
provide information regarding the alignment of crystallites over large substrate

areas (~ 1 mm?).

(@) y=90° (b) (c)

Figure 2.18: Conceptual (222) XRD pole figures for arrays of cubic crystals that are (a)
randomly aligned, (b) vertically aligned but randomly aligned azimuthally, and (c) aligned
vertically and azimuthally. y and ¢ correspond to the orientation of a particular scattering
vector Q and the red represents the detected X-ray intensity.

2.5.5 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is used to analyze morphology,
composition, and crystallinity of a sample.?®® Unlike XRD, TEM is used to
determine local crystallinity rather than crystal properties of the bulk. Electrons are
transmitted through a thin sample, and are either unscattered, elastically scattered
or inelastically scattered. Unscattered electrons are used for bright field TEM
imaging, and provide information regarding thickness and composition of a sample.
Regions that undergo Bragg scattering (elastically scattered electrons) will appear
dark, because the diffracted beam is blocked from being detected. In addition,

thicker areas and areas of the sample with heavy atoms will also appear dark.

Elastically scattered electrons undergo Bragg scattering like in XRD, and provide
information regarding the crystal structure of a sample. In selected area electron
diffraction (SAED), the beam can be set to interact with select regions of the sample

to locally characterize crystallinity in a sample. SAED provides a map of the
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reciprocal lattice of the crystal. It is possible to determine whether a region is
amorphous, polycrystalline, or a single crystal using this technique. In a crystalline
sample, which will be what is imaged in this thesis, a series of points will be

detected that correspond to planes of the crystal.

High resolution TEM (HRTEM) imaging enables imaging of lattice planes of a
crystal.?%” This is done by allowing a selected diffracted beams and the unscattered
beams both to pass to the detector unblocked. Interference between the unscattered
beam and the diffracted beam enables spatial imaging of the lattice planes, this is
often called phase contrast imaging, and can be difficult to interpret. High angle
annular dark field (HAADF) imaging involves using a scanning TEM (STEM) to
raster a highly focussed beam of electrons across a sample, and detecting
incoherently scattered (no interference effects or Bragg scattering) electrons.?3-27
Bright spots correspond directly to the position of atomic columns in the sample
when the electron beam is aligned down a zone-axis of a crystalline material.

HAADF-STEM images are therefore simpler to interpret compared to HRTEM

imaging.
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=1 nm/s

>0.05 nm/s

Figure 3.1: This figure depicts height dependent control over branch density and trunk
diameter achieved by modulating flux rate during VLS-GLAD growth of branched ITO
NWs. Portions of this chapter were published in Nanotechnology*', and this figure was
featured in a news article entitled, “Nanotree structures shaped with an arborist’s precision”
on Nanotechweb.org (http://nanotechweb.org/cws/article/lab/48939).

Portions of this chapter were reproduced with permission of The Institute of Physics
(IOP) from the following publication:

Beaudry, A. L., Tucker, R. T., LaForge, J. M., Taschuk, M. T., and Brett, M. J.
Nanotechnology 2012, 23, 105608.
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Chapter 3. VLS-GLAD

3.1 Introduction

3.1.1 Introduction

This chapter introduces a technique named VLS-GLAD, where GLAD is used to
provide a directable collimated vapour flux to enhance control over VLS growth.
First, an overview of other group’s early attempts at VLS-GLAD NW growth will
be presented. This will be followed by in-depth investigations into the impact of
various deposition parameters, including deposition rate, « and substrate
temperature, on the morphology of branched ITO NW arrays grown by self-
catalyzed VLS. Control over NW spacing, branching, and diameter will be
demonstrated. The chapter concludes with a demonstration of powerful height-
dependent morphological control achieved by modulating deposition parameters

during VLS-GLAD growth.

3.1.2 Early VLS-GLAD

During GLAD, low temperatures are usually required to enable a ballistic vapour
flux to direct where adatoms are incorporated in a developing columnar film. At
high temperatures, adatoms have a much higher mobility on the surface, therefore,
adatoms are likely to migrate far from where they land, and the ability to control
the structure of a film using ballistic vapour flux deposition would be diminished.
Conversely, crystal growth requires high temperatures to give adatoms sufficient
mobility to reach their lowest energy configuration. As a result, the intersection
between crystal growth and GLAD has remained largely unexplored. Throughout
this thesis, the value of placing adatoms on select regions of structures undergoing

VLS crystal growth using GLAD will be demonstrated.

Two groups have attempted to use GLAD to enhance control over the VLS growth
of Ge NWs.?">?73 The combination of VLS and GLAD was named VLS-GLAD by
Alagoz and Karabacak®’?, while Suzuki et al. referred to the process as high-
temperature GLAD (HT-GLAD) assisted VLS growth?”*. Throughout this thesis,
VLS-GLAD will be used to describe the use of GLAD to guide VLS growth.
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Suzuki et al. led early investigations into the impact of elevated substrate
temperatures during the deposition of metals using GLAD. ?4?7 Early in Suzuki
et al.’s HT-GLAD work, they observed that metallic crystalline whiskers would
grow on substrates heated to 1/3 the melting point of the respective metal only when
deposited at elevated deposition angles (a > ~80°).27427> In contrast, normal
deposition (low @) resulted in whisker-free planar, granular films. It was postulated
that the low temperature crystal growth was enabled by oblique deposition due to
favoured nucleation of well separated structures, and increased sidewall deposition
on raised structures. Sidewall deposition was thought to significantly reduce
adatom mobility requirements to sustain crystal growth. The phrase “efficient
deposition” was used to describe the use of GLAD to deposit adatoms near a region
where crystal growth was favorable. For instance, material landing on the sidewall
of a vertically growing crystal has to travel a much shorter distance to reach the tip
of the crystal compared to material landing on the substrate. Material deposited on
the substrate would have a much higher likelihood of being incorporated into a
planar film, therefore, in normal deposition (low a) the planar film would bury the

high aspect ratio crystals.

Following this work, Suzuki et al. investigated the use of GLAD during the VLS
growth of Ge NWs.?®> A thin layer of Au was deposited onto a Si substrate and
heated to 420 °C prior to Ge deposition. It was found that VLS growth of Ge NWs
was observed only for deposition angles above 73°, and not below, as shown in
Figure 3.2 (adapted from Suzuki et al.’s work).?”® Once again, Suzuki et al.
postulated that oblique vapour deposition increased the amount of Ge deposited on
the sidewall of the growing structures, reducing the distance adatoms need to travel
to be incorporated into the liquid droplet at the tip of the growing crystal. Suzuki et
al. stated that GLAD enables NW growth for conditions (lower temperatures, etc.)
that would otherwise not be conducive to NW growth. To support this claim, Suzuki
et al. developed a preliminary model that suggests sidewall deposition is essential
to VLS growth during HT-GLAD. However, it is clear more studies need to be

performed to better understand the relationship between « and VLS growth.
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In a similar work, Alagoz et al. used GLAD to deposit Ge onto Au catalysts
patterned by nanosphere lithography.?’?> The Ge vapour was deposited using
thermal evaporation at &= 85°, and 400 °C substrate temperature. Crystalline VLS
NW growth was achieved, however, an unexplained tilting effect was observed; the
NWs were observed to tilt away from the flux. Au-droplets were observed at the
tips of the NWs, providing evidence for VLS growth (see Figure 3.3 adapted from
Alagoz et al.’s work). No obvious benefits of VLS-GLAD were presented. It is
clear from the work presented in this section that significant work still needs to be
done to fully understand the impact of GLAD on VLS growth. The work in this
thesis presents a significant advancement in the use of GLAD to enhance control

over the VLS growth of NW structures.
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Figure 3.2: (a) Ge deposited without Au seeds (o = 85°), Ge deposited on Au seeds for
(b) a=285° (c) a=73° and (d) o= 58°. Adapted from the work by Suzuki et al. with
permission from Applied Physics Letters.?”> Copyright 2011, AIP Publishing LLC.

Flux Direction Flux Direcfion

f— byt | 4
o

- -

Flux Direction

Figure 3.3: (a) cross-sectional and (b) top-down SEM images of Ge NWs grown on Au
seeds using VLS-GLAD at a = 85°. (c) and (d) are grown without Au seeds. Adapted
from the work by Alagoz et al. with permission from MRS Proceedings.>"
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3.1.3 VLS-GLAD of branched ITO NWs

Throughout this thesis, GLAD will be used to guide the self-catalyzed VLS growth
mechanism of branched ITO NWs as presented in Section 2.4.3. ITO undergoes
self-catalyzed VLS at relatively low temperatures (~ 150 °C), and is readily
achievable using PVD. In addition, the self-catalyzed growth removes the need for
pre-deposition of catalysts, and the resulting branches serve as indicators of
morphological anisotropy due to asymmetric vapour flux deposition (will be
discussed in Chapters 5 and 6). Therefore, ITO is a perfect material system for
initial VLS-GLAD studies. In this chapter, precise control over branched ITO NW
morphology using VLS-GLAD is presented. The control demonstrated throughout
this thesis goes far beyond what has been demonstrated by previous groups using

VLS-GLAD, and has led to a new level of structural control in branched NWs.

Figure 3.4a depicts the VLS-GLAD parameter space relative to conventional
GLAD, VLS and planar deposition of ITO. In this chapter, a systematic
characterization of the effects of vapour flux rate, a, and substrate temperature on
ITO NW morphology is reported. The effects of deposition parameters on the NW
morphological properties, including trunk diameter, branch diameter and trunk
density (defined in Figure 3.4b) are examined in detail. In addition, powerful
height dependent morphological control is demonstrated in ITO NW arrays via
manipulating o and flux rate during growth. ITO NW growth has been reported
with a large range of substrates, flux rates, vapour incidence angles and deposition
techniques 799102, 194.197-200234,235237.247.254.276-280. However, a systematic study of
the effect of highly oblique vapour incidence angle in combination with varied

deposition parameters had not been reported previously, and is presented here.
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VLS-GLAD

Deposition Angle o (°)

100 200
Temperature (°C)

(b) < droplet diameter

o trunk diameter

branch diameter

Figure 3.4: (a) Qualitative parameter space for ITO planar, glancing angle deposition
(GLAD), and vapour-liquid-solid (VLS) grown films. Combining high substrate
temperature and high deposition angles produces unique morphologies in a process we
call VLS-GLAD. (b) Schematic definition of deposition angle (@) and the angle of
rotation about substrate normal (¢@). Typical NWs are characterized as having a trunk,
droplet, and numerous branches. Reproduced with permission from Nanotechnology !
Copyright 2012 Institute of Physics.
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3.2 Experimental

3.2.1 VLS-GLAD growth of ITO NWs

ITO NW films were deposited using a high vacuum (base pressure below 0.1 mPa)
electron beam evaporation system (Kurt J. Lesker, AXXIS) with a custom substrate
motion controller capable of precisely controlling o (angle of vapour incidence) and
¢ (angle of substrate rotation around substrate normal). Substrate temperature was
controlled by two halogen lamps illuminating substrates on a copper chuck.
Temperature was monitored by a cold-junction corrected (ASTM E2730-10
standard)*®! type T thermocouple (TC) held approximately 1 cm above the substrate
holder. This position exposed the TC to the same vapour flux and radiative loading
as the substrate, but still allowed for substrate rotation. A photograph of the custom
heating assembly is shown in Figure 3.5. For further details regarding this heating
assembly, see Graham Hunt’s thesis.?®? The temperature of the elevated TC was
calibrated with respect to a TC fixed to a silicon substrate on the chuck when
stationary (Figure 3.6). The floating TC consistently reports growth temperatures
approximately 30 °C less than the fixed TC. The floating TC temperature was used
to monitor temperature during deposition and is the temperature reported in this

chapter.

The distance between the source and substrate was 42 cm. The ITO source was
composed of pure 3 mm to 12 mm pieces of In2O3 : SnO2 (91:9 % mol.; 99.99%
purity; Cerac, Inc.). No process gas was added during deposition. The films were
grown on Si wafers ((100); p-type; University Wafer), quartz (Quartz Scientific),
B270 glass (Howard Glass Co.) and commercial ITO on borofloat glass (Delta
Technologies, Ltd.). The films were deposited across a range of deposition angles
(30°to 90°), pitch values (1 nm nominal to 1000 nm nominal), flux rates (0.05 nm/s
nominal to 2 nm/s nominal) and substrate temperatures (80 °C to 240 °C). Effective
source diameter was estimated to be approximately 1 cm. This large source area
permits deposition even at a deposition angle of 90°, as the source is not fully

occluded by the substrate holder.
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Figure 3.5: Two halogen bulbs are directed at the center of the chuck using aluminum
reflectors. The heating assembly rotates in o with the substrate. This photo was adapted
with permission from Graham Hunt’s thesis?®?

3.2.2 Characterization

A SEM (Hitachi S-4800, 15 kV accelerating voltage) was used to image the films.
Films deposited on Si substrates were imaged without further coating, whereas
films deposited on quartz, B270 glass, or commercial ITO on borofloat glass were
coated with approximately 10 nm Cr to reduce charging. Trunk diameter, droplet
diameter, branch diameter, trunk density, and nearest neighbour distance were
measured by manually analyzing cross-sectional and top-down SEM images of
uncoated ITO NWs on Si substrates. Length and diameter values were averaged
over five measurements from cross-sectional SEMs using ImageJ image analysis
software.?®® Nearest-neighbour distance was estimated as the mean of a gaussian
distribution fit to the distances between all unique trunk pairs for each top-down
image. XRD (Bruker D8 Discover) patterns were taken on the films deposited on
Si substrates using a Cu Ka radiation, a 0.5 mm collimator, and a Bruker HiStar
area detector at a distance of 15 cm. TEM was used to image select ITO NWs, and

to further analyze the crystal structure (JEOL 2200 FS and Hitachi H9500).
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Figure 3.6: Temperature measured by TC fixed to substrate, and TC elevated 1 cm
above substrate versus time. The elevated TC set point temperature was 240 °C,
resulting in a measured temperature of about 270 °C at the surface of the substrate.
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3.3 Results and Discussion

3.3.1 Deposition angle (o)

Cross-sectional and top-down SEM images of VLS-GLAD ITO NW films
deposited with an increasing deposition angle («) are shown in Figure 3.7. At
elevated a, larger droplets may starve smaller droplets of flux via an increase in
geometric shadowing, leading to a decreased subset of droplets producing trunks.
Increasing deposition angle results in increased shadowing length and the growth
of fewer NWs over the same substrate area, consistent with the competitive growth
model used to describe reduced number density of features in GLAD films.!!
Therefore, the deposition angle can be used to control trunk spacing in ITO NW

films. Gaussian fits used to determine the nearest neighbour spacing are shown in

Figure 3.8.

The relationship between deposition angle and number density of trunks, nearest
neighbour distance, number of branches, and trunk diameter is shown in Table 3.1
and Figure 3.9. Interestingly, the trunk diameter also appears to be a function of ¢,
peaking in width at around o = 70°. The number of branches per unit trunk length
increase rapidly with increasing deposition angle. Branch formation may be
dependent on the amount of flux incident on the side of the trunk, which is
controlled by geometric shadowing from nearby NWs. With increasing deposition
angle, the combination of decreasing trunk diameter and increasing trunk-to-trunk
spacing results in decreasing shadowing from neighbouring NWs. These dominant
geometric effects appear to increase flux incident on trunk sides and thus increase

branching.
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Figure 3.7: VLS-GLAD ITO NW films deposited with varying deposition angle a= 50°, 70°, 80°, 85°, and 87° (temperature = 240 °C, flux rate = 0.2
nm/s, pitch = 10 nm nominal). Reproduced with permission from Nanotechnology.?”" Copyright 2012 Institute of Physics.
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Figure 3.8: Gaussian fits from frequency versus nearest neighbour spacing between trunks
measured from top-down SEM images (see Figure 3.7) for ITO NW arrays grown at
various a, (a) 50°, (b) 70°, (c) 87°, and (d) is 90°. This data is used in Figure 3.9a.

