University of Alberta

Fabrication and Characterization of Organic and Inorganic Linear
Nanostructures

by

Joel Boulet

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements for the degree of

Master of Science
in

Microsystems and Nanodevices

Electrical and Computer Engineering

©lJoel Boulet

Spring 2013
Edmonton, Alberta

Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis
and to lend or sell such copies for private, scholarly or scientific research purposes only. Where the thesis is
converted to, or otherwise made available in digital form, the University of Alberta will advise potential
users of the thesis of these terms.

The author reserves all other publication and other rights in association with the copyright in the thesis and,
except as herein before provided, neither the thesis nor any substantial portion thereof may be printed or
otherwise reproduced in any material form whatsoever without the author's prior written permission.



For Barb

She makes the world a better place



Abstract

Research was undertaken into the organic semiconductors tris(8-
hydroxyquinoline)aluminum (Alqgs) as well as bis(8-hydroxyquinoline)zinc (Znqz) to the
effect of improving achievable morphological control using an inexpensive evaporation-
based solution synthesis method. By varying experimental parameters such as ambient
temperature, vapour pressure, choice of anti-solvent used and exposure time, growth and
nucleation were optimized so as to produce organic single crystals. Two methods were
discovered to grow arrays of vertically-aligned Alqz nano/micro rods out of a thin film of
Alqz. Afterward, dielectrophoresis (DEP) was studied as a means to align linear
nanostructures onto testing pads for characterization. To that effect, a DEP alignment
platform containing seventy-four testing devices was designed and then constructed using
microfabrication techniques such as electron beam evaporation and photolithography.
Alignment of individual nanowires have been successful, and electrical measurements have

been performed on p-type copper oxide yielding a hole mobility of 25.5 cm2/Vs.
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Chapter 1: Introduction

1.1: Introduction to Inorganic Nanostructures

In the late twentieth century, personal computers revolutionized the world. For the
first time, humanity reached greater heights by striving to build smaller rather than larger.
The miniaturization trend continues to this day, as tablets and smartphones push aside
laptops and phone booths. It is thus imperative for scientists and engineers to have a solid
understanding of the nano- and micro-sized materials which are essential to the next
generation of devices produced via nanotechnology[1]. Today, nanotechnology is a rapidly-
expanding field which contributes directly to advanced structural materials[2-4],
sensors[5-7], field-effect transistors (FETs)[8-10], and photovoltaics[11-13] as well as

many other areas of research.

Linear nanostructures frequently form the metaphorical and literal building blocks
of micro- and nano-scale devices. Typically cylindrical in shape (though hexagonal and
rectangular prisms are also common), they are referred to as nanorods or nanowires when
solid, and as nanotubes when hollow See Figure 1. The fundamental yet simple nature of

the linear shape makes it an important component in most device designs.



Figure 1: Computerized graphical representation of a single-walled carbon nanotube[14]

FETs, for example, require a semiconducting channel between the source and drain
electrodes which will conduct either a large or small amount of electrical current (the ‘on’
and ‘off states for the transistor, respectively). This basic design requirement can be
readily accommodated via nanotube or nanorod. A third terminal, known as the gate, has a
voltage applied to it which generates an electric field inside the channel region. Depending
on the channel material, the applied electric field can either increase the number of
available charge carriers or decrease it, resulting in high or low conductivity in the channel,
and thus the ‘on’ and ‘off’ states. In 1998, a FET was fabricated using one single-walled
carbon nanotube[15]. With a length of only 100nm, the whole channel could be described
as a single molecule - an important step forward in the ongoing efforts to miniaturize

electronics.



As another example, photovoltaics can make excellent use of linear nanostructures.
In a typical planar-type pn-junction solar cell, there is a fundamental compromise which
must be made between wanting a thick semiconductor layer to maximize photon
absorption, and wanting a thin semiconductor layer to minimize recombination as the
electron-hole pair travels to the junction. An array of vertical nanorods offers a promising
way to overcome this problem, as the two aforementioned priorities are orthogonalized so
that they may coexist. With a vertical semiconducting nanorod engulfed by a
semiconductor of the opposite type, the full length of it may be used to maximize photon
absorbance while simultaneously its narrow radius allows for a short travel distance
between the electron-hole pair creation and the pn-junction, minimizing recombination.
See Figure 2 for a graphical representation of the three-dimensional nature of this design.
In 2009, Fan et. al. demonstrated a proof of concept using this design, with the successful
creation of a CdS/CdTe solar cell with 6% efficiency after little in the way of
optimization[16]. Using vertical nanorods, the solar cell proved more efficient than a planar

design with comparable CdTe thickness, which reported an efficiency of 5% [17].
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Figure 2: Electron-hole separation in vertical nanorod-based solar cell. Reprinted by permission from Macmillan Publishers
Ltd: [Nature Materials] [16], copyright 2009.