Trunk Branch

Nearest # per

Neighbour trunk

o | Diameter Height Density | Distance | Diameter | Length length
@ (om) (um) (um?) (nm) (nm) (m) | (#um)
50 512 1.10£0.06 | 43+3 80 £39 3414 110£30 | 194
70 | 55+2 1.19+£0.03 | 20£2 | 130+60 3712 102£14 | 294
80| 49+1 1.22£0.02 | 12+2 | 134£98 30£3 190+£60 | 45£3
85| 33+2 | 097+£0.01 | 20£2 | 122+£65 16+£3 66+19 | 972
87| 48+2 | 097+£0.01 | 92 181 £51 26+2 125+42 | 42+3
90 | 21+£2 | 0.57£0.02 | 9+1 202 + 77 11+1 78 7 151 +£2

Table 3.1: Morphological parameters as a function of deposition angle. Measured for ITO
NW arrays grown at a temperature of 240 °C, rate of 0.2 nm/s and various .
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Figure 3.9: Measured parameters for VLS-GLAD NWs deposited at various deposition
angles (a) trunk density per unit area and nearest neighbour distance (see Figure 3.8),
and (b) average branches per unit trunk length and trunk diameter. Error bars indicate
standard deviation (nearest neighbour distance, trunk diameter) or propagated counting
error (trunk density, branches per trunk length). Reproduced with permission from
Nanotechnology.*’' Copyright 2012 Institute of Physics.
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3.3.2 Deposition rate

Nominal flux rate has a strong impact on film morphology, as seen in Figure
3.10. For films deposited at large deposition angles, increasing flux rate results in
a reduction in the number of branches and an increase in both trunk and branch
diameter. Measurements for these parameters are shown in Table 3.2 and Figure
3.11. Similar effects on morphology are observed at low deposition angles
(Figure 3.12). Typical VLS growth is described as having two transitions:
vapour-to-liquid and liquid-to-solid.?®* Increasing the flux rate will proportionally
increase the rate of material crossing the vapour-to-liquid interface. The liquid
droplet size will hence increase until the rate of liquid-to-solid transition (related
to the area of this interface) has increased as well. The increase in size of the
liquid droplets thereby increases trunk diameter. A similar effect likely results in
the increasing branch diameter observed at high rates. The decrease in branching
with increasing rate also appears to be related to geometrical shadowing. As trunk
diameter increases with flux rate and trunk-to-trunk spacing remaining relatively
constant, the trunk sides are increasingly shadowed from incoming flux. This
decrease in flux incident on the trunk sides leads to branching decreasing to
nearly zero in the largest flux rate case. The effect may also be due to the large
trunk droplets capturing a majority of the adatoms prior to catalyst formation on

the sidewall of the trunk.
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Figure 3.10: VLS-GLAD NWs growth with high deposition angle and varying deposition rate of 0.05 nm/s, 0.1 nm/s, 0.5 nm/s, 1 nm/s, and 2 nm/s
(temperature = 240 °C, deposition angle = 85°, pitch = 10 nm nominal). Reproduced with permission from Nanotechnology.?’! Copyright 2012 Institute
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Trunk Branch

Nearest # per

Neighbour trunk

o | Rate | Diameter Height Density | Distance | Diameter | Length length
O | (ms) | (nm) (um) (um?) (nm) (nm) (nm) (#/pm)
50| 0.05 36 £2 1.21£0.04 | 37£3 98 £35 2414 87 £26 363
50| 0.1 44 +3 1.16£0.06 | 33+3 107 £39 29+5 134£50 | 38+£3
50| 0.2 51%2 1.10£0.06 | 43£3 80 £39 34t4 110+£30 | 19+4
50| 0.5 55£5 0.98+0.04 | 273 106 £ 56 365 101 £43 | 18£5
50 1 55£5 093£0.03 | 24£2 112 +£52 38%6 108+23 | 17+4
50 2 787 1.04+0.18 | 14+£2 | 112+51 40+£5 11218 | 18£5
85| 0.05 2612 1.13+£0.02 | 12+2 | 18187 15+1 8921 106 £ 1
85 0.1 30£3 1.08£0.03 | 11£2 195+ 65 16 £2 79 £28 82+£2
85 0.2 33+2 0971001 | 20£2 | 122+65 16+3 66+ 19 97+2
85 0.5 34£1 1.04£0.01 | 16£2 127 £ 49 22+3 108 +52 | 58+3
85 1 51£3 0.81+0.05 | 91 180£100 | 35%5 11835 | 33%1
85 2 85+£6 1.11£0.08 | 14+2 155+ 52 48 + 8 72+ 13 4+10

Table 3.2: Morphological parameters as a function of deposition rate. NW arrays grown
at a temperature of 240 °C.

Branches per trunk length (p.m'1)
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Figure 3.11: Average number of branches per unit trunk length and trunk diameter
measured for VLS-GLAD NWs grown at « = 85° and varying flux rate. Reproduced with
permission from Nanotechnology.*”' Copyright 2012 Institute of Physics.
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“ ‘ . 1 I‘ ’
Figure 3.12: Images of VLS-GLAD NWs at various flux rates of 0.05 nm/s, 0.5 nm/s,
and 2 nm/s for deposition temperature of 240 °C, and deposition angle of o = 50°.

Reproduced with permission from Nanotechnology.?”' Copyright 2012 Institute of
Physics.
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Figure 3.13: VLS-GLAD NWs grown at various substrate temperatures and at
deposition angles of a = 50° and 85°. Reproduced with permission from
Nanotechnology "' Copyright 2012 Institute of Physics.
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3.3.3 Temperature

It was observed that pronounced NW growth begins at temperatures between 130
°C and 165 °C, for deposition angles of 50° and 85° (see Figure 3.13). At a reduced
temperature of 165 °C VLS growth is noted for lower flux rates. However, at higher
flux rates the NWs begin to appear misshapen or curled (see Figure 3.14). It is
hypothesized that without sufficient temperature, the rate of crystallization at the
liquid-solid interface cannot increase to match higher flux rates, at which point

ballistic growth dominates over kinetic growth.

v . 500

|

Figure 3.14: Images of VLS-GLAD NWs at various flux rates of 0.05 nm/s, 0.5 nm/s,
and 2 nm/s for deposition temperature of 165 °C, and deposition angle of 85°.

Reproduced with permission from Nanotechnology.?’' Copyright 2012 Institute of
Physics.

3.3.4 Substrate rotation

Pitch (nominal film thickness deposited per substrate rotation) did not appear to
have a significant effect on NW morphology. However, as pitch approaches infinity

(no rotation), preferential branch formation in the direction of incident vapour flux
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was observed as catalytic liquid droplets form favourably on the edge of the NW
facing the vapour flux, resulting in branching towards the incident vapour flux. In-
depth studies into the effects of substrate rotation and its use to position branches

will be discussed in later chapters.

3.3.5 Branch-trunk diameter relationship

For all VLS-GLAD films grown across a large range of temperatures, flux rates,
deposition angles, and rotation rates, the branch diameter seems to be limited to a
portion of trunk diameter. This upper bound is located at a fraction of 1/v/2 of the
trunk diameter, representing the side length of the inscribed square in the trunk’s
circular cross-section (Figure 3.15). The observed geometrical restriction to branch
diameter suggests the branches are a continuation of the cubic crystal lattice of the
trunk. Therefore, by controlling the initial droplet diameter via the VLS-GLAD
mechanism, trunk and branch diameters can be tailored. The control over trunk and
branch diameters, as well as the number of branches, is a coupled effect between

flux rate and a.
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Figure 3.15: For all deposited films, branch diameter has an upper limit of 1/+/2 of the
trunk diameter. The dotted line represents the side length of the inscribed square of the
trunk’s circular cross-section, as illustrated in the inset figure. Reproduced with
permission from Nanotechnology.*”' Copyright 2012 Institute of Physics.
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3.3.6 Crystal structure

Crystal structure of the films was analyzed with XRD. Diffraction patterns for as-
deposited samples on Si substrates were taken for all deposition conditions studied.
A selection of the diffraction patterns chosen to represent the entire set of data is
shown in Figure 3.16. Note that the diffraction peaks in samples C (a = 85°, 100
°C, 0.2 nm/s, 10 nm) and E (a = 50°, 240 °C, 0.2 nm/s, 10 nm) were textured.
Overall these results are consistent with the NW films composed of crystalline ITO,
as expected. Of the patterns that matched ITO, the (222) and (400) peaks were
present in nearly all cases, which is consistent with previously reported
(400)33102202.247 and (222)°%% growth directions, along with lattice matched

branches occurring orthogonal to the trunk.

TEM was performed to further analyze crystal structure. Figure 3.17a shows an
image, obtained through TEM, of a representative ITO NW. SAED (Figure 3.17a
inset) confirmed that the ITO NWs were single crystal. Figure 3.17b shows a
HRTEM image of a branch-trunk interface. Aligned crystal lattice planes were
observed, with the planes continuing from the trunk into the branch. This supports
the geometrical data in Figure 3.15, further suggesting that the branches grow as

part of the same crystal lattice as the trunk.
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Figure 3.16: X-ray diffraction patterns of select samples deposited on Si substrates at a
pitch of 10 nm, with variation in deposition angle, substrate temperature and nominal
deposition rate. Powder diffraction pattern file for ITO (01-089-4597) is shown for
comparison. Reproduced with permission from Nanotechnology.*”' Copyright 2012
Institute of Physics.
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(a)

Figure 3.17: TEM images of an ITO NW deposited with the following deposition
conditions: a = 85°, T= 240 °C, flux rate = 0.1 nm/s and pitch = 10 nm nominal. (a)
TEM image of an ITO NW, and SAED data in the inset. (b) HRTEM image at a selected
trunk-branch interface. To guide the eye, we have added the dark lines to mark the
crystal planes in the branch and trunk of the ITO NW. Reproduced with permission from
Nanotechnology " Copyright 2012 Institute of Physics.
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3.3.7 Composition

Composition of individual structures was obtained using EDX taken during TEM.
EDX line scans provide information regarding spatial composition locally along a
wire. Figure 3.18a and b shows an EDX line scan taken along the trunk and

droplet. The scan indicates the presence of In, Sn, and O along the wire.

Interestingly, there is a decreased amount of O, and increased amount of In/Sn
detected in the droplet, agreeing with the proposed mechanism in which primarily
metallic droplets catalyze the VLS growth of NWs. Figure 3.18c and d shows an
EDX line scan along the length of a branch. O content is lower at the tip of the
branch, agreeing with observations of decreased O concentration in the trunk’s
droplet. Therefore, the EDX data suggests metallic droplets catalyze the growth and
that In, Sn, and O are all present in the bulk of the trunk.
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Figure 3.18: (a) and (c) TEM images, white arrows indicate region where EDX line-
scans were performed, and correspond to position axis in (b) and (d), respectively.
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3.3.8 Height dependent morphology

Modulating the flux rate and deposition angle during growth via VLS-GLAD
allows for the precise fabrication of unusual hybrid NW structures. These hybrid
morphology architectures could provide improved control over the optical and
electrical properties of the films. Examples of flux rate modulation and deposition
angle modulation are shown in Figure 3.19. Modulation of the flux rate (Figure
3.19 a-d) can be used to adjust the trunk diameter and branch density during
growth. In Figure 3.19a the trunk diameter responds to the flux rate by contracting
from 54 £ 4 nm to 23 + 1 nm as the flux rate is modulated from 1 nm/sto 0.05 nm/s.
Similarly, in Figure 3.19c¢ the trunk diameter responds to the flux rate by
contracting from 53 + 6 nm to 27 + 2 nm and then expanding back to 56 = 3 nm as
the flux rate is modulated from 1 nm/s to 0.05 nm/s and back to 1 nm/s. The branch
diameter and density also respond to the modulation of flux rate. Branching density
increases with decreasing flux rate; resulting in a morphology resembling a lobstick
tree in Figure 3.19a, and a trunk with branches only near the center of the trunk in

Figure 3.19c¢.

In Figure 3.19e-f the effect of modulating the deposition angle can be seen, where
a highly interconnected network of NWs grown at a = 30° is transformed back to a
NW forest morphology at a = 85°.This height dependent density NW film will be
revisited in Chapter 7 as an ideal architecture for a transparent electrode in an
organic solar cell device. The control provided by VLS-GLAD allows
morphologies characteristic to different deposition conditions to be stacked along
the height of the film, providing the possibility to optimize the NW properties for a

variety of applications.
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Figure 3.19: Side and plan view SEM images of: (a,b) flux rate modulated VLS-GLAD
NWs with high deposition angle (85°) and flux rate switching from 1 nm/s to 0.05 nm/s;
(c,d) flux rate modulated VLS-GLAD NWs with high deposition angle (85°) and flux
rate switching between 1 nm/s, 0.05 nm/s, 1 nm/s; and (e,f) deposition angle modulated
VLS-GLAD NWs with deposition angle switching from o = 30° to a = 85° during
deposition. Reproduced with permission from Nanotechnology.?’* Copyright 2012
Institute of Physics.
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3.4 Conclusions

This chapter demonstrated that VLS-GLAD has the potential to be a powerful tool
in guiding the growth of NW arrays, and its further development will be the focus
for the remainder of the thesis. Here, significantly enhanced control over trunk
spacing, branch density, and feature size in branched ITO NW networks was readily
achieved using VLS-GLAD. ITO readily forms branched NWs using PVD without
requiring a separate catalyst deposition step, and occurs at relatively low substrate
temperatures. The reduced complexity and technological requirements afforded by
the self-catalyzed VLS growth of ITO NWs made it an excellent test material for
VLS-GLAD.

VLS-GLAD was also shown to enable powerful height dependent morphological
control over branch density and trunk diameter via modulation of the flux rate
during growth. Substrate motion during growth, a feature unique to VLS-GLAD,
enabled the fabrication of NW arrays with graded density along the height of the
film. These density graded NW arrays are of interest for OPV applications, as will
be discussed in Chapter 7. The results presented in this chapter form a foundation
for the VLS-GLAD technique, and further development of this technique will be
demonstrated throughout the remainder of this thesis. Investigations into the impact
of flux asymmetry on morphological anisotropy, crystal texture, and branch
rippling in branched ITO NW arrays using VLS-GLAD will be presented in the

following chapters.

62



4. Branch Rippling
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LAY
Figure 4.1: The work in this chapter was featured on the cover of the November 2012 issue
of Applied Physics Letters.*®

Portions of this chapter were reproduced with permission of the American
Institute of Physics (AIP) from the following publication:

Tucker, R. T., Beaudry A. L., LaForge, J. M., Taschuk, M. T., and Brett M. J.
Applied Physics Letters 2012, 101, 193101.
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4.1 Introduction

In this chapter, control over branch diameter oscillations using self-shadowing and
macroscopic shuttering of the flux is presented. The experimental portion of this
chapter was performed by Allan Beaudry, and the numerical model was developed
by Ryan Tucker. Two key features distinguish VLS-GLAD: (i) a collimated (low
divergence) flux which breaks flux symmetry at the growth surface, enabling
geometrical shadowing effects to mediate the NW growth and (ii) three-
dimensional substrate motion to orient the flux during growth. Continuous rotation
about substrate normal modulates the incident flux on the branches as they pass
through the trunk’s shadow. In response, the branch diameter oscillates during
growth producing a rippled surface. Figure 4.2 shows ITO NWs with rippling
behaviour grown by VLS-GLAD.

Control over intra-wire morphology has also been investigated, with several groups
reporting variations in nanowire diameters?*®2%7. Givargizov and others suggest an
unstable model of self-oscillations based on droplet contact angle and surface

289291294295 Most of these reports

roughness driven by droplet supersaturation
attribute rippled (or bamboo) nanowire structures to this self-oscillatory growth
mode?86291.294297  However, others have demonstrated discontinuous diameter

0 switching between

changes through annealing-driven catalyst migration®
different crystal cross-sections during growth?*?, and segmented nanowire

morphologies controlled by carrier gas pulsing®-.

Observations of branch surface rippling, the derivation of a model linking branch
growth physics to experimentally accessible variables in the VLS-GLAD
technique, and the engineering of aperiodic ripples into growing branches will be
presented in this chapter. As changes in incident flux drive changes in the diameter,
this model captures diameter control modulated by both motion-controlled
shadowing and flux rate. The VLS-GLAD technique provides an opportunity to
study VLS growth kinetics, and produce nanostructures that have been previously

unachievable.
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Figure 4.2: SEM images of VLS-GLAD ITO nanotrees exhibiting rippled branch
features deposited with the parameters (a) o = 87°, T = 240 °C, R =2 A/s, Troe = 50 s;
(b) magnified edge and (c) plan view of a = 85°, T = 240 °C, R = 10 A/s, Tro:= 10 s.
Reproduced with permission from Applied Physics Letters.®> Copyright 2012, AIP
Publishing LLC.
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4.2 Model

From mass conservation, droplet diameter is controlled by the vapour flux capture
rate and the liquid-solid crystallization rate. Vapour flux capture rate is a function
of evaporation conditions, adatom diffusivity, and most importantly for the work
presented here, the local shadowing environment a growing nanowire experiences.
Unlike typical isobaric VLS-growth systems, the collimated vapour approach used
here allows for dynamic control over local vapour pressure. For a growing nanowire
array, high deposition angles (&) produce shadows between adjacent nanowires, as
shown in Figure 4.3a. When deposition flux is occluded by ‘upstream’ nanowire
trunks or branches, the liquid Sn-In(-O) droplet is starved of growth material.
Vapour undersupply can lead to droplet decay and subsequently, branch tapering.?*8
In some cases, the liquid-solid crystallization process can continue until the droplet

is exhausted, resulting in a blunt-ended nanowire.'”¢

For a constantly rotating substrate, the incoming flux absorbed by a branch droplet
oscillates between minimum and maximum values which depend on the local
nanowire environment. A droplet on the side of an isolated nanowire will
experience periodic shadowing, resulting in periodic growing and shrinking of the
droplet. The growing branch’s diameter follows droplet diameter, as long as the
droplet does not become completely depleted. Figure 4.3b shows this rotational
effect on flux arriving at a droplet and its periodic nature in an ideal case. The
correct conditions produce periodic ripples along the branch growth direction.
However, the GLAD process is tunable, and can produce complex shadowing

environments, providing a route to enhancing control of VLS growth.