A key variable in the determination of the quality of a material is its crystallinity.
Crystallinity is a measure of a material’s internal order, namely how well the particles
conform to a periodic mathematical lattice of points[18]. There are seven types of periodic
lattices which are used to describe the periodicity of crystalline materials, as shown in
Figure 3. An object is considered to be single crystalline if its entire structure fits a single
crystal lattice, with a certain tolerance for defects. A polycrystalline object is defined as
containing pockets of single crystallinity which are separated by grain boundaries[19]. The
bonds spanning across grain boundaries are longer and less consistent than those within a
single crystal. Additionally, the crystal pockets do not typically share the same crystal
orientation with each other, even if their lattice types are identical. An object is classified as
amorphous if it lacks the internal long-range order to be considered crystalline or

polycrystalline.
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Figure 3: Seven Bravais lattice types[20]

The presence of defects is a near-certainty in any given crystal. A crystal defect can
either be positional or compositional[21]. A compositional defect refers to the presence of
an atom or molecule which is foreign to the crystal. The foreign contaminant may occupy a
position in the lattice if its size and electrical properties resemble the atom or molecule
which should be present for an ideal crystal. In semiconductor applications, this type of
defect is frequently inflicted on a semiconductor in a controlled manner (doping) so as to
increase or decrease the number of charge carriers present in the material[22].
Alternatively, a foreign contaminant may exist inside the lattice without joining it, by

residing in the spaces inbetween atoms or molecules.



Positional defects refer to a disruption in the location of points within the lattice. A
positional defect can be zero-dimensional, such as the absence of an atom or molecule from
the lattice, leaving a void. A one-dimensional defect refers to a line of non-ideal bonding,
such as could be found on an improperly-formed carbon nanotube, for example. A two-
dimensional defect represents a plane of non-ideal bonds, such as a grain boundary in a
polycrystalline material. A three-dimensional defect refers to a volumetric distortion of the

crystal lattice, such as those formed by pores or large cracks[23].

Crystalline purity confers many advantages on the material in question, particularly
with regards to optical and electronic properties. In atomic materials with low crystallinity,
the typical bond length between atoms increases[21]. This has the effect of increasing the
quantum mechanical potential energy barrier between atoms, restricting the transfer of
electrons from one atom to another with the net effect of lowering the material’s charge
carrier mobility — one of the most important electronic properties for any material. Gaps in
the crystal lattice or abrupt lattice termination at an outer surface can create dangling
bonds. These are partially unbound atoms which act as zero-dimensional quantum wells
(traps) for charge carriers. Traps decrease carrier mobility as well as carrier

concentration[24].

Optically, undesired defects in the semiconductor’s crystal lattice can manifest as
irregular absorption and transmission of photons. A semiconductor’s bandgap refers to the
energy difference between its most energetic valence state and its least energetic
conduction state[25]. When atoms are in close proximity to each other, the quantum

mechanical states allowed for its charge carriers begin to split apart as the Pauli Exclusion



Principle forbids the existence of two fermions in the same state. The splitting of the energy
states also typically increases the bandgap as a function of atomic or molecular
proximity[26]. Conversely, when the bond length between atoms or molecules increases
(as is usually the case when positional crystalline defects are present), this effect is
reversed and the bandgap decreases until such time that the energy levels are no longer
splitting due to lattice point proximity. Both solar cells as well as quantum well-based light-
emitting diodes (LEDs) benefit from calibrated bandgaps within its semiconductors for
maximum photon absorption and emission efficiency[27, 28]. In solar cells, bandgap
shortening caused by crystalline defects decreases the useful energy absorbed per

photon[29], whereas in LEDs this manifests as a divergence in the colour produced[28].

1.2: Introduction to Organic Nanostructures

The fundamental difference between organic and inorganic semiconductors is in
their fundamental organizational divergence, as inorganics are formed from lattices of
atoms whereas organics are formed from lattices of molecules. Organic semiconductors
almost always have longer bonds comprising their lattices compared to inorganics due to
the inter-molecular van der Waal forces being much weaker than the inter-atomic covalent
bonds. The resultant fundamental property differences between these types of materials
originate from this. The increased distance between molecules manifests as a lower
electronic mobility for the organic material, due to the augmented quantum mechanical
potential energy barrier each electron or hole must surpass in order to jump between

molecules. Within an individual molecule, the dominant sigma bonds ensure low inter-



atomic spacing, however the overall ease of carrier passage within the overall material is
determined by the worst segment of the path taken by an electron or hole, such that the
efficiency of carrier travel across short intra-molecular bonds is dwarfed by the difficulties

of traversing long inter-molecular bonds which act as bottlenecks to electric current.