The schematic in Figure 4.3c¢ shows the parameters used in a model relating
volume change to both flux rate and rotation rate. Using MATLAB, a single droplet
of hemispherical shape was simulated in a finite time domain for varying incoming
flux volume. For simplicity, only single branch growth was considered. One type
of particle was used, with properties calculated for an average atom in a cubic 91%

In203 — 9% SnO;, lattice: p = 7.18 g/ecm?, 55.0 g/mol, and monolayer thickness
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-

Figure 4.3: Schematic of VLS-GLAD rippling phenomenon. Side view (a) shows
glancing angle () and flux shadowing region. Darker droplets are receiving incoming
flux and lighter droplet occluded; b) plan view shows rotation of substrate by the angle
@, and flux modulation () at a droplet from shadowing by the attached trunk; (c) droplet
radius (7) and volume (V), branch length (L) and monolayer thickness (d), flux rate (R)
and capture area (4), and incoming/outgoing volume rates (V,,/V,,;) as used in the
model. Reproduced with permission from Applied Physics Letters.?®> Copyright 2012,
AIP Publishing LLC.
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d = 0.233 nm. All vapour phase atoms within a certain projected area, 4, were
assumed to condense into the liquid droplet (we expect a high probability of adatom
diffusion to the liquid droplet within a certain distance®*”). The rate of incoming

volume to the droplet (V;,, ) was calculated:

Vin(t) = RAY(2) 4.1

where R is the material flux rate as measured at the QCM in nm/s and y
parameterizes the flux modulation due to rotation-induced shadowing or flux
shuttering (0 < y < 1). For continuous rotation, y(t) = (sin(2rwt/t,,.) + 1)/2
where Ty is the rotation period in seconds. As neighbouring trunks increase in
height, a branch will eventually become completely occluded from the flux. This
effect is incorporated as an envelope on V;,,. For this work, we approximate the
envelope as an exponential of the form 1 — e®¢~tmax) where a is a constant and
tmax 1S the time for a certain branch to grow. Detailed studies will be required to

elucidate the envelope’s functional form.

We assume the branch crystallizes in a layer-by-layer, or birth and spread growth

m0d664’284

, with each layer having a circular cross-section of the same radius as the
droplet and monolayer thickness of d. We further assume nucleation time
dominates layer crystallization time, such that liquid-solid crystallization time (zzs)
is independent of droplet size and constant for growth of an entire branch. In reality,

300,301 - however, this

the growth rate is likely dependent on droplet diameter
assumption is tolerable for small changes in droplet diameter. The rate of outgoing

volume from the droplet is then:

Vout(t) = dTI.'T'(t)Z/‘L’LS (4.2)

where r is the instantaneous radius of the both the droplet and the branch at the
liquid-solid crystallization interface. For a growth of a branch of length L in time
tmaxs Trs = tmaxd/L. Note that this is not valid at extremely slow rotation rates
where the droplet becomes extinct. At each time step # of length At the

instantaneous droplet volume and droplet/branch radius were then calculated:
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V(t) = V(ti1) + Vin(8)At — Vo () At (4.3)

r(t) = 33V(t)/2n (4.4)

The proposed model reproduces the observed rippling behavior, as shown in Figure
4.4 for an example case of a branch from Figure 4.2. The calculated input and
output volume rates (V;, and V,,,,, respectively) are shown in Figure 4.4a in the
case of constant rotation with R =1 nm/s and 7, = 10 s. From the magnified image
of the branch (Figure 4.4b), we measure L =225 nm and 13 rippling nodes. Based
on the number of nodes and rotation speed, we calculate tn. = 125 s, with

7zs = 0.13 s. We achieved a fit of the extracted branch profile to the simulated

@]
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Figure 4.4: Branch simulation (a) input volume rate (V;,,) to droplet for z,,, = 10 s and
volume rate out (V,,,) of the droplet as calculated in each time-step; (b) enlarged SEM
image of a branch deposited at z,,, = 10 s; (c) branch edge profile (open circles) and
simulated branch morphology (red line) for 7,,; = 10 s; (d) simulated branch profile for
70t = 1 s (blue), 7, = 100s (green), and 7,,, = 1000 s (magenta); y-axis of inset is 1 nm
range. Reproduced with permission from Applied Physics Letters.*®> Copyright 2012,
AIP Publishing LLC.
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branch profile by varying the envelope parameter (a) and capture area (4). A good
match is shown in Figure 4.4c between the observed and simulated rippling
behavior for parameters of @ = 0.025 and 4 = 4900 nm? (equivalent to a circle with
~39.5 nm radius). Several other rippled branches were simulated (not shown) and

all showed good fit with the model.

To explore the conditions for which these rippling effects can be observed, the same
simulation was run with different rotation speeds. Figure 4.4d shows a simulation
of the same parameters, but with z,0:= 1 s, 7:0:= 100 s, and 7,0;= 1000 s. In the case
of 7,0= 1 s, the rippling effect is still present, however, the amplitude of the rippling
is so small it is only visible in the magnified inset. For the case of one and two
orders of magnitude increase in rotation time, the length of the rippling events is on
the order of the branch length. The rippling is effectively lost as a result of the

slower rotation times.

4.3 Complex ripple control

To further validate the hypothesis that rippling is a result of flux starvation, more
complex structures were grown by two different methods of controlling the
incoming flux to the liquid droplet. This was achieved by controlling the local
shadowing function (e.g. changing the rotation rate) and by attenuating the vapour
flux directly (e.g. rate control or shuttering). The model indicates that both methods
should have a similar effect. In the previous chapter, it was shown that rate
modulation dynamically controls ITO NW diameter?’'; here we have demonstrated
the effect of shuttered flux and the local shadowing environment. ITO NWs grown
with shuttered flux are shown in Figure 4.5. See Figure 4.6 for a demonstration of

similar rippling control with varying rotation rates.
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Figure 4.5: Complex VLS-GLAD ITO branch growth by shutter-modulated flux
according to the pattern shown in (a), where 1 is shutter open and 0 is shutter closed; (b)
SEM image of resulting NW with unique branching morphology; (c) magnified key
branch region, with (d), (e), and (f) displaying the flux modulation due to shuttering, due
to rotation-induced shadowing, and the combined shutter-rotation effect on the flux
profile, respectively, for the magnified branch. Reproduced with permission from
Applied Physics Letters.*® Copyright 2012, AIP Publishing LLC.
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We use the flux shutter profile shown in Figure 4.5a, with constant rotation, to
produce the ITO NW shown in Figure 4.5b. The branch’s features follow the
shuttering events, controlling ripple amplitude and frequency. Figure 4c is a
magnified image of a characteristic branch. Figure 4.5 d and e show the
approximate shuttering (yswuuer) and rotational shadowing (Vrowrion) functions,
respectively, resulting in the total flux modulation function (y, Figure 4.5f)
contributing to the growth of the magnified branch. In both the shuttering and
variable rotation cases, we demonstrate control over the rippling features according
to the flux profile. Faster rotation rates result in smaller ripple spacing, and
shuttered flux can result in long nodes between ripples. Both the variable rotation
and shuttering methods demonstrate (through local shadowing and macroscopically
modulated vapour pressure, respectively) direct control over supersaturation in the

branch droplets.

4.4 Conclusions

We have demonstrated that flux starvation in VLS-GLAD enables controlled
branch diameter modulation during ITO nanotree growth, consistent with a simple
volume in/out model. Flux starvation can be induced through shadowing or by
adjusting the flux rate directly, both general features of VLS-GLAD. The
nanostructures made possible by the VLS-GLAD technique should be available to

any material system compatible with branched VLS growth.

Droplet diameter is coupled to nanowire properties such as composition®?23%3,

phase®®, and crystallographic growth direction®*>3%. Thus, modulation of growth
diameter with VLS-GLAD may provide a mechanism to modulate these properties
during growth as well. Surface rippling may prove to be a valuable technique to
enhance active surface area, create high energy surface defects, or induce phase
changes in the material during growth. This technique also allows for the placement
of “time stamps” during growth which may allow for improved investigation of
time-related growth kinetics. Additional effects of flux shadowing will be

investigated in the next chapter.
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Figure 4.6: Complex VLS-GLAD ITO branch growth by changing the rotation rates
according to the following program (rotations @ 7,»): 10 @ 10s,2 @ 255,10 @ 5 s, 1
@ 50 s,~17 @ 3 s, as shown in (a) as flux attenuation due to the rotational shadowing
(1 is flux, 0 is shadowed); (b) SEM image of resulting NW morphology, and magnified
branches (c, e) along with the approximate sections of rotational shadowing from (a)
that contributed to each branch morphology (d, f, respectively). Reproduced with
permission from Applied Physics Letters.”> Copyright 2012, AIP Publishing LLC.
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5.Branch Placement and
Nanotree Alignment

Periodic Flux

Isotropic Flux

Figure 5.1: Table of Contents figure published in Crystal Growth and Design.>®" This
figure schematically depicts in-plane nanotree alignment and height dependent branch
placement using by engineering the azimuthal flux distribution as presented in this
chapter. The arrows represent the azimuthal flux positions. Discretized flux position
(left) result in aligned nanotrees, isotropic flux distribution (right) results in random
nanotree alignment.

Portions of this chapter were reproduced with permission of American Chemical Society
(ACS) from the following publication:
Beaudry, A. L., LaForge, J. M., Tucker, R. T., Li, P., Taschuk, M. T., and Brett, M. J.
Crystal Growth and Design 2013, 13,212.
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5.1 Introduction

5.1.1 Introduction

In this chapter, three unique capabilities of VLS-GLAD are demonstrated: (i)
nanotrees are aligned without epitaxy, (ii) branches can be placed on select facets
of the nanotree trunk, and (iii) branch orientation can be modified along the height
of nanotrees. These new capabilities have the potential to significantly enhance the
achievable structural complexity in 3D nanotree arrays. For instance, controlled
anisotropic branch growth may enable the design of conductive pathways through
NW networks, and the alignment of nanotrees on amorphous substrates may
enhance the degree of interconnectivity throughout the arrays, which may be

beneficial for charge transport between structures for OPV applications.

VLS-GLAD provides an asymmetric vapour flux which causes shadowing behind
growing nanotrees, therefore, branch growth is preferred on the sides of nanotree
trunks facing the flux. Dynamic control of the azimuthal orientation of the flux
relative to the growing nanotrees enables the preferential orientation of branches to
be modulated along the height of the nanotree array, which is demonstrated in this
chapter with both continuous and discrete substrate rotation schemes. In addition,
a competitive growth mechanism enables in-plane alignment of the nanotrees on
amorphous substrates. Initially, nanotree alignment is random on the substrate,
however, nanotrees oriented to capture the most flux outgrow other orientations,
resulting in crystal texture evolution and nanotree alignment. The competitive
selection mechanism is determined by the azimuthal flux distribution, and is absent

for films grown with isotropic vapour distributions.

An electron diffraction investigation confirms that each nanotree is a single crystal,
with continuity of the crystal structure across the trunk-branch interface. The degree
of nanotree alignment and crystal texture is characterized by X-ray diffraction pole
figure analysis and branch orientation measurements. By limiting the flux to
discrete positions, the films develop both preferential vertical and azimuthal crystal

alignment (biaxial texture). The preferential azimuthal alignment is the result of
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competitive growth which leads to evolutionary selection of similarly oriented
structures. Control over azimuthal nanotree crystal alignment and height dependent
branch orientation should increase the achievable complexity in 3D NW

architectures.

In this chapter, we show that a collimated obliquely incident flux produces
preferentially oriented branch growth on ITO nanotrees. Branch growth is
enhanced on the side of the nanotree facing the flux and inhibited on the shadowed
regions of the trunk (Figure 5.2). The schematic in Figure 5.2 shows a structure
with two branches oriented +45° from the vapor flux; this is a representation of a
typical nanotree orientation that would be selected during the proposed competitive
growth mechanism, which will be discussed further below. The square cross-
section of the trunk and branches in Figure 5.2 reflects the square faceting of the
single crystal nanotrees; observations of this effect will be shown. By modulating
the azimuthal position of the substrate during growth, we show that preferential
branch orientation can be changed along the height of the trunk. We demonstrate
these effects in four classes of ITO nanotrees defined by their height dependent
branching morphologies: unidirectional, periodic, chiral and isotropic.
Additionally, we provide evidence to suggest that an observed preferential
azimuthal (in-plane) branch alignment in nanotree films grown without epitaxy,
accompanied by a biaxial crystal texture, may be primarily a result of an

evolutionary selection mechanism seen in other GLAD work, !>%:166.170.308-311

5.1.2 Contributions

The work presented in this chapter was the result of a collaborative effort. NW
growth, morphological characterization, and interpretation of the results were led
by Allan Beaudry. Joshua LaForge performed XRD, and analyzed pole figure data.
Peng Li obtained HRTEM, SAED, and TEM tomography data. Ryan Tucker

prepared schematic figures and helped interpret the results.
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Figure 5.2: Illustration of VLS-GLAD growth of ITO nanotrees. Deposition angle (@)
and angle of flux rotation (¢) are shown. ¢ indicates the initial azimuthal position of the
flux. Reproduced with permission from Crystal Growth and Design.>*” Copyright 2013,
American Chemical Society.

5.2 Experimental

5.2.1 Film Fabrication

Films were grown at a nominal temperature of 240 °C, deposition angle of 85°, and
nominal flux rates of 2 nm/s and 0.2 nm/s, using the same growth chamber as
described in the previous chapter. Pitch is defined as the nominal thickness
deposited per substrate rotation. Films grown at 2 nm/s were deposited with a
nominal thickness of 1200 nm, and an infinite pitch p = o (no substrate rotation,
unidirectional structure), p = 1200 nm (1 continuous 360° rotation, chiral structure)
and p = 10 nm (120 continuous 360° rotations, isotropic structure). A periodically
structured film was deposited using spin-pause deposition parameters (2 discrete

180° rotations, periodic structure). For the periodic film, the azimuthal angle was
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periodically alternated, for a total nominal thickness of 1200 nm (¢ = 0° for 0 nm -
400 nm; ¢ = 180° for 400 nm - 800 nm; ¢ = 360° for 800 nm -1200 nm). The
azimuthal modulation schemes used in this work are shown in Figure 5.3. Films
with the same azimuthal modulation schemes were also grown at 0.2 nm/s to a
nominal thickness of 300 nm measured at the CTM (except for the 0.2 nm/s periodic

film, which was grown to a nominal thickness of 450 nm).

Figure 5.3: Top-down schematic of VLS-GLAD azimuthal modulation schemes for (a)
unidirectional, (b) periodic, and (c) chiral (one continuous rotation) and isotropic (p =
10 nm) ITO nanotree structures. Reproduced with permission from Crystal Growth and
Design."” Copyright 2013, American Chemical Society.
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5.2.2 Film characterization

SEM, electron tomography, SAED, and XRD were used to characterize nanotree
morphology, crystal texture, and their orientation relative to the flux directions. A
Bruker D8 Discover with HiStar area detector acquired XRD line profiles and pole
figures of the (400), (222), (440), and (622) diffraction peaks. A Cu Ka radiation
source and 0.5 mm collimator was used for each acquisition, with the detector
placed ~15 cm from the focal point. Films grown at 2 nm/s exhibited stronger XRD
signals than those at 0.2 nm/s and were used for the pole-figure study to reduce
acquisition time. The pole-figure data was processed using GADDS software
(Bruker). An absorption correction was applied by estimating the film’s volume
density from substrate mass measurements before and after deposition and
accounting for film thickness and area. Radial integration of the pole-figure peaks
was performed in GADDS to compare intensity variation in the azimuthal direction
to branch orientation data collected from top-down SEM images of the sample
taken with a Hitachi S-4800 at 10,000 times magnification. The trunks and branches
of the nanotrees typically both grow along a [100] crystal direction, with the trunks
tending towards growth along the substrate normal and the branches orthogonal to
the trunk. All identifiable branches from four images of each sample were analyzed
to compare the azimuthal branch orientations relative to the initial vapor flux
direction (¢) with ImageJ.?®* Azimuthal orientation of each trunk in films grown
at 2 nm/s was assessed by measuring the orientation of the most predominant
branch on each trunk in 8 top-down SEM images (10,000x magnification). The
trunk orientation is uniquely defined between 0° and 90° due to the 4-fold

symmetry around the (100) direction.

Electron tomography tilt series were acquired on a JEOL 2200 FS TEM/STEM,
operated at an accelerating voltage of 200 kV with assistance from Peng Li. Bright
field TEM (BF-TEM) images were collected from +65° with 1° steps with tilting
axis along the trunk. Lacey carbon grids, which were coated with a 2 nm thick
discontinuous gold film, were used as substrates. Reconstruction and visualization

were performed using the TEMography™ software package from System In
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Frontier Inc.’'?> The Simultaneous Iterative Reconstruction Technique (SIRT)

algorithm?!3

was used to minimize the effect of gold particles overlapped with the
sample. Electron diffraction analysis was performed on a Hitachi HF3300
TEM/STEM, operated at an accelerating voltage of 300 kV. Cross-section and
individual nanotree TEM samples were prepared on a Hitachi NB5000 Focused Ion
& Electron Beam System. Nanotrees were scratched off and loaded onto a silicon
substrate, and then coated with a 100 nm thick carbon film as a protection layer
during the subsequent FIB processing. Individual nanotree samples were plucked
out and mounted onto a Hitachi 3D-observation holder by a standard micro-pillar

sampling’' with the tilt axis along the trunk, which enables diffraction analysis

from a full 360 degrees.

5.3 Results and Discussion

5.3.1 Height dependent branch placement

ITO nanotrees were grown via VLS-GLAD using the four substrate rotation
configurations described in Table 5.1 and shown schematically in Figure 5.3.
Substrate rotation is used to control the azimuthal modulation of the flux from the
perspective of the growing film. In this chapter, ¢ is used to define the azimuthal
position of the vapor flux with respect to the substrate. Cross-sectional SEM images
of unidirectional, periodic, chiral, and isotropic nanotrees grown at a flux rates of
2 nm/s and 0.2 nm/s are shown in Figure 5.4. The azimuthal motion of the flux
appears to control height dependent preferential branch orientation. The height
dependent branch placement can be seen clearly in the closer view of nanotrees
grown at 0.2 nm/s shown in Figure 5.5. In Figure 5.5a, the unidirectional nanotrees
exhibit an asymmetric branch morphology, with average branch growth primarily
directed toward the collimated flux. Periodic modulation between 0° and 180°
during growth results in the nanotree structures shown in Figure 5.5b. It is clear
that the branches grow on alternating sides of the trunk, depending on the relative
azimuthal orientation of the flux during growth. Chiral nanotrees shown in Figure

5.5¢ were grown while the substrate completed a single rotation. The chirality of
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the branch orientation is expected to follow flux rotation, but this is difficult to

confirm with edge view SEM images. As the rotation rate is increased to a 10 nm

pitch an isotropic nanotree is obtained as seen in Figure 5.5d. Branches grow

uniformly on all four sides of the nanotree, with no observed preferential

orientation.
Name Pitch #(°) Trunk Height | Trunk Density
(nm) (1m) (um™)
Unidirectional 0 0 53+03 1.15+£0.04
Periodic - 0, 180, 360 43+0.1 1.32£0.04
Chiral 1200 0 to 360 33+0.2 1.20 £ 0.04
Isotropic 10 0 to 43200 33+0.2 2.45+0.06

Table 5.1: Deposition conditions and properties of nanotree films deposited at 2 nm/s to a
nominal thickness of 1200 nm. Reproduced with permission from Crystal Growth and
Design.>*” Copyright 2013, American Chemical Society.
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Figure 5.4: Cross-sectional SEM images of ITO nanotrees grown with o = 85°, T =240
°C, and flux rate = 0.2 nm/s (top) or 2 nm/s (bottom). Scale bars are all 500 nm in length.
The initial azimuthal vapour flux angle (¢) is oriented from the right to left in each image.
The nominal thickness of the films are 300 nm (top) and 1200 nm (bottom). Reproduced
with permission from Crystal Growth and Design.>®” Copyright 2013, American Chemical
Society.

Figure 5.5: Cross-sectional SEM images of ITO nanotrees (o = 85°, T = 240 °C, and flux
rate = 0.2 nm/s). Scale bars are all 100 nm in length. The ITO nanotrees are named: (a)
unidirectional, (b) periodic, (c) chiral and (d) isotropic, based on the azimuthal modulation
configuration used during growth, shown in Figure 5.3. The initial azimuthal vapor flux
angle () is oriented from the right to left as indicated by the arrow in each image. The
nominal thicknesses (CTM) of the films were 300 nm for (a), (b) and (c), and 450 nm for
(d). Reproduced with permission from Crystal Growth and Design.*” Copyright 2013,
American Chemical Society.
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5.3.2 Azimuthal branch alignment

Branch orientation was measured with respect to the initial flux axis (¢y) from plan-
view SEM images (Figure 5.6) of the nanotree films grown at 2 nm/s. Figure 5.7

shows sample measurements taken from top-down SEM images using Imagel

software.

3 -

Figure 5.6: Top-SEMs of (a) unidirectional, (b) periodic, (¢) chiral and (d) isotropic films.
The top and bottom rows show structures grown at 0.2 nm/s and 2 nm/s, respectively. Initial
flux position is from left to right in each case. Reproduced with permission from Crystal
Growth and Design.*” Copyright 2013, American Chemical Society.

Normalized radial histograms shown in Figure 5.8 display the angular orientation
of at least 1371 measured branches from 5 images in each film. Figure 5.9 shows
a color coded histogram plot, which indicates the number of branches measured
with a certain length and orientation. The overlaid lines in Figure 5.8 represent
crystallographic data which will be discussed later in this work. Branches
throughout the unidirectional and periodic films exhibit preferential growth at +45°
and £135° relative to the flux axis (Figure 5.8a,b and Figure 5.9a,b). These
directions are the result of in-plane crystal orientation of the nanotrees, discussed
later. In the unidirectional film, branches oriented £135° from ¢ grow on the
shadowed side of the trunk, and as a result, are significantly shorter than branches
oriented +45° from ¢ (Figure 5.9a). The low number (Figure 5.8a) and short

length of branches (Figure 5.9a) on the shadowed side of the trunk show the total
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branch mass on the exposed side of the trunk is substantially greater. Note that in
the periodic case, the low number of branches counted with orientations in the
second and third quadrants (between 90° and 270°) may be a result of their location

midway up the trunk making them difficult to observe in plan-view images.

Preferential branch orientations are less pronounced in films grown with continuous
substrate rotation (Figure 5.8c,d and Figure 5.9¢,d). Films of chiral nanotrees
appear to exhibit preferential branch orientation but it is far less pronounced than
the unidirectional or periodic films. Isotropic films exhibit faint or no preferred
orientation. As substrate rotation rate is increased, the vapor flux is effectively
azimuthally isotropic, and as a result, preferential branch orientation is significantly

reduced (Figure 5.8d).

5.00um

Figure 5.7: Sample measurements taken from top-down SEM images using ImagelJ
software for (a) unidirectional, (b) periodic, (c) chiral and (d) isotropic films. Five
images (same as shown above) were measured for each array. One branch measured for
each growth direction on a trunk, with a maximum of four measurements per trunk.
Lines were drawn from trunk-branch interface to branch tip. Reproduced with
permission from Crystal Growth and Design.>” Copyright 2013, American Chemical
Society.
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Figure 5.8: Normalized radial histograms illustrating the number of branches counted
at azimuthal orientations from ¢ are shown for (a) unidirectional, (b) periodic, (c) chiral,
and (d) isotropic ITO nanotree films grown at 2 nm/s. Integrated intensity from (440)
XRD pole figures are illustrated by dotted black lines in the histograms. Solid black
lines illustrate the integrated intensity from (440) XRD pole figures with isotropic ITO
nanotree background signal subtracted. The initial flux direction (¢ = 0°) is oriented
from right to left as indicated by the horizontal dashed black line and arrow in each
figure. Rotation of the flux is counter clockwise in (c) and (d). Bin size is 10°, and the
outer ring corresponds to a maximum of (a) 99, (b) 111, (c) 75, and (d) 154 counts for

each histogram. Reproduced with permission from Crystal Growth and Design.>"
Copyright 2013, American Chemical Society.
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Figure 5.9: Histogram density plots of the branch orientation and length for (a)
unidirectional, (b) periodic, (c) chiral, and (d) isotropic films. Bin color code indicates
the number of counts at a particular orientation and length. Dotted blue lines indicate ¢y,
dotted red lines indicate +45° from ¢, and dotted green lines indicate £135° from ¢.
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Overall, branches tend to grow on the region of trunks exposed to flux at the time
of nucleation. This suggests branch nucleation occurs preferentially within a
limited proximity to where the trunk is directly exposed to the collimated vapor
flux. Branch nucleation due to surface diffusion vertically and azimuthally about
the trunk appears to be limited as shown by the abrupt change in branch orientation
midway up the periodic nanotrees (Figure 5.5b) and reduced branching on the
shadowed surface in Figure 5.8a. However, branch growth is observed in several
instances on regions of the trunk that were shadowed during the time of nucleation
(left side of Figure 5.8a). This suggests that although branch nucleation is
suppressed on shadowed surfaces due to flux starvation, a combination of surface
diffusion around the trunk cross-section and re-evaporation from adjacent surfaces
is sufficient to nucleate branches within the shadowed region. Once nucleated, these
branches may grow by becoming directly exposed to the flux, or by collecting
material from surface diffusion and re-evaporation. The branches on the shadowed
side of unidirectional nanotree trunks are significantly shorter (Figure 5.9a),
suggesting that branch growth rate is dominated by direct flux capture. Improved
understanding of the surface diffusion limits, combined with the development of
substrate motion configurations optimized to deliver flux near desired growth

surfaces may allow further precision in branch placement.

5.3.3 Individual nanotree morphology

Volumetric reconstructions of an isotropic nanotree grown at 2 nm/s were obtained
using BF-TEM from a variety of angles (Figure 5.10) and an example is shown in
Figure 5.11a. The relative orientation of the nanotree trunk and branches can be
clearly seen: branches grow orthogonally on four sides of the trunk, and normal to
the main trunk. The square faceting of the trunk cross-section is clearly visible in a
cross sectional slice shown in Figure 5.11b, and can be confirmed with the TEM
image of a cross sectional sample in Figure 5.13a. The presence of a corner likely
reduces the probability of surface diffusion azimuthally about the trunk due to a 3D
Schwoebel-Ehrlich barrier®!> agreeing with our observations of limited branch

nucleation on shadowed surfaces.
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Figure 5.10: Typical BF-TEM images within a tilt series of an isotropic nanotree: (A)
tilted at -65°; (B) 0° degree with red arrow indicating tilt axis; (C) +65°. Reproduced
with permission from Crystal Growth and Design.’"’ Copyright 2013, American
Chemical Society.

Figure 5.11: A volumetric rendering of an isotropic nanotree obtained from TEM
tomography shown tilted at an arbitrary angle in (a), and sliced along its cross-section in
(b). The red, blue and green arrows are used to identify axes between images. Reproduced
with permission from Crystal Growth and Design.’®” Copyright 2013, American Chemical
Society.
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As the trunks grow vertically, in the substrate normal direction, it is expected that
geometric shadowing gradually starves branches of flux deeper in the film.?%
Branches far beneath the nanotree tops are not expected to receive a significant
amount of flux from re-evaporation because surrounding adatoms will have had
time to thermalize and be incorporated into the solid state. Similarly, material from
surface diffusion becomes increasingly limited as branches closer to the growth
surface will act as sinks to captured flux. This effect places an upper limit on the
time that a branch may continue to receive growth material and therefore limits
branch length. The effect is apparent by the relatively uniform branch length with
increasing trunk height observed in Figure 5.5 and agrees with our previous

observations of reduced growth rate as branches become occluded from the flux.?®

5.3.4 Crystal structure

Electron and X-ray diffraction were used to examine the crystal structure of
individual nanotrees and texture of the nanotree ensembles, respectively.
Diffraction profiles of the four nanotree morphologies discussed here (see Figure
5.12) are consistent with the cubic crystal structure (space group Ia3 ', 01-089-4597)
previously observed. Identical electron diffraction patterns obtained from trunk,
branch and their interface of a nanotree cross-section confirm that each nanotree is
a single crystal and that branches exhibit epitaxial growth on the trunk, as shown in
Figure 5.13. Electron diffraction patterns were taken along branch axes as well as
at intermediate directions from a single nanotree sample with the electron beam
normal to the trunk at all directions (Figure 5.14). A branch growth orientation of
[001] can be derived from zone axes of diffraction patterns along the branch axes
shown in Figure 5.14b,e and h. Trunk growth orientation is [100] (Figure 5.13),

which is normal to the substrate and zone axes of all patterns in Figure 5.14.
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Figure 5.12: Diffraction line profiles for the 2.0 nm/s films that were used for pole-figures.
Diffraction peaks in the profiles correspond to the expected peak positions for ITO (PDF:
01-089-4597) shown at the bottom of the figure. Reproduced with permission from Crystal
Growth and Design.*” Copyright 2013, American Chemical Society.
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Figure 5.13: A TEM image of a nanotree cross-section at a branch-trunk interface is
shown in (a). Electron diffraction patterns were taken at locations indicated by the white
circles: (b) trunk, (c) trunk-branch interface and (d) branch. Reproduced with permission
from Crystal Growth and Design.>*’ Copyright 2013, American Chemical Society.
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Figure 5.14: A projection view of a nanotree along its trunk obtained from a
volumetric rendering is shown in (a). Diffraction analysis of a single nanotree with the
electron beam perpendicular to the trunk was taken across a full 180°, at locations
indicated by the white arrows, as shown from b to h. Diffraction patterns taken along
branch axes (b, e, h) have a zone axis of [001], [0-10] and [00-1]. Reproduced with
permission from Crystal Growth and Design.>*’ Copyright 2013, American Chemical
Society.
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5.3.5 Crystal texture

X-ray pole figures of the (400), (222), (440), and (622) diffraction peaks were taken
to characterize the overall crystal texture and its relationship to the flux direction
and branch orientation for each film (Figure 5.15). Figure 5.16 shows the pole
figures for the periodic nanotree film. All four morphologies have (100) out-of-
plane texture, preferring to grow with the (100) direction/trunk axis aligned parallel
to the growth direction/substrate normal. Schematics shown in Figure 5.16e and
f demonstrates the expected orientation relationship between the {100}, {111},
{110} and {311} planes for a single crystal of ITO (m3 point symmetry) with (100)
out-of-plane texture. Agreement between the expected and observed radial
positions of the (222), (440), and (622) peaks is observed. A slight tilt towards the
flux direction exists in all of the pole-figures. It is possible that sample tilt within

the goniometer could be responsible for this effect.
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Unidirectional

Periodic

Chiral

Isotropic

Figure 5.15: Pole figures for each films taken of the (222), (400), (440), and (622)
diffraction peaks. The dashed circles indicate the expected radial positions for X-ray
diffraction around a single crystal nanotree oriented [100] normal to the substrate and
are located at 54.7° for (222), 45° for (440), and 25.2° (inner circle) and 72.5° for (622).
The flat dashed line indicates the initial flux axis (¢), and the flux rotates counter
clockwise in the chiral and isotropic films. Reproduced with permission from Crystal
Growth and Design.>" Copyright 2013, American Chemical Society.
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Of the four morphologies, only the periodic and unidirectional structures have a
clear biaxial texture, showing both in-plane and out-of-plane orientation. The four
fold-symmetry and azimuthal positions of the (222), (440) and (622) peaks
correspond to the expected positions for a (100) out-of-plane oriented single crystal
nanotree. For both periodic and unidirectional films, the (222) and (622) are
oriented towards the flux, whereas the (440) peaks are offset by 45°. Thus, the
vapor-incidence plane occurs parallel to (110) and the films exhibit [100](110)

biaxial texture, following the notation of Abelmann and Lodder.'*’

The observed out-of-plane texture is due to the preferred growth direction of ITO
nanotrees grown via VLS.**!97316 Biaxial texture is typically only observed in VLS
systems when substrate epitaxy is used. However, development of biaxial texture
in obliquely deposited films without substrate epitaxy has been observed in several
other nanostructured material systems grown via ballistic transport instead of
VLS. 159.166.170308311 R ecently, the effect of substrate motion on the development of
in-plane texture has been shown.!’%*% These studies report that in-plane texture can
be developed only when the flux is deposited at directions that match the azimuthal
symmetry of the crystalline growth. Continuous substrate rotation removes the in-
plane texture but maintains the out-of-plane texture. We have observed a similar
effect here: in-plane texture is observed for the unidirectional and periodic films,
where the vapor-incidence plane is parallel to the (110) direction, and is reduced or
lost when the substrate is continuously rotated for the chiral and isotropic films,
respectively. Development of in-plane texture is often attributed to an evolutionary

selection process in oblique deposition, and is discussed further below.
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Figure 5.16: XRD pole figures obtained from a periodic ITO nanotree film are shown
for (a) (400), (b) (222), (c) (440) and (d) (622) planes. The initial flux direction (g = 0°)
is oriented from right to left as indicated by the horizontal dashed black line and arrow
for each pole figure. The dashed circles indicate the expected radial positions for X-ray
diffraction around a single crystal nanotree oriented [100] normal to the substrate. A
schematic illustrating the crystal structure and facets of a single crystal ITO nanotree
trunk growing in the [100] direction are shown from (e) cross-sectional and (f) top-down
perspectives. Branch growth occurs in the four {100} directions normal to the trunk.
Reproduced with permission from Crystal Growth and Design.’” Copyright 2013,
American Chemical Society.
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5.3.6 Branch alignment and crystal texture relationship

The X-ray and electron diffraction data indicate that the nanotrees are single crystal
with the trunks and branches growing in orthogonal [100] crystallographic
directions. Thus, in-plane crystal orientation should be accompanied by a
preferential branch orientation that is consistent with a [100] epitaxial relationship
between a trunk and branches. To confirm this relationship, (440) pole figures were
radially integrated to produce polar-plots, where the radial distance corresponds to
the diffraction intensity, and overlaid onto the branch histograms (Figure 5.8). We
used the (440) pole-figure because the relative azimuthal position of these
diffraction peaks corresponds to the position of [100] oriented branches (Figure
5.16f). The results of this comparison show that for each film in Figure 5.8, the
preferential branch orientation follows the diffracted intensity of the (440) pole

figure consistent with branch growth in a [100] direction orthogonal to the trunk.