The size of a molecule in comparison to the size of an atom also renders doping far
more difficult for organic semiconductor operations. For standard inorganic
semiconductors, doping is a process whereby atoms foreign to the crystalline composition
of the target semiconductor are injected into the target material so as to displace its atoms
in favour of the dopant. These impurities take the form of either donor (electron-giving) or
acceptor (hole-giving) atoms so as to increase the number of electrons or holes present in
the material. For modern applications, doping is essential to fabricating devices as it allows
for a base material such as silicon or gallium arsenide to be custom-tailored for the relevant
application. The size discrepancy between an atom and a molecule renders conventional
doping impossible in organic semiconductors as the dopant atoms cannot properly fit into

the molecular lattice.

There are two types of doping possible for molecular semiconductors: substitutional
and interstitial, both of which have been demonstrated experimentally albeit in a limited
number of cases. Interstitial doping refers to the insertion of atoms or molecules within the
molecular lattice without joining the lattice. The dopant exists as a free atom or molecule
loosely confined by the lattice molecules. This type of doping has been shown to increase
the conductivity of organic semiconductors by six orders of magnitude[30]. However, due

to the fluid nature of the dopant within the lattice, the conductivity and carrier



concentration of the material can vary wildly depending on ambient conditions. The
instability of this type of material results in a short useful lifespan, and the unpredictability
of the electrical properties precludes it from commercial device applications for the time

being.

The other type of molecular doping demonstrated thus far is substitutional doping,
whereby a new dopant molecule replaces the previous precursor molecule in the lattice
itself. This type of doping is very difficult to achieve due to added complexity, as the dopant
molecule must not only be comparable to the precursor in terms of size but must also
match the correct orientation relative to the lattice in order to bond properly. In addition,
both the dopant molecule as well as the precursor material must posess a high degree of
electron delocalization in order for the dopant molecule to contribute to the overall
material. Thus far this method has only been successfully performed for a small number of
case studies, however when successful it has augmented an organic semiconductor’s
conductivity by magnitudes comparable to interstitial doping[31] without the latter’s

inherent stability problems.

While molecular doping is rarely performed due to its many inherent difficulties,
organic semiconductors can still be altered to change their properties, albeit to a far lesser
degree. The molecular structure of the semiconductor can be chemically changed by adding
or removing pieces such as carbon chains, functional groups, etc, so as to change the overall
semiconductor’s properties. For example, a molecule could be tailored to maximize pi-pi
stacking so as to decrease inter-molecular bond length and increase mobility. See Figure 4.

The van der Waal attractive forces will bring stacked molecules in perfect order on top of



one another, however this is often disrupted by Coulombic repulsion between charged
areas of the molecule, resulting in an offset [32]. Depending on the direction and
magnitude of the offset, the overlap between the pi orbitals will usually decrease though it
will sometimes increase. This results in either a suppressed electronic bandwidth or
occasionally an augmented one[33]. This process is also used to facilitate substitutional
molecular doping, as minor functional group changes can increase or decrease the number
of free carriers in a molecule while maintaining the original molecule’s overall size and
thermal properties. This makes such a modified molecule an ideal candidate for molecular
substitutional doping as its near-identical composition relative to the precursor maximizes

its chances for acceptance into the lattice[31].

Figure 4: Two stacked 2,6-dimethylbenzene-1,4-diol molecules whereby a) is perfectly stacked and b) has an offset [34].
Reprinted (adapted) with permission from (Kim, K.S., et al., Assembling Phenomena of Calix[4]hydroquinone Nanotube
Bundles by One-Dimensional Short Hydrogen Bonding and Displaced n—-mt Stacking. Journal of the American Chemical Society,
2002. 124(47): p. 14268-14279. Copyright (2002) American Chemical Society

The long inter-molecular bond length also creates unique advantages. Using a
classical analogy, we can imagine an atomic or molecular lattice as a framework of springs.

10



Weaker bonds result in greater distances, but they also result in lower spring constants,
which makes the overall lattice softer. Macroscopically, this manifests as a softer material,
which is one of the primary advantages organic semiconductors have over inorganics as it
allows for a flexible device, provided that the remaining device components can also be
constructed with flexible materials (which is typically the case). So far, organics have been
successfully used to make flexible active electronic displays[35-37], sensors[38-40], and

transistors[41-43]. Figure 5 shows a flexible Organic Light-Emitting Diode (OLED).