(440) pole figures exhibit peaks at £45° and +135° relative to the flux axis in the
unidirectional and periodic films, establishing a link between the observed in-plane
texture in these films and branch orientation. Although the periodic and
unidirectional films have similar in-plane texture, the branch directions in the
periodic film have a height dependence whereas the unidirectional films do not.
This suggests that the in-plane texture can be maintained while changing the
preferential branch orientation along the height of the trunks during growth as long
as the flux directions reflect the crystal symmetry of the trunks. The reduced
intensity seen in the chiral film between 90° and 180° (Figure 5.8c¢) is difficult to
explain. The flux is in this region relatively early in the growth, and it may be the
branching rate is suppressed in that period. In all cases, the diffraction intensity

appears to reflect the branch count or total branch mass.
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5.3.7 Competitive alignment

The preferential growth of nanotrees with a certain azimuthal orientation is likely
due to a shadow mediated competitive growth mechanism. In GLAD, large features
on the substrate capture the most flux, and increase in size. Therefore, smaller
features become increasingly shadowed from the flux, and go extinct. Trunks
capture the most growth material when oriented with the vertex of their square
cross-section facing the in-plane projection of the oblique flux. Simply put, the
diagonal is the longest line that can be drawn across a square, and therefore, square
cross-sections oriented with their diagonal perpendicular to the in-plane flux
projection cast the largest shadows. Therefore, other orientations eventually go
extinct throughout growth as the preferred orientations increase in size and height,
resulting in preferential azimuthal alignment of the trunks. The geometrical
argument is depicted in Figure 5.17. Nanotree alignment can be observed

morphologically due to the epitaxial growth of branches on the trunks’ sidewalls.

h

Flux

I

{100} . (111} Branch
110y W 3611

Figure 5.17: Plan view schematic of competitive growth mechanism. Shown are two
different azimuthal trunk orientations that have flux capture cross-sections of d (left) and

V2d (right).
Nanotrees with a {100} trunk face oriented 45° from the flux axis (¢y) present the
largest surface from the perspective of the collimated flux and therefore, capture
more vapor from the flux that can diffuse to the trunk droplet and produce vertical
growth. Therefore, nanotrees oriented with a vertex of their square trunk cross-

section pointing towards the flux should exhibit the fastest vertical growth rate. The
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faster growth rate will cause increased flux shadowing for neighboring trees that do
not exhibit the preferred orientation, further suppressing their growth. Preferred
branch nucleation and growth on the {100} faces of the trunk oriented +45° from
@ may increase the flux capture cross-section of these orientations at a higher rate
than other orientations, further amplifying their competitive advantage. Thus, only
nanotrees oriented favorably towards the flux are expected to avoid extinction, and

continue to grow in the film.
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Figure 5.18: (222) pole figure for a unidirectional nanotree grown to a nominal
thickness of 150 nm. The dashed circle indicates the expected radial position (54.7°) for
X-ray diffraction around single crystal nanotrees oriented [100] normal to the substrate.
The flat dashed line indicates the flux axis (¢). Reproduced with permission from
Crystal Growth and Design.*” Copyright 2013, American Chemical Society.

One consequence of the evolutionary selection process is that films consisting of
relatively short nanotrees should not exhibit in-plane texture since trunks are
randomly oriented in the early stages of growth prior to the extinction of less flux-
favored orientations. Indeed, no in-plane texture is detected in a (222) pole figure
of a unidirectional film grown under the same conditions but to less than one tenth
the nominal thickness (Figure 5.18). A second consequence is that relaxation of
the selection pressure should increase the number of nanotrees that survive, and this
is observed in the high trunk density observed in the isotropic film seen in Table
5.1. A third consequence is that films with selection pressure should consist of taller
nanotrees than those without, as the selected nanotrees should grow faster vertically

due to increased flux capture distributed among fewer nanotrees. From Table 5.1,
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we can see that both the unidirectional and periodic nanotrees are taller than chiral
and isotropic nanotrees. However, this description does not capture any effects
from varying branch density or differences in trunk/branch diameter, and must be

considered a preliminary hypothesis at this time.

We measured the azimuthal crystal orientation of trunks with respect to ¢ in order
to investigate the competitive growth hypothesis. The 4-fold symmetry observed in
the branch histograms provides evidence for biaxial texture in the unidirectional
and chiral films (Figure 5.8), however, they do not quantify the extent the of trunk
alignment. Additionally, the radially integrated pole figure intensity in Figure 5.8
was observed to depend on branch mass, therefore the extent of azimuthal trunk
alignment remains uncertain. Measuring trunk orientation allows a direct
morphological measurement of the preferential azimuthal alignment of nanotrees,
providing additional confirmation of the evolutionary selection mechanism. We
have shown that branches are an extension of the trunk’s cubic crystal lattice
(Figure 5.13), thus the orientation of a single branch uniquely identifies the
azimuthal crystal orientation of a trunk. Therefore, the orientation of a single branch
was measured for each trunk and assembled into radial histograms (unique between
0° and 90° due to cubic symmetry, sample measurements shown in Figure 5.19)
shown in Figure 5.20. Symmetrized pole figures were radially integrated and
plotted in polar coordinates over the trunk histograms, resulting in good agreement.
Figure 5.20 shows that nanotrees with {100} trunk faces oriented 45° from ¢ are
predominant in the unidirectional, periodic and chiral nanotree films, while the
isotropic film exhibits a uniform distribution of trunk orientations. Consistent with
the model for selection described above, the trunks that survive the competitive
growth process are those that exhibit the largest flux capture cross-section from the
perspective of the collimated vapor flux in the unidirectional and periodic films.
The presence of favored trunk orientations in the chiral nanotree film suggests a
slight selection pressure is applied early in growth due to slow rotation and is
maintained as the nanotrees grow, agreeing with the relatively faint biaxial texture

observed in the radially integrated pole figure data. As substrate rotation rate is
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increased, the flux is not stationary a sufficient time to apply significant selection
pressure, leading to an absence of clearly observable biaxial texture, and favorable

trunk orientations (Figure 5.20d).

The quantification of the extent of trunk alignment supports the hypothesis that
preferential alignment of branches results primarily through an evolutionary
selection mechanism of favored trunk orientations, rather than occurring solely due
to increased nucleation probability of branches on trunk faces that capture the most

flux.

Figure 5.19: Sample measurements taken from top-down SEM images using ImageJ
software for (a) unidirectional, (b) periodic, (c) chiral and (d) isotropic NW films. Five
images (same as shown above) were measured for each array. One branch measured for
per trunk. Lines were drawn from trunk-branch interface to branch tip.
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(a) Unidirectional (b)  Periodic

(c) Chiral (d)  Isotropic

Figure 5.20: Normalized radial histograms illustrating the number of trunks oriented with
a certain angle from ¢ for (a) unidirectional, (b) periodic, (c) chiral and (d) isotropic ITO
nanotree films grown at 2 nm/s. The colored regions between 0°and 90° provide all the
unique trunk orientations due to the four fold symmetry of the square cross-section of an
ITO nanotree trunk. The data was mirrored around the origin for clarity, indicated by the
grey bars. Symmetrized pole figure data was radially integrated and plotted over the
histograms, as shown by the solid black (isotropic background subtracted) and dotted black
(with isotropic background) lines. The initial flux direction ( gy = 0°) is oriented from right
to left as indicated by the horizontal dashed black line and arrow in each figure. Bin size is
10°, and the outer ring corresponds to a maximum of (a) 186, (b) 219, (c¢) 144, and (d) 281
counts for each histogram. Reproduced with permission from Crystal Growth and
Design.’" Copyright 2013, American Chemical Society.
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5.4 Conclusions

In this chapter, anisotropic branch placement throughout ITO nanotree arrays was
demonstrated using VLS-GLAD. In addition, branches were placed with a
preferred orientation at select heights by using substrate rotation to change the
azimuthal position of the flux with respect to the growing NW trunks. The ability
to place branches on select NW facets was largely underdeveloped prior to the work
presented in this chapter, and enables a new level of structural control in 3D
branched NW arrays. Although we have demonstrated this effect in a self-catalyzed
VLS system, this technique should be applicable to all other VLS systems by

having separate seed placement and NW growth steps.

Prior to VLS-GLAD, azimuthal alignment of nanotrees required epitaxial trunk
growth at the substrate, but it has been demonstrated using an epitaxy-free approach
on amorphous substrates here. Using VLS-GLAD, it should be possible to induce
biaxial texture in other VLS systems, without requiring epitaxy, by matching the
flux symmetry to the crystal symmetry around the growth axis. Epitaxy-free
azimuthal alignment of NWs enables a much higher degree of 3D structural control

on amorphous substrates such as glass.

However, the coupled branch placement and competitive alignment effects
presented in this chapter place limitations on achievable structures. The ability to
control these effects independently would significantly enhance structural control.
In the next chapter, branch placement will be investigated further using VLS-
GLAD by growing ITO nanotrees epitaxially on lattice matched substrates.
Epitaxial trunk growth enforces nanotree alignment, and will allow branch
placement and crystal alignment to be determined by independent processes. Such
control is another step toward designed anisotropic interconnectivity in 3D NW
arrays. In general, the use of a directed, collimated vapor flux used in VLS-GLAD
as opposed to the more common isotropic flux has advantages that should be useful

in fabricating complex, interconnected, 3D N'W networks.
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Nanotrees

Figure 6.1: Table of Contents figure published in Nano Letters.3'” This figure
schematically depicts directed branch growth in epitaxially aligned nanotree arrays,
enabling the fabrication of self-similar L-, T-, and X-shaped ITO nanotrees.

Portions of this chapter were reproduced with permission of American Chemical Society
(ACS) from the following publication:
Beaudry, A. L., LaForge, J. M., Tucker, R. T., Sorge J. B., Adamski, N. L., Li, P.,
Taschuk, M. T., and Brett, M. J. Nano Letters 2014, 14, 1797.
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6.1 Introduction

6.1.1 Introduction

The fabrication of nanotree arrays with controlled anisotropic interconnectivity will
require significant advancements in branch placement capabilities. In the previous
chapter, anisotropic branch growth in ITO nanotree arrays was demonstrated.
However, branch placement was coupled to a competitive alignment effect, which
produced a preferentially aligned nanotree ensemble, but not a truly self-similar and
precisely aligned array of nanostructures required for controlled interconnectivity.
In this chapter, precisely aligned nanotrees over large areas is obtained through
epitaxial growth of trunks on a lattice matched substrate. Epitaxial trunk growth
enables the collimated vapour flux to be directed onto select facets of the aligned
NWs, improving branch placement control significantly. The directed branch
growth demonstrated in this chapter enables the synthesis of aligned anisotropic
building blocks that could be arranged through patterned growth to enable the

bottom-up fabrication of complex 3D architectures.

In this chapter, branch growth is selectively directed along two, three, or four
directions in epitaxially aligned nanowire arrays using VLS-GLAD flux
engineering. The flux is positioned to grow branches on facets of the aligned NWs,
enabling fabrication of aligned nanotree arrays with L-, T-, or X-branching. In
addition, substrate motion algorithms are designed to selectively elongate branches
along one axis of the substrate, which could lead to anisotropic interconnectivity
and conductivity throughout the array. Nanotrees are found to be aligned across
large areas by XRD pole figure analysis, and through manual branch length and
orientation measurements collected over 140 um? from SEM images for each array.
The pathway to guided assembly of nanowire architectures with controlled

interconnectivity in three-dimensions using VLS-GLAD is discussed.

Branch placement is decoupled from in-plane NW alignment through epitaxial VLS
growth of branched ITO NWs on lattice matched yttria-stabilized zirconia (YSZ)

substrates (lattice mismatch less than 2% between am203 = 1.0118 nm and 2aysz =
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1.026 nm).276318-320 Epitaxial growth of ITO NWs on YSZ enforces both in-plane
and out-of-plane crystal alignment.'>?4732! Therefore, the flux’s azimuthal
configuration can be engineered to grow branches on select facets of the cubic NWs
without affecting in-plane NW alignment. The azimuthal flux position is controlled

with respect to the YSZ substrate’s in-plane [100] crystal direction (@) (Figure 6.2).

6.1.2 Contributions

As was the case throughout the entirety of the VLS-GLAD project, the work
presented in this chapter was the result of a team effort. Allan Beaudry led the
overall direction, experimental design, developed the epitaxial growth process, and
designed the new heating assembly. Joshua LaForge assisted with experimental
design, and performed XRD pole figure analysis. Ryan Tucker helped design the
new heating assembly, designed schematics, and contributed to project design.
Jason Sorge’s knowledge of GLAD was utilized for flux motion algorithm design,
and he assisted in installing and calibrating the new heating system. Nicholas
Adamski grew countless NW arrays, and performed manual measurements of the
branch orientations. Peng Li obtained SHIM and TEM images, and contributed
greatly to their interpretation. Michael Taschuk used a model developed for another

work to guide our understanding of the growth process.*??
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Figure 6.2: (a) Oblique view SEM of a nanotree film grown on YSZ. Region in the white
box of (a) is shown magnified below in (b), with a schematic representation of epitaxial
VLS-GLAD ITO nanotree growth. The vapor flux is deposited at oblique angles ()
relative to substrate normal, offset by an angle (¢) from the [100] direction of the single
cubic crystal YSZ substrate. The inset depicts various surface diffusion processes that
occur once the flux deposits material on the trunk sidewall. Growth conditions for nanotree
array shown here are substrate temperature = 300 °C, flux rate = 0.1 nm/s, a = 85° and ¢
=45°,
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6.2 Experimental

6.2.1 Nanotree growth

Electron beam evaporation of ITO source material (3 — 12 mm pieces of
In203:Sn02, 91:9% mol; 99.99% purity; Materion Inc.) was performed at high
vacuum (base pressure < 1 uTorr). Branched NW arrays were grown on silicon
((100), p-type, University Wafer) and yttria-stabilized zirconia (YSZ) substrates
((100), Semiconductor Wafer Inc.). YSZ substrates were submerged in a 36%
aqueous solution of hydrochloric acid for 10 minutes, followed by sonication in
acetone and isopropyl alcohol for 10 minutes each before drying with blown
nitrogen. No solution cleaning was used for Si substrates. The distance between
evaporation source and chuck center was ~42 cm. Nominal flux rate was measured

by a quartz crystal monitor mounted near the chuck.

A new heating assembly was required to achieve the temperatures for epitaxial
growth, and was installed in a different deposition system used in previous chapters.
The other system was used because it was equipped with water cooling for the
temperature sensitive ferrofluidic feedthrough. The new heating assembly is shown
in Figure 6.3, wherein substrates were heated using four 300 W halogen bulbs
directed at the center of the substrate chuck. A thermally insulative macor
headpiece (Figure 6.3d) was used to mount the chuck to prevent damage to the
motion controller. Temperature was monitored using a Type K TC elevated
approximately 1 cm above the chuck center to enable substrate motion. A Type K
TC was used to accommodate higher temperature measurements compared to
previous work. The elevated TC was calibrated with respect to a TC mounted to a
silicon substrate’s surface, and was found to consistently report temperatures ~20
°C below the chuck surface temperature (Figure 6.4). The elevated TC temperature
is reported throughout this work. Substrates were heated and held at growth
temperature for 30 minutes prior to deposition. Silicon substrates were placed
across the 4” chuck from edge to edge to test uniformity, and the results shown in

Figure 6.5 demonstrate high uniformity of structures across the chuck.
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Figure 6.3: (a) New heating set-up used for epitaxial nanotree growth, with a reduced
size 4” chuck. (b) two 300 W halogen bulbs in each casing, four bulbs total. (c) Heating
set-up installed in GLAD system, oriented with the flux 85° to substrate normal. QCM
behind sample monitors deposition rate. (d) Macor head piece, and (¢) ITO source
material.

NW arrays in this work were grown to a nominal thickness of 300 nm, temperature
of 300 °C, deposition angle of 85°, and nominal flux rate of 1 nm/s unless otherwise
stated. ¢ was set by aligning flux with the sidewall of square YSZ substrates with
[100] oriented sidewalls. Flux motion was either fixed position (constant ¢),
constant rotation (isotropic motion: 1 rotation per 10 nm of nominal material
deposited), or serial bi-deposition (SBD). NW arrays grown with SBD motion
required two stages: the first stage was grown at standard conditions with
continuous substrate rotation to a nominal thickness of 300 nm, the second stage
was grown to a nominal thickness of 150 nm at a reduced flux rate of 0.1 nm/s as
the deposition angle was gradually reduced from 85° to 70°. During the second
stage, ¢ was alternated between two azimuthal positions separated by 180° (28 s at

fixed ¢, 2 s transition).
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Figure 6.4: (a) Temperature measured by TC directly attached to Si substrate, and TC
1 cm above center of chuck as the variac controlling power to the lamps is incrementally
increased. (b) Difference in temperature between the two TCs.

6.2.2 Characterization

The length and orientation of the longest branch per trunk sidewall was measured

using ImagelJ software®®® from five plan view SEM images taken with a Hitachi-

S4800 at 20,000 times magnification (corresponding a total area of 140 pum? for

each NW array), using the same methodology as in the previous chapter. At least ~
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Figure 6.5: Cross-sectional SEM images of ITO NW films grown on Si substrates
placed from one edge (a) to the other (f), through the center of the 4” chuck to test
uniformity in the following order: (b), (c), (d) and (e).