Figure 5: Present-day OLED being displayed functioning while bent[44]

In device applications, organic linear nanostructures are used in the same roles as
inorganics, however the choice to use organics indicates a desire to utilize one or more of
their unique advantages, typically flexibility or low-cost production requirements. Common

production methods for inorganic nanostructures include

1. Vapour-Liquid-Solid (VLS)[45], which requires very high operating temperatures
(~1000°C) as well as specialized equipment to control gas flow rate
2. Solvothermal[46], which requires very high internal pressure as well as a strong air-

tight chamber to withstand the process
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3. Template (electrophoretic)[47], which requires a porous membrane, a variable

electric field, and a material which is ionic in solution.

By contrast, the common production methods for organic nanostructures tend to be

simpler and less expensive to prepare:

1. Casting[48], which requires only a substrate and solvent suitable for the material
2. Physical Vapour Deposition[49] which requires a furnace and gas flow apparatus
3. Surfactant-Assisted Evaporation[50] which requires a surfactant, centrifuge, and

hotplate.

1.3: Thesis Statement

The objective of this thesis is to fabricate and then characterize a variety of organic
and inorganic linear semiconducting nanostructures. Organic nanostructures do not have
as much established literature describing essential properties such as morphological
control and electrical behaviour as their inorganic counterparts. As it is a rapidly expanding
field of study, it is vital to establish this solid scientific foundation so as to allow for greater
technological end products. Inorganic semiconductors have been extensively studied for
decades, and yet in spite of this there remain unexplored avenues of research specifically in
the domain of characterizing individual linear nanostructures of high purity. The
undertaking of research into such a wide variety of topics including chemistry, physics,
electrical engineering, and materials engineering will create a larger breadth of knowledge

gleaned for the author at the conclusion of this degree.
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Chapter 2: Literature Review

2.1: Nucleation Theory

The study of nucleation and growth is important to the field of solution-processed
organic semiconductors. Nucleation is the process whereby a distinct thermodynamic
phase of atoms or molecules forms out of a medium[51]. This can take the form of either
homogeneous nucleation, whereby the nucleus is released from a uniform medium, or it
can take the form of heterogeneous nucleation, whereby the nucleus is released on the

surface of a material which is distinct from the medium.

A critical component to creating conditions whereby nucleation can take place is
supersaturation[52]. Supersaturation is defined as the potential energy difference between
an atom/molecule in solution versus one in crystal phase. Mathematically, this is

shown[53] as
C
Ap= ps— p =KT *In (C—)
where

e Apis the supersaturation energy

e sis the chemical potential energy of the particle in solution

e | isthe chemical potential energy of the particle in crystal phase
e kis the Boltzmann constant

e Tis the absolute temperature

e cis the solution concentration

13



e (" isthe equilibrium saturation

. . . [
e Sisthe supersaturation ratio =

If the supersaturation energy is positive, then the solution is said to be supersaturated and
nucleation becomes thermodynamically viable. Otherwise, the solution is undersaturated

and dissolution takes place, which is the opposite of nucleation.

While being in a state of supersaturation allows for nucleation, it does not guarantee
that nucleation will take place nor does it yield the nucleation rate. To determine this, we
must examine the contribution of both volumetric and surface effects. The Gibbs free
energy (AG) is defined[52] as the sum of volumetric free energy (AGy) and surface free
energy (AGs). Assuming that a nucleated particle is spherical with radius r, then this can be

expressed as
AG = AGs + AG,
= 4mriy + 3 r3G,
where

e v is the interfacial tension between the developing crystalline surface and the
supersaturated solution

e Gy is the free energy change of the transformation per unit volume.

The volumetric term represents the present bonds between lattice points, which can be
interpreted as an existing energy debt. The surface term represents the end of the lattice,

and thus the lack of an existing bond, which can be interpreted as positive energy relative

14



to lattice bonds. While y is a positive value, Gy is negative and so the volumetric and surface
terms compete with each other to determine whether the Gibbs free energy is positive or
negative. Given that both of these terms are radially dependent, it should be possible to
determine the critical radius (r*) at which they cancel each other perfectly.

d
EAG = 8nry+ 4nr?G, =0

L T2y
r = Gv

And so for r < r%, a nucleated crystal will encounter a progressively stronger potential
barrier compelling it back into solution as its radius increases, whereas for r > r* an
increasing radius will stabilize it outside the solution. At the critical radius, AG(r) becomes
AG(r) = AG" which is the maximum energy barrier preventing nucleation. We can see a

visual representation of the Gibbs free energy as a function of radius in Figure 6.