1400 branches were measured in each array. A Bruker D8 Discover with HiStar
area detector was used to acquire pole figures of the (400), (222), and (440) XRD
peaks. GADDS (Bruker) software was used to process pole figure data. TEM
analysis was performed on a JEOL JEM-ARM200F spherical aberration corrected
STEM/TEM, equipped with a cold-field emission gun (c-FEG) and operated at 200
kV accelerating voltage. Cross-sectional TEM samples were prepared using a
JEOL EM-091001S Ion Slicer with 6 kV argon ion beam for initial polishing, and
1 kV for final polishing. SHIM (Zeiss ORION Plus) was used to obtain oblique
images of nanotree arrays on YSZ substrates to overcome charging effects that

obscure SEM images.
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6.3 Results and Discussion

6.3.1 Nanotrees

SEMs of nanotrees grown at 0.1 nm/s at various temperatures and ¢ are shown in
Figure 6.6. ¢ is defined as the angle between the [100] direction of the YSZ
substrate and the azimuthal flux position (Figure 6.2). NW films grown at 300 °C
are clearly aligned in-plane. With this temperature identified, subsequent nanotrees
shown in Figure 6.7 are grown at 300 °C and various deposition rates. Overall, 300
°C and 1 nm/s were selected as the optimal growth conditions due to clear branch
alignment in the SEMs. These conditions were used for the rest of the work shown

in this chapter.

SHIM images from multiple perspectives are shown for ITO nanotree arrays grown
on YSZ at 1 nm/s and o = 85° in Figure 6.8 with (a-d) ¢ = 45°, and (e-h) ¢ = 0°.
The nanotrees appear to be vertically and azimuthally aligned. As expected,
branches grow preferentially on the side of the trunks facing the flux. The resulting
films are composed primarily of L-shaped nanotrees (Figure 6.8b) for ¢=45°, and
T-shaped nanotrees for ¢ = 0°. Plan view images show a representative L-shaped
nanotree for ¢ = 45° (Figure 6.8c), and a T-shaped nanotree for ¢ = 0° (Figure
6.8g). However, some nanotrees in the films do not adopt the representative shape.
For example, under close inspection, a few L-shaped nanotrees can be observed in
Figure 6.8f. These imperfections are likely a result of stochastic nucleation which
may result in nearby nanotrees shadowing facets that would otherwise be exposed
to flux. Variations in self-shadowing environments could potentially be alleviated
by pre-patterning seeds to grow periodic arrays of nanotrees.!** In addition, T-
shaped nanotrees with short branches facing away from the flux are present in
Figure 6.8b, which may be a result of adatom migration around the trunk catalyzing
back facing growth. Due to the high depth of field afforded by helium microscopy,
the nucleation layer resulting from the self-catalyzed VLS growth mechanism of
ITO nanotrees can be clearly seen in Figure 6.8 a and e on the substrate surface

between the nanotrees.
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200 °C 300 °C 400 °C

Figure 6.6: Nanotrees grown on Y SZ substrates at a variety of temperatures at 1 nm/s and
a=85°. Red arrows indicate in-plane flux direction.

0.1 n/s 2 nm/s

Figure 6.7: Nanotrees grown on YSZ substrates at a variety of deposition rates at 300
°C and = 85°. Red arrows indicate in-plane flux direction.
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Figure 6.8: The vapor flux is deposited at oblique angles (o) relative to the substrate
normal, offset by an angle (¢) from the [100] direction of the single cubic crystal YSZ
substrate. SHIM images of ITO nanotrees grown on YSZ with o = 85°, and (a-d) ¢ = 45°
(resulting in L-shaped nanotrees), and (e-h) ¢ = 0° (resulting in T-shaped nanotrees). (a)
and (e) are oblique images. (b), (¢), (f) and (g) are plan view images. (d) and (h) are cross-
sectional images. Red arrows depict vapor flux orientation, and black arrows indicate
crystal directions of the YSZ substrate. All scale bars are 200 nm. Reproduced with
permission from Nano Letters.’'” Copyright 2014, American Chemical Society.
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6.3.2 Nanotree alignment

XRD was used to analyze alignment of the crystalline nanotrees. Figure 6.9 shows
XRD line scans taken from a variety of positions above the sample and overlaid
onto a single 2@ plot. The green and red boundary lines in Figure 6.9 indicate the
20 range used to generate the pole figures for the (400), (222), (440), and (622) ITO
diffraction planes shown in Figure 6.10. The second set of peaks for the (622) plane
were not measured in the process (the outer radial ring for expected peaks). The
pole figures confirm vertical and azimuthal alignment over large areas (~1 mm?) of
nanotrees epitaxially grown along the [001] substrate normal direction. Pole figures
spatially map XRD intensity from select crystal planes projected on the surface of
a hemisphere above the sample. The sharpness of the peaks indicates a high degree
of alignment. In each case, mirror diffraction peaks from the YSZ substrate were
partially overlapped with the diffraction peaks from the ITO nanotree array as

expected for YSZ-ITO epitaxy.
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Figure 6.9: Overlain XRD 2@ plots taken detected from a variety of positions above the
sample. Red and green lines in (a) and (b) indicate boundaries for ITO peaks used in
pole figure generation. Grey lines indicate background regions used for pole figure
analysis.
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Figure 6.10: XRD pole figures for (a) (400), (b) (222), (c) (440), and (d) (622) planes
for an ITO nanotree array grown epitaxially on a YSZ substrate with 1 nm/s, ¢ = 45°
and o= 85°. The red arrows correspond to the flux direction, and the black dotted lines
in (b), (c) and (d) correspond to the expected radial positions for the diffraction peaks.
The region with missing peaks at the outer radial ring in (d) was not measured.
Reproduced with permission from Nano Letters.>'7 Copyright 2014, American Chemical
Society.
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6.3.3 Epitaxy

HRTEM imaging of the trunk-substrate interface is shown in Figure 6.11a and b.
The HRTEM images confirm epitaxial growth of the trunk on the YSZ substrate,
and a vertical growth direction of [004], agreeing with pole figure data. An atomic-
resolution high-angle annular dark-field scanning-TEM (HAADF-STEM) image of
a substrate-trunk interface (Figure 6.11 ¢ and d) shows that rows of atomic
columns continue at regular spacing from the substrate into the NW, further
confirming epitaxial growth. An edge dislocation can be seen at the trunk-substrate
interface (in the circled region in Figure 6.11d). Under close inspection, the YSZ
substrate’s horizontal atomic column rows are not perfectly straight near the surface
(see green lines in Figure 6.11d), however, the horizontal rows of atomic columns
in ITO are stacked in straight lines. In addition, the stacking direction in ITO

appears to be 2°from the stacking direction in the YSZ substrate.

A more detailed analysis of the HAADF-STEM data is shown in Figure 6.12a. The
image was taken with an electron beam oriented along the [110] direction of an ITO
NW trunk. Only Sn or In atomic columns are observable in the HAADF-STEM
images, and they are indistinguishable here. The hexagonal arrangement of atomic
columns is due to viewing the cubic lattice along the [110] direction or zone-axis,
as indicated by the arrangement of atoms in the schematic shown in Figure 6.12b.
HAADF-STEM directly images the position of atomic columns using incoherent
scattering of an electron beam rastered across the sample, allowing for
straightforward interpretation. Conversely, HRTEM relies on phase contrast due to
interference of coherent Bragg scattered electrons, and therefore, precise atomic
arrangement is more difficult to determine. Schematics of a cubic bixbyite In203
unit cell from different viewing directions are shown in Figure 6.12¢ and d. The
horizontal rows of atomic columns are separated by 0.26 nm, corresponding to the
spacing between (004) planes in ITO, confirming trunks are growing vertically
along the [004] direction. In addition, rows of atomic columns slanted at ~ 57° with
respect to the [004] direction are spaced out by 0.29 nm, agreeing with the spacing
between (002) planes. The measured angle of 57° between the [004] and [222]
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directions is close to the expected value of 55°; the discrepancy may be due to

imperfect alignment of the electron beam.
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Figure 6.11: (a, b) HRTEM images of ITO NW-YSZ substrate interface. (b) white lines
indicate stacking of lattice planes from substrate into NW trunk. (¢, d) STEM images of
the interface between the YSZ substrate and an ITO nanotree early in the growth process.
Red lines in (d) indicate 0.26 nm measured in ITO trunk. Dashed white circle indicates
edge dislocation at interface. Green lines indicate imperfect stacking of horizontal
atomic columns in YSZ substrate. Reproduced with permission from Nano Letters.3"”
Copyright 2014, American Chemical Society.
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Figure 6.12: (a) HAADF-STEM image with electron beam oriented along [110] direction
of ITO NW trunk. Bright spots indicate In or Sn atomic columns. Schematics of In,O3 unit
cells viewed along (b) [110], (c) [100], and (d) [111] directions. Red and blue balls
correspond to In and O atoms, respectively. (b), (c), and (d) were reproduced with permission
from Rauf, 1. A. Appl. Phys. Lett. 2008, 93, 143101.3%3 Copyright 2008, AIP Publishing LLC.
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6.3.4 L-, T-, and X-shaped nanotrees

L-shaped nanotrees grow when ¢ = 45° In this configuration, the azimuthal
position of the flux is aligned along the [110] direction of the substrate, and along
a vertex of each cubic trunk’s square cross-section. The resulting nanotree array is
composed of L-shaped NWs with branches directed along the two orthogonal in-
plane [100] and [010] directions of the substrate. Branch length and orientation
measurements were taken from plan view SEM images (across a total area of 140
um?, see Figure 6.13) and are presented in a radial density scatter plot shown in
Figure 6.14b. Long range alignment of L-shaped nanotrees is further confirmed,

agreeing with XRD pole figure data.

20.0k SE(U) 10/23/2013 17:38

Figure 6.13: One fifth of total branch orientation and length measurements taken from
top-down SEM images for each of (a) ¢ continuously rotated on Si, and (b) ¢
continuously rotated, (¢) ¢ = 0°, and (d) ¢ =45° on YSZ. Reproduced with permission
from Nano Letters.’!” Copyright 2014, American Chemical Society.
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(e) ¢ rotated
T e 4
o ]

Figure 6.14: Plan view SEM images of nanotrees grown on YSZ substrates with (a) ¢
=45°,(c) ¢=0°, and (e) ¢ rotated. (g) Plan view SEM image of nanotrees grown on a
Si substrate with ¢ rotated. Radial density scatter plots shown in (b), (d), (f), and (h)
depict 1892, 2552, 1866, and 1919 branch length and orientation measurements taken
across 140 um? of plan view SEM images of nanotree arrays in (a), (c), (¢), and (g),
respectively. Radial rings represent 100 nm length increments. Red arrows indicate flux
direction. The in-plane [100] and [010] directions shown in (a) are the same for (a-f).
All data in figure corresponds to growth conditions of rate = 1 nm/s, T =300 °C and o
= 85°. Reproduced with permission from Nano Letters.3'” Copyright 2014, American
Chemical Society.
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T-shaped nanotrees grow when ¢ = 0° as shown in Figure 6.14c. In this
configuration, flux is directed along the [100] substrate direction, and normal to a
sidewall of each growing trunk’s square cross-section. Branch growth is promoted
along three orthogonal in-plane directions of the YSZ substrate ([100], [010], and
[010]) and inhibited along the direction opposite the flux ([100]) as shown in the
radial density scatter plot depicting branch orientation and length measurements

(measurements in Figure 6.13c¢) in Figure 6.14d.

X-shaped nanotrees grown on YSZ using continuous substrate rotation are shown
in Figure 6.14e. There are four branch growth directions per ITO nanotree due to
epitaxial branch growth on the cubic trunks’ sidewalls, resulting in X-shaped
nanotrees. Epitaxial trunk alignment further restricts branch growth to four in-plane
directions ([100], [100], [010], and [010]) of the YSZ substrate, resulting in
azimuthal alignment of the X-shaped nanotrees as confirmed by the radial density
plot in Figure 6.14f. To contrast with nanotree arrays grown epitaxially on YSZ,
we also grew nanotrees on Si (Figure 6.14g). As shown in the previous chapter, no
preferential in-plane branch orientation arises for nanotrees grown on Si with

isotropic flux (Figure 6.14h).

6.3.5 Mechanism

A plan view schematic depicting and explaining the growth of individual L-, T-,
and X-shaped nanotrees is shown in Figure 6.15. L-shaped nanotrees (Figure
6.15a) result when the flux is oriented toward the vertex of the trunk’s square cross-
section, promoting branch growth on two sidewalls directly exposed to flux. T-
shaped nanotrees (Figure 6.15b) result when flux is incident normal to a sidewall.
Growth material migrates onto trunk sidewalls oriented parallel to the flux,
catalyzing branch growth orthogonal to the flux. X-shaped nanotrees (Figure
6.15¢) result when material is equally distributed around the NW surface via
continuous substrate rotation, promoting branch growth on all four sidewalls of the

trunk.
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Figure 6.15: Plan view schematic of direct branch growth on select NW facets. (a) ¢ =
45° leads to L-shaped nanotrees, (b) ¢= 0° leads to T-shaped nanotrees, and (c) @rotated
leads to X-shaped nanotrees. Red arrows illustrate flux direction and the red lines along
the surface indicate where the nanotree’s cross-section is directly exposed to flux.
Reproduced with permission from Nano Letters.>'7 Copyright 2014, American Chemical
Society.

6.3.6 Non-idealities

In an ideal VLS-GLAD situation, it is expected that I-shaped (single-branched)
rather than T-shaped nanotrees would grow when ¢ = 0°. However, branches
oriented orthogonal to the vapor flux are observed to be of approximately equal
length and frequency compared to branches growing directly toward the vapor flux
for T-shaped nanotrees when viewed from above (Figure 6.14d and Figure 6.15b).
While trunk sidewalls oriented parallel to the flux should not directly capture

material in an ideal VLS-GLAD process, three mechanisms might allow adatom
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particles to migrate to sidewalls that are not directly exposed to flux: imperfect
flux collimation, surface diffusion from the substrate and/or around trunk corners,
and re-evaporation and reflection of incident adatoms. A branch growing on a
sidewall parallel to the flux will become directly exposed to flux after even a small
amount of growth. Conversely, even if catalysts form on the trunk sidewall facing
away from the flux, insufficient flux would be directly captured by the catalysts to
achieve substantial growth. The combination of these effects results in T-shaped
nanotrees. Similarly, surface diffusion around the trunk may result in catalyst
formation on shadowed sidewalls in L-shaped nanotrees; however, branch growth

is inhibited on these sides due to limited direct flux capture.

To grow such I-shaped nanotrees a two-material VLS system may be required
where the catalyst and NW growth material are different and deposited separately.
In that case, catalysts could be deposited on the sidewall of previously grown NWs
under conditions to limit adatom migration (i.e. low temperature), and with a much
larger distance to the vapor source to improve flux collimation. Branches would
then be grown from the selectively deposited catalysts. In addition, the separation
of catalyst placement and NW growth would enable flux engineering directed
branching to be used for material systems that require chemical vapor deposition,

molecular beam epitaxy, or vapor phase epitaxy for NW growth.

6.3.7 Uniaxial branch elongation

Improved understanding of adatom migration in VLS-GLAD processes enabled the
growth of nanotree structures with branches preferentially elongated along one axis
of the YSZ substrate. A GLAD motion algorithm known as serial bi-deposition!!®
was used to elongate branches along the axis oriented orthogonal to the flux. In
SBD, the flux’s azimuthal position is periodically alternated between ¢ = 0° and ¢
= 180°, as illustrated in Figure 6.16a. Branches that grow along the [010] and [010]
directions are orthogonal to the flux and will capture flux throughout the entire SBD
process. However, branches growing along the [100] and [100] directions are

periodically starved from flux due to shadowing from the trunk. Therefore,

125



Chapter 6. Epitaxially Aligned Nanotrees

branches orthogonal to the flux will capture more flux and grow longer than
branches oriented along the flux axis, resulting in preferential branch growth along
one axis as shown in the plan view SEM image in Figure 6.16b. During the SBD
process, a was gradually reduced from 85° to 70° so the flux could reach and

elongate branches that become shadowed as surrounding trunks increase in height.

A nanotree with branches elongated along the axis oriented orthogonal to the flux
during the SBD process is shown in an oblique SHIM image in Figure 6.16¢. The
preferential elongation of branches along the [010] and [010] directions of the YSZ
substrate is confirmed in the radial density scatter plot shown in Figure 6.16d. This
asymmetric branch growth may increase the likelihood for interconnectivity
between nanotrees along the [010] and [010] directions, as indicated by the

potential overlap between branches in the circled region in Figure 6.16b.
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Figure 6.16: (a) Plan view schematic of a nanotree grown with serial bi-deposition
motion where the azimuthal flux position is periodically alternated between two
positions separated by 180°. (b) Plan view SEM image, and (c) oblique SHIM image
showing nanotrees grown using a SBD process, the alternated flux positions are
indicated by the red arrows. The white dotted line circle in (b) indicates a possible
interconnection between two nanotrees. (d) Radial density scatter plot of 1437 branch
length and orientation measurements taken across an area of 140 um? where each ring
corresponds to 200 nm length. Reproduced with permission from Nano Letters.’!
Copyright 2014, American Chemical Society.
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6.4 Conclusions

Aligned ITO nanotree arrays consisting of NWs with two, three, or four orthogonal
branch directions were produced using VLS-GLAD. The flux was engineered to
starve branches along select directions of the substrate, enabling the growth of
aligned arrays of L-, T-, or X-shaped nanotrees. The alignment of these structures
over large areas was confirmed using XRD pole figures, and by manually
measuring the length and azimuthal orientation of branches across large areas. In
addition, branches were preferentially grown along one axis of the substrate using
a SBD flux motion algorithm. The work presented in this chapter represents a new

level of control over branching anisotropy in NW arrays.

Patterning of catalysts prior to growth rather than relying on stochastic nucleation
would enable nanotrees to be arranged into a square grid pattern on the substrate
and would ensure that branches grow directly towards neighboring nanotrees. With
improved height dependent branch placement, catalyst patterning, and the directed
branching demonstrated in this work, 3D nanowire networks with directional and

height dependent interconnectivity could be fabricated.

VLS-GLAD and flux engineering may be a part of the solution to achieving a
higher degree of 3D control in NW architectures, a capability that the NW
community is currently lacking.®%1% VILS-GLAD significantly enhances
structural control, however, the functional properties of 3D architectures also need
to be optimized for device applications. The focus will now turn to optimization of
conductivity and optical transmittance of the branched ITO NW arrays for

transparent electrode applications.
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7. Transparent Electrode
Optimization

7.1 Introduction

7.1.1 Introduction

Branched ITO NW networks are promising candidates for nanostructured
transparent electrode applications (see Chapter 2). For example, ITO
nanostructured electrodes can be used to extract charge from photoactive polymers
in OPV devices.>**>!2320! In addition, ITO nanostructures, including branched
nanowires*?*, and nanoparticles®?>, have been shown to enable the fabrication of
mechanically resilient transparent electrodes on flexible substrates. VLS-GLAD’s
powerful control over branched ITO NW architectures may be used to optimize

their structure for a variety of transparent electrode applications.

Portions of this chapter were reproduced with permission of The Institute of Physics
(IOP) from the following publications:
(1) Beaudry, A. L., Tucker, R. T., LaForge, J. M., Taschuk, M. T., and Brett M. J.
Nanotechnology 2012, 23, 105608.
(2) LaForge, J. M., Cocker, T. L., Beaudry, A. L., Cui, K., Tucker, R. T., Taschuk, M. T.,
Hegmann, F. A., and Brett, M. J. Nanotechnology 2014, 25, 035701.
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In this chapter, VLS-GLAD’s structural control will be used to fabricate
nanostructured ITO transparent electrodes with simultaneously high transmittance
and conductivity. Doping and crystallinity in ITO electrodes need to be optimized
to balance carrier concentration, mobility and optical transmittance. The effects of
architecture, deposition conditions and post-growth annealing processes on the
sheet resistance and optical transmittance of VLS-GLAD grown ITO NW
electrodes will be presented. These studies will be supported by results from a

follow-up work performed in our group by LaForge et al.*?

7.1.2 ITO transparent electrode optimization

ITO is a complex material system with highly tunable electrical and optical
properties that depend on the morphology, degree of crystallinity, oxidation,
stoichiometry, and doping.!”” As discussed in Chapter 2, ITO’s conductivity arises
from degenerate n-type doping from both Sn, and oxygen vacancies. Optimizing
the conductivity relies on achieving simultaneously high mobility and high carrier
concentration. However, the introduction of dopants introduces defects which

results in increased scattering of free carriers and reduced mobility.

In addition, the electrical and optical properties of ITO are tightly linked.!”” For
instance, high carrier concentrations can lead to increased free carrier absorption,
decreasing infrared transmittance. In addition, high carrier concentrations shift the
transmittance “window” to smaller wavelengths in ITO by increasing the plasma
frequency resulting in a reduced onset reflectance wavelength, and increasing the
bandgap through the Moss-Burstein effect.!”® Therefore, it can be challenging to

achieve simultaneously high transmittance and high carrier concentrations.

In the case of nanostructured ITO, the degree of interconnectivity between adjacent
structures strongly impacts long range electrical transport. Thus, structural
considerations must also be made for transparent electrode applications.
Simultaneous optimization of optical transmission, mobility, carrier concentration,
and architecture of nanostructured ITO transparent electrodes is required; such a

task is not trivial.
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In this chapter, NW films are first annealed in air to remove defects and enhance
crystallinity, resulting in improved mobility and transmittance.'83-27?° However,
the air anneal also oxidizes ITO, resulting in reduced carrier concentration. In this
chapter, the films are subsequently annealed in H> to provide a reducing
environment to reintroduce oxygen vacancies into the healed lattice. It is well
known that annealing ITO films in H; results in increased carrier concentrations,
and leads to enhanced conductivity.!83327-330-334 The two-stage annealing process
allows high carrier concentrations to be recovered following the air anneal by using
an H» anneal to reintroduce oxygen vacancies without significantly diminishing the

improved optical transmittance.

7.2 Experimental

7.2.1 Annealing procedure

ITO NW films were grown on quartz substrates using VLS-GLAD as discussed in
previous chapters. A nominal thickness for each film was about 1 um. A two-stage
annealing process, developed in previous work by our group to optimize GLAD
ITO electrodes'??, was performed following growth. The first stage air anneal was
initiated with a ramp rate of 10 °C per minute from room temperature to 500 °C in
atmosphere and then held for 90 minutes. The heating is turned off and the samples
were removed after passively cooling to 90 °C. The second stage anneal was
performed in a three-zone tube furnace. Forming gas consisting of 5% H> (balance
Ar) was flowed over the samples at a rate of 100 sccm during the anneal. The
temperature of the samples was ramped linearly to 375 °C in 90 minutes, held at
375 °C for 60 minutes, and then turned off and allowed to passively cool to below

90 °C before removing the samples from the furnace.

7.2.2 Characterization

Transmission spectra of films on quartz substrates were measured from 185 nm to
3300 nm using a spectrophotometer (Perkin-Elmer NIR-UV). Film sheet resistance

(quartz substrate) was measured using a four point probe. Transmission and sheet
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resistance measurements were conducted before and after each annealing stage. The

sheet resistance is calculated as:
Rg = - —= (7.1)

Which is the widely used calculation assuming four-point-probe on an infinite

sheet.’

Achieving optimal sheet resistance and optical transmittance is a challenging
balancing act. This compromise exemplifies the complicated relationship between
electrical, optical and structural properties observed in nanostructured ITO films.
To achieve such a balance of sheet resistance and optical transmittance, several

figure of merits have been proposed. 84336338

In 1976, in a paper by Haacke, a figure of merit was introduced to quantify and
compare the quality of transparent electrodes based on their sheet resistance (Rys)

and transmissivity (79).>*®

Fy =2 (7.2)

Rs

where Ry is sheet resistance, 7y is optical transparency (averaged over
400 nm < A < 780 nm) and x = 10, typically.**® The value of x is chosen to vary the
importance of transmission. Typical device grade planar ITO films have 2 X 107
Q! < Fy <22 X 103 Q. Haacke’s figure of merit will be used to compare

electrodes here.

7.3 Results

7.3.1 Sheet resistance — four-point-probe

In bulk-like films, transmission spectra and in-plane conductivity measured via
four-point probe can readily assess the optical and electrical performance. Four-
point-probe can be used to measure changes in conductivity throughout NW arrays,

however, it is difficult to distinguish whether changes in conductivity are due to
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intrinsic properties of the material, or the structure of the electrode. The
conductivity of ITO NW architectures will depend on the degree of
interconnectivity between structures; however, regardless of these limitations four-
point-probe is routinely used to measure conductivity in nanostructured ITO
arrays.3?98:202.242325 Interestingly, four-point-probe measurements provide insight
into the structure and its evolution and behaviour with changing process
parameters. In a follow-up work by our group performed by LaForge et al.,
terahertz time domain spectroscopy (THz-TDS) was coupled with EDX and X-ray
photoelectron spectroscopy (XPS) to gain deeper insight into the mechanism
driving conductivity changes within the ITO NWs. Results from LaForge et al’s
work will be used to support the findings in this chapter.

7.3.2 Sheet resistance — o

Sheet resistance increases rapidly with increasing o in NW arrays (Figure 7.1 and
Table 7.1), likely due to increased spacing leading to poor charge transport between
adjacent NWs in films (as seen in Chapter 3). Films grown at high « are thus not
suitable for transparent electrode applications without a conductive base layer, as
separated structures are not capable of efficiently transporting charge to adjacent
structures. It is likely the small conductivity measured through the NW arrays
grown at high a is primarily due to the thin planar nucleation layer at the base of
the film (Figure 7.3). A proper balance between the required spacing and sheet

resistance must be reached for the desired application.

Separated nanostructures could be deposited onto a pre-deposited planar ITO film
to enable good conductivity. Planar ITO films have a nominal sheet resistance of
5 Q3/sq following the annealing procedure used in our lab. Charge transport between
well separated structures can also be achieved by fabricating a density graded film,
as shown in Chapter 3 (see Figure 3.19e¢). The film was grown by increasing o
from 30° to 85° midway through deposition. This architecture exhibited a low sheet
resistance of 147 Q/sq prior to annealing, and 81 Q/sq following the two-stage

anneal process. The dense base of the film would serve as a conductive layer to
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transport the collected charges from the protruding structures embedded in the
photoactive polymer of OPV devices. VLS-GLAD allows the dense base layer and
protruding NW layer to be grown in a single deposition step. Substrate motion
could be engineered to fabricate designed density gradients along the height of the

film to reach an optimal compromise between structural spacing and electrical

interconnectivity.
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Figure 7.1: Sheet resistance for ITO NW films grown at different deposition angles (),
measured for as-grown, after annealing in air (anneal 1), and after H, anneal (anneal 2).

7.3.3 Sheet resistance — deposition rate

Sheet resistance was found to be lower in NW films grown at high deposition rates
(Figure 7.2 and Table 7.2). For a = 50°, the sheet resistance decreased from
230 Q/sq to 51 Q/sq (119 Q/sq to 37 Q/sq after annealing) as the deposition rate
was increased from 0.05 nm/s to 2 nm/s. The effect is the same for as-grown NW
films grown at o = 85°, where the sheet resistance decreases from 6.1 MQ/sq to
15.7 kQ/sq (50.7 kQ/sq to 820 /sq after annealing) as the deposition rate is

increased from 0.1 nm/s to 2 nm/s.
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Sheet Resistance Tave (400 < 1 <780 nm) Haacke’s Figure of Merit (Fy)

o Pre-anneal Anneal 1 Anneal 2 Pre-anneal Anneal 1 Anneal 2 Pre-anneal Anneal 1 Anneal 2
(®) (Q/sq) (Q/sq) (Q/sq) (%) (%) (%) (103/Q) (1073/QQ) (1073/Q2)
30 61.6+0.7 319+2 38.2+0.3 532+02 | 76.1+£0.2 | 77.5+0.2 0.029 £ 0.001 0.204 + 0.006 2.05+0.05
50 | 128.8+0.2 71942 82.6+0.7 84.1+02 | 88.5+02 | 88.4+0.2 1.37£0.03 0.408 £ 0.009 3.51+0.08
70 740 £ 15 4710+ 40 412 +£2 89.0+£02 | 91.7+02 | 91.2+0.2 0.42+0.01 0.089 +0.002 0.97 +£0.02
80 | 12100+ 300 | 81000 £ 2000 3780 + 40 92.0+£0.2 | 929+0.2 | 92.7+0.2 0.036 £0.001 0.0059 £ 0.0001 | 0.124 +£0.003
85 3.81+0.1x10° | 17300+ 700 | 92.7+0.2 | 93.0+02 | 93.1+£0.2 | 3.24+0.07x10* | 1.27+0.05x10 | 0.028 + 0.001

Table 7.1: Sheet resistance, average visible transmission (400 < A <780 nm) and Haacke’s figure of merit measured before and after each annealing stage

for ITO NW films grown at a temperature of 240 °C, rate of 0.2 nm/s, and at various .
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Sheet Resistance Tave (400 < A <780 nm) Haacke's Figure of Merit (Fy)
o Rate Pre-anneal Anneal 1 Anneal 2 Pre-anneal | Anneal 1 Anneal 2 Pre-anneal Anneal 1 Anneal 2
(°) | (nm/s) (Q/sq) (Q/sq) (Q/sq) (%) (%) (%) (1073/Q2) (103/Q) (103/QQ)
50 | 0.05 231.6 £0.7 1970 + 20 117.7+0.7 | 843+02 | 91.5+02 | 91.2+0.2 0.79 £ 0.02 0.209 £+ 0.005 3.39+0.08
50 0.1 213.5+0.8 1920 + 10 119.0+£0.2 | 844+02 | 91.6£0.2 | 91.2+0.2 0.86 £0.02 0.216 £ 0.005 3.36 £0.07
50 0.2 128.8+0.2 7202 82.6£0.7 84.1+0.2 | 88.5+0.2 | 88.3+0.2 1.37+0.03 0.408 = 0.009 3.51+0.08
50 0.5 137.8+0.2 870 + 20 72.0+£0.3 78.1+0.2 | 86.0+0.2 | 86.2+0.2 0.61 +0.02 0.255 +0.008 3.13+£0.07
50 1 87.1+£0.2 618+4 48.0+0.1 70.4+02 | 80.8+0.2 | 81.8+0.2 0.34+0.01 0.191 £ 0.005 2.78 £0.07
50 2 51.0+£0.5 447 +2 37.1+£0.1 352+£02 | 622+£0.2 | 63.9+£0.2 | 5.7=0.3x10* | 0.0194 £ 0.0006 0.305 + 0.009
85 | 0.05 51+£2x10% | 92.1+£02 | 92.7+£02 | 923+0.2 0.0088 £ 0.0004
85 0.1 6.0 £0.1x10% | 1.64+0.05x10° | 3.9+£2x10* | 924+0.2 | 93.2+0.2 | 92.9+0.2 | 7.5+ 0.2x107 3.0+£0.1x10* 0.0122 £ 0.0005
85 0.2 3.8+0.1x10° 17300 £ 600 | 92.7+0.2 | 93.0+0.2 | 93.0+0.2 1.27 £0.05x1073 0.028 +0.001
85 0.5 24800 £ 300 65400 + 200 6610+ 30 93.2+£0.2 | 93.1+0.2 | 93.0£0.2 | 0.020 + 0.001 7.5 +0.2x1073 0.073 £ 0.002
85 1 9+ 1x10° 79000 + 4000 5600+200 | 83.1+0.2 | 86.3+0.2 | 86.8+0.2 | 1.8+0.2x10* 2.9 +0.2x107 0.043 + 0.002
85 2 15700 + 400 11200 £ 200 820+3 79.1+02 | 81.8+0.2 | 84.2+0.2 | 6.1 £0.2x10 | 0.0119 +0.0004 0.217 £ 0.005

Table 7.2 Sheet resistance, average visible transmission (400 < 4 <780 nm) and Haacke’s figure of merit measured before and after each annealing stage
for ITO NW films grown at a temperature of 240 °C.
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Figure 7.2: Sheet resistance for ITO NW films grown at (a) o = 85° and (b) a = 50°, and
different deposition rates. Measured for as-grown, after annealing in air (anneal 1), and
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Structural changes may be partially responsible for the variance in conductivity
observed in films grown at different deposition rates, such as a thicker planar
nucleation layer at high deposition rates contributing to increased lateral
conductivity (Figure 7.3). However, it is challenging to decipher whether
conductivity changes are due to intrinsic material property changes, such as
stoichiometry or crystallinity, or structural changes, such as degree of

interconnectivity or nucleation layer thickness, using four-point-probe

measurements.

1.0nms* 15nms' 20nms! 2.5nms’ 30nmst

Figure 7.3: Comparison of the nucleation layer of NW arrays grown at various deposition
rates. Figure reproduced with permission from Nanotechnology.3*® Copyright 2014,
Institute of Physics.

0.5nms"

In a follow up work by our group (LaForge et al.)**%, we were able to use a contact
THz-TDS, coupled with EDX and XPS, to gain deeper insight into conductivity
changes at different deposition rates. In LaForge’s work, a four-fold increase in
carrier concentration (from 1.5 + 0.2 X 102° cm™3 to 5.8 + 0.7 x 102° cm™3)
was measured as deposition rate was increased from 0.5 nm/s to 3 nm/s. The
relative In and Sn concentrations were found to be independent of deposition rate
using both EDX and XPS (Figure 7.4). It was therefore postulated that the dramatic
increase in carrier concentration was a result of increased oxygen deficiency during
higher rate depositions leading to increased oxygen vacancy concentration in the
structures. This result agrees with the observed decreased sheet resistance in high

rate films in this chapter.
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Figure 7.4: The Sn/In ratio of the nanowires as a function of flux rate. Composition was
estimated by (a) XPS and by EDS through comparison of the (b) K-« lines of Sn and In and
(c) the L-B Sn lines to the L-a In lines. The dashed horizontal lines represent the average value
for each set of data. Figure reproduced with permission from Nanotechnology.3*® Copyright
2014, Institute of Physics.

7.3.4 Sheet resistance — temperature

The sheet resistance in as-deposited NW films grown at o = 50° increases from
24 Q/sq to 129 Q/sq (41 Q/sq to 83 Q/sq after annealing) as the deposition
temperature is increased from 130 °C to 240 °C as shown in Figure 7.5. The
increase in sheet resistance may be due to the onset of VLS growth above 130 °C,
resulting in a transition from planar films to disconnected NWs. In order to properly

design an electrode architecture, the deposition conditions need to be optimized
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both for structural interconnectivity and desirable intrinsic material properties to

optimize long range conductivity throughout the film.

In this study, the sheet resistance of NW films typically increase by an order of

magnitude following annealing in air, as seen in Figure 7.1, Figure 7.2, and Figure

7.5. No significant changes to morphology were observed following either

annealing stage, which suggests the observed decrease in sheet resistance was due

to changes in intrinsic properties of the material, such as oxygen vacancy

concentration and degree of disorder in the crystal, rather than morphological

effects, such as the degree of interconnectivity between structures. The

transmission spectra also provides insight into charge carriers in the film.
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Figure 7.5: Sheet resistance for ITO NW films grown at « = 50°, 0.2 nm/s, different
deposition temperatures. Measured for as-grown, after annealing in air (anneal 1), and

after H, anneal (anneal 2).
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7.3.5 Optical transmittance — annealing

Following the first stage air anneal, NW arrays become much more transmissive as
shown in the photographs in Figure 7.6a and b. Low transmissivity in ITO films
grown in oxygen deficient environments has been attributed to the presence of free
indium in the lattice, which is removed upon annealing in air.!””!37 A characteristic
spectrum illustrating the effects on transmittance due to the two annealing stages is

shown in Figure 7.6c¢.

It is well known that annealing ITO in air results in improved transmission due to
improved crystallinity, and reduced free carrier densities.’?’ Prior to annealing,
reflection at the plasma wavelength (~ 1100 nm) is observed (Figure 7.6¢). The
absence of reflectance at the plasma wavelength (~ 1000 nm) observed in the
spectra following annealing in air (Figure 7.6¢) suggests that carrier density
decreases significantly, agreeing with the increase in sheet resistance following air
anneals. The reflectance at the plasma wavelength (~1200 nm) is observed
following the second stage H» anneal (Figure 7.6¢), suggesting a dramatic increase
in free carrier concentration, but the relatively unaffected transmission in the visible
spectrum suggests the improved crystallinity achieved from annealing in air
remains intact. Therefore, the H, stage anneal can be performed to increase carrier
density with negligible effect on the visible transmittance. This suggests the H»
anneal introduces oxygen vacancies without overly disrupting order in the crystal,
allowing for higher mobility and optical transmission. The infrared region becomes
more opaque following the H» anneal, which is expected due to the increased free

carrier absorption.

7.3.6 Optical transmittance - o

Higher optical transmissivity was observed for films grown at elevated a (Figure
7.7a). For as-grown films, the average visible transmissivity increases from 84% to
93% as the deposition angle is increased from 50° to 90° (Figure 7.7b). Following

the two-stage anneal process, the visible transmissivity increases to 88% for the «
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= 50°, while the & = 90° film remains at 93%. Increased transmissivity in high o

films is likely primarily due to decreased mass density on the substrate.
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Figure 7.6: Photograph of various ITO NW films (a) as-grown, and (b) after first stage air
anneal. (c¢) Transmission spectra for an ITO NW film grown at 1 nm/s, = 50°, and 240
°C, as-grown, after annealing in air, and after H, anneal.
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Figure 7.7: (a) Transmission spectra for ITO NW films grown at 0.2 nm/s, 240 °C and
different ¢, after annealing. (b) Average visible transmission (400 < 1 < 780 nm) for
ITO NW films grown at 0.2 nm/s, 240 °C and different &. Measured for as-grown, after
annealing in air (Anneal 1), and after H, anneal (Anneal 2). (a) Reproduced with
permission from Nanotechnology.?’' Copyright 2012 Institute of Physics.
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7.3.7 Optical transmittance — deposition rate

NW arrays grown at higher deposition rates have reduced transmission compared
to films grown at low rates (Figure 7.8a). For as-grown « = 50° films, the average
visible transmission decreases from 84 % to 38 % (92 % to 64 % after annealing)
as the deposition rate is increased from 0.05 nm/s to 2 nm/s. The plasma wavelength
shifts from ~ 1400 nm to ~ 1200 nm (shrinking the transmission window) as the
deposition rate is increased, suggesting an increase in carrier concentration. This
result agrees with observations by LaForge®?%, where it was found the growth
environment likely became increasingly oxygen deficient at higher deposition rates
leading to increased carrier concentrations. In LaForge’s worka, carrier localization
was also observed in films grown at high rates, suggesting increased disorder and
increased impurity concentration, which may cause the reduced visible

transmittance observed for high rate films seen in Figure 7.8b.

7.3.8 Optical transmittance - temperature

As-grown NW films are typically more transmissive at higher deposition
temperatures (Figure 7.9), which is likely due to reduced disorder in the lattice.
The average visible transmissivity increases from 40% to 92% as the deposition
temperature is increased from 100 °C to 200 °C for as-grown a = 85° films. In
addition, for as-grown o = 50° films, the films go from being opaque to having
> 80% visible transmission as the temperature is increased from 100 °C to 240 °C.
Following the two-stage anneal process, the transmission of low temperature films
increases substantially, suggesting structural disorder and impurity concentration
may be reduced upon annealing. As previously discussed, the H, anneal has

negligible effect on visible transmission.
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with permission from Nanotechnology.?’" Copyright 2012 Institute of Physics.
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Figure 7.9: Average visible transmission for ITO NW films grown at 0.2 nm/s, and
various deposition temperatures, for (a) o= 85° and (b) o= 50°. Measured for as-grown,
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7.3.9 Haacke’s Figure of Merit

Haacke’s FOM is defined in Equation 7.2. The first anneal increased the
transmission of the films and the second anneal decreased the sheet resistance of
the films, collectively improving FH by 1 to 2 orders of magnitude (Figure 7.2,
Table 7.1, and Table 7.2). As «a is increased, the sharp increase in sheet resistance
significantly reduces F (Figure 7.10a). However, by using a low « base layer, and
a high « interfacial layer (as previously described), a high Fr (~ 4.6 X 103 Q) can
be reached, while still having the desired protruding surface for enhanced charge
extraction in OPV devices (recall Figure 3.19e). Interestingly, Fz decreases with
deposition rate for o = 50° films despite conductivity enhancements at high rates
(Figure 7.10b). Therefore, the significantly degraded transmittance at elevated
deposition rates in « = 50° films outweighs the improved film conductivity. In
summary, low o films grown at low deposition rates exhibit the largest F. If high
a films are to be applied as an electrode, they must be grown on a planar ITO film,

or use substrate motion to fabricate density graded films.
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Figure 7.10: Haacke’s FOM (Fy) for ITO NW films grown at (a) 0.2 nm/s, and 240 °C,
at various @, and (b) & = 50°, and 240 °C, at various deposition rates. 30/85° label in

(a) refers to NW film grown with a changed midway through growth as shown in Figure
3.19e.
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7.4 Conclusions

Nanostructured ITO electrodes are promising candidates for a variety of
applications, including charge extractors in OPV devices, and flexible transparent
electrodes. VLS-GLAD has enabled powerful control over the electrode structure,
however, optimizing the conductivity and optical transmittance had been left
uninvestigated prior to this chapter. Insight into the complex relationship between
electrical and optical properties was achieved, and the two stage annealing process
was shown to be highly effective in optimizing both visible transmittance and sheet
resistance for transparent electrode applications. In addition, it was found that the
deposition parameters can be set to achieve the desired electrode architecture, and
post-growth annealing can be performed to optimize intrinsic properties of the

material without impacting the electrode’s structure.

The use of a four-point-probe proved to be limited as only interstructure
conductivity can be assessed, and more sophisticated techniques are required to
understand the intrinsic conductivity within the individual NWs. However, the
four-point-probe technique provided excellent insight into the evolving structure of
the electrodes with changing deposition parameters, including the nucleation layer,
and degree of interconnectivity between structures. Further work using THz-TDS
will help elucidate the mechanisms resulting in enhanced conductivity in annealed

ITO NW films.

VLS-GLAD is a powerful nanostructuring technique capable of fabricating a
variety of branched ITO NW networks. This chapter presented the first step to
optimization of the functional properties of VLS-GLAD grown architectures for
device purposes, and much more investigation will be required. However, the
results in this chapter show immense promise for VLS-GLAD as an electrode
fabrication technique. New device architectures for other applications including
transistors or solar cells may be possible as VLS-GLAD is extended to more

material systems.
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8.1 Summary of Thesis Results
8.1.1 Summary

This thesis outlined the development of a technique named VLS-GLAD that uses
glancing angle deposition to guide the self-assembly of NWs through vapour-
liquid-solid growth. VLS-GLAD was shown to have powerful 3D structural control
in branched ITO NW arrays. The anisotropic branching demonstrated in this work
may enable the fabrication of 3D interconnected NW networks with directional
interconnectivity, leading to new device architectures. In addition, optimization of
the structural, electrical and optical properties of branched ITO NW transparent
electrodes was performed. With further development, VLS-GLAD could be a
powerful technique in achieving controlled bottom-up synthesis of functional 3D

nanoscale architectures.
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8.1.2 VLS-GLAD capabilities

Several capabilities were achieved in this thesis using VLS-GLAD as summarized

in Figure 8.1, including:

1. Height dependent morphology

2. Branch diameter oscillation control
3. Height dependent anisotropic branch growth
4. Epitaxy-free azimuthal alignment of nanotrees

5. L-, T-, and X-branched nanotrees

N
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Figure 8.1: Summary of notable achievements in this thesis using VLS-GLAD.
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8.1.3 Morphological control

In Chapter 3, control over NW spacing, branching, and feature sizes simply by
changing deposition parameters was demonstrated. By changing deposition
parameters during growth, these features could be controlled with high precision
along the height of the NW film. NWs with height dependent diameters and
branching densities can now be readily fabricated using VLS-GLAD.

8.1.4 Engineered branch oscillations

Chapter 4 discussed the dynamic control over branch diameter. Periodic
oscillations were repeatedly observed in the diameter of branches on NWs grown
with continuous substrate rotation. It was postulated that the oscillations were due
to self-shadowing as the vapour flux rotated about the trunk, periodically starving
a branch’s catalytic droplet of material. The droplet therefore oscillates in size and
leads to oscillation in the amount of material precipitated at the liquid-interface.
The effect was found to be reproducible using a simple model. In addition,
aperiodic oscillations could be encoded in the oscillations using dynamic substrate
rotation schemes and macroscopic shuttering of the flux. The mechanism enables
time-stamping during VLS-GLAD growth, leading to deeper insight into adatom

migration and burying of features in the film.

8.1.5 Height dependent branch orientation control

In Chapter 5, asymmetric flux deposition was found to cause anisotropic branching
in ITO NWs. Branches preferentially grew on sidewalls of the trunks facing the
flux. In addition, the azimuthal branch orientations were changed along the height
of a NW by changing the azimuthal orientation between the collimated flux and
growing trunks. The height dependent branch orientation control demonstrated in

this thesis may allow improved control over interconnectivity in NW arrays.

8.1.6 Epitaxy-free competitive nanotree alignment

Interestingly, nanotree crystals, and resultantly, branches, were preferentially

aligned in-plane in a configuration dependent on the azimuthal alignment of the
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flux on any substrate. This effect exemplifies the significance of the intersection
between ballistic vapour deposition, and kinetic crystal growth processes. The
branch alignment effect is due to a combination of the cubic shape of the crystalline
NWs, and shadowing of the obliquely incident vapour flux. Initially, the azimuthal
orientation of the nuclei is random, however, the directional flux induces a
competitive growth process. Trunks oriented with the largest flux capture cross-
section capture more growth material, and trunks oriented with smaller flux capture
cross-sections become increasingly shadowed from the flux as the preferred trunks
increase in height, resulting in extinction. The trunk crystals become preferentially
aligned azimuthally, and due to the epitaxial growth of branches on the trunk
sidewall, the branches adopt a morphologically measurable alignment. The crystal
alignment can also be measured throughout the nanotree ensemble using XRD pole
figures. Agreement between XRD pole figure data and morphological observations
is an elegant consequence of the crystalline nature of the branched structures. The
alignment of crystalline branched NWs without requiring epitaxial growth at the
substrate is a unique capability offered by VLS-GLAD, and allows for more

ordered architectures to be fabricated on amorphous substrates, such as glass.

8.1.7 L-, T-, and X-branched nanotrees

In Chapter 6, directed branch growth in aligned nanotrees was presented. The in-
plane alignment of nanotrees can be fixed by epitaxial growth on a lattice matched
substrate. By fixing the in-plane alignment of nanotrees, the azimuthal position of
the flux to be decoupled from alignment of the structures. The flux can then be
directed solely to place growth material on select NW facets without impacting the
alignment of the structures. Using this control, aligned arrays of self-similar L-, T-
, and X-branched nanotrees were grown over large substrate areas. The ability to
grow branches along select directions may enable directional interconnectivity
between adjacent NWs, as well as morphological anisotropy, which is a significant

contribution to the achievable complexity in 3D NW networks.

153



Chapter 8. Conclusions

8.1.8 Transparent electrodes

In addition to improving structural control over 3D NW architectures, the feasibility
of applying the branched ITO NW networks as nanostructured electrodes in OPV
devices was assessed. The performance of the ITO NW films as TCOs was
determined by characterizing sheet resistance and transmittance. While measuring
the sheet resistance was useful in gaining an understanding into changes in film
conductivity, it was impossible to distinguish between conductivity changes due to
structural features and intrinsic material properties, such as stoichiometry or
crystallinity. To address this issue, LaForge et al. performed THz-TDS to assess
the intrinsic conductivity of ITO independently of structural effects on long-range
conductivity, enabling optimization of the growth parameters.’’ Determining
optimal deposition parameters and post-growth annealing procedures to achieve
ideal stoichiometry, crystallinity, and structure for OPV devices will require further
work. However, the results in this thesis provide a foundation for future electrode

optimization.

8.2 Future Work
8.2.1 Looking forward

The use of GLAD to provide a controlled directional vapour source during VLS
growth began as an exploratory project that rapidly expanded as new capabilities
were discovered, and it was unfortunately not possible to explore every possible
direction. VLS-GLAD has promising capabilities that may be useful for
fundamental materials science studies, fabrication of 3D nanoelectronics devices,

and for OPV device applications.

8.2.2 Directional branch interconnectivity

Throughout this thesis, branch placement capabilities were continuously improved.
In-plane branch alignment was demonstrated for both non-epitaxial and epitaxial
growth at the substrate. Utilizing epitaxial alignment of branched ITO NWs to

intentionally interconnect NWs using branches is the natural next step. Epitaxial
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alignment restricts branch growth to four possible in-plane directions due to the
cubic crystal geometry of ITO. Interconnects could be formed between adjacent
NWs along select directions by growing anisotropic branched NWs using VLS-
GLAD growth on pre-patterned seeds.

8.2.3 Enhanced branch placement — new material systems

Using a separate catalyst and NW growth material would allow catalyst placement
to be performed independently of branch and trunk growth. Catalysts could then be
deposited on select NW facets at lower temperatures, and at precise locations along

the height of the NW.

8.2.4 Further transparent electrode optimization

This thesis presented preliminary efforts to optimize VLS-GLAD ITO NW films
for transparent electrode applications. Further work using THz-TDS to optimize the
intrinsic material properties using post-growth annealing and deposition conditions
would be beneficial. Further understanding of how to best optimize the architecture,
stoichiometry, and crystallinity of the structures would be invaluable to fabricating
high performance devices. VLS-GLAD significantly enhances control over the film
structure and architecture, while post-processing annealing optimization should
enable enhanced control over intrinsic material properties. In addition, preliminary
work towards flexible electrodes has begun using VLS-GLAD grown branched
ITO NWs. VLS-GLAD’s powerful structural control should enable architectural

optimization for flexibility and conductivity.
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8.3 Reflection

Material selection was of the utmost importance in ensuring the success of this
project. As discussed in Chapter 3, other groups had attempted VLS-GLAD,
however, limited control morphological control was demonstrated. In this thesis,
ITO was an ideal material system to investigate VLS-GLAD due to the relatively
low temperature required to achieve self-catalyzed VLS growth. As a result, a
GLAD deposition system could readily be outfitted with a simple heating apparatus
capable of reaching growth temperature. The self-catalyzed VLS mechanism also
removed a catalyst deposition step, allowing for higher throughput experiments. In
addition, branching readily provided insight into the impact of asymmetric vapour
source on the morphology of individual structures and the ensemble as a whole.
Branch orientation measurements provided deep insight into the texture evolution
throughout the nanotree ensemble, which resulted in the evolution of aligned self-

similar crystalline structures through a competitive growth process.

Investigations linking crystal properties to the morphology of individual structures
via TEM tomography enabled another link to be formed between XRD pole figure
data, and branch orientation data. Although it is postulated that this technique
would be generally applicable to all VLS material systems, the aforementioned
reasons made ITO an excellent material to demonstrate the control VLS-GLAD
offers over 3D NW architectures, and to investigate the intersection between

ballistic flux deposition and crystal growth.
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