Interfacial energy

a6 AG*

S
=

radius

Volume free energy

Figure 6: The Gibbs free energy as a function of radius, with volumetric and surface components decomposed[54]
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The supersaturation energy (Ap) of a solution is related[53] to the volumetric Gibbs

energy of the system as
AG, = —ndp
4 3
3" G, = —nkT *In (5)

—2y  —nkT xIn (S)

r % rs
. 8myr3
" T 3nkT «1n (5)

where n is the number of atoms/molecules forming the cluster. This equation
demonstrates a relationship between the critical radius of nucleation and the degree of
supersaturation present in solution. As supersaturation increases, so too does the critical
radius decrease, allowing for easier nucleation. This inverse relationship has also been

experimentally confirmed[55].

The quantitative difference between homogeneous and heterogeneous nucleation is
the change in the interfacial tension y[53]. The presence of a surface in heterogeneous
nucleation offers energy in the form of dangling bonds (unbound valence electrons) which
decreases the value of y and thus also decreases the Gibbs free energy potential barrier,
allowing for easier nucleation. This also manifests as a lowering of the critical

supersaturation point.

The nucleation rate Jnuc can be determined[52] via Arrhenius-type equation

16



—AG*
Jnuc = A e kT

whereby the prefactor A is also dependent on supersaturation. A plot of this as a function of

supersaturation energy is provided in Figure 7, with the critical supersaturation marked.

Alg Au

Figure 7: The almost-linear dependence of nucleation rate on supersaturation energy[53]

2.2: Dielectrophoresis Theory

Dielectrophoresis (DEP) is a term first coined by Pohl in 1978 as “the motion of
suspensoid particles relative to that of the solvent resulting from polarization forces
produced by an inhomogeneous electric field”[56]. DEP is a technique through which
electrically neutral matter may be propelled solely though the use of electric fields. Upon
first examination, this would seem to violate Coulomb’s Law

-

Fe=qE

due to the target object’s net charge being nil. This would seemingly make it impossible to

generate a force regardless of the electric field being applied.
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Suppose that the targeted object was a lossless dielectric material. Its charges would
polarize the object in accordance with the direction of the ambient electric field. For a
sphere, the dipole moment can be expressed [57] as

(Ep - Em)

:4 R3—
p T &m (ep+ 2&y)

where

e pisthe dipole moment

e &y is the absolute permittivity of the surrounding medium
e ¢&pisthe absolute permittivity of the targeted object

e Risthe radius of the sphere

e Eisthe ambient electric field.

While polarized, the sphere may be thought of as two half-spheres, each of which carries a
net electric charge which is equal and opposite to the other. The positive half-sphere would
be compelled via Coulombic force to travel along the electric field lines, whereas the
negative half-sphere would be compelled to travel against them. Since the net charge on
each half is identical and the electric force acting on each half is identical, the two opposite

forces cancel each other and the whole sphere undergoes no motion.

However, if the electric field is non-uniform, then the two halves of the sphere
would experience different magnitudes of Coulombic force, and there would be a net
movement. This is the fundamental principle of DEP [56]. The simplest way to create a non-
uniform electric field is to generate a voltage between two asymmetrical electrodes, as

demonstrated in Figure 8.
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Figure 8: The dielectrophoretic force caused by a non-uniform electric field[58].

Starting with the above expression for the dipole moment, an equation describing
the DEP force is found [57]to be

(Sp - Sm)

(ep+ 2&p) (VE?)

FDEP = anm R3

for a sphere. Note that VE? = 2EVE, which indicates that both the magnitude of the electric
field as well as its rate of change where it intersects the particle are proportional to the

DEP force.

Currently, there are many uses for DEP as a manipulation/filtration/assembly tool.
While most micro-scale devices rely on a bulk layered approach to fabrication, the ability to
assemble a device from pre-made discrete components (such as linear nanostructures) is
immensely valuable as it makes those discrete components equally viable for device
applications. Linear nanostructures can have superior electrical properties to their bulk
counterparts, however those advantages are wasted if they cannot be integrated into
practical devices. Specifically in the domain of carbon, DEP has been used to assemble

organized bundles of nanotubes [59], separate semiconducting and conducting carbon
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nanotubes from one another into homogenous groups [60] and attracting nanotubes onto
patterned electrodes for transistor fabrication [61, 62]. Different types of sensors have also
been fabricated using DEP, such as strain sensors [63] and humidity sensors [64]. With
regards to gas sensors, it has proven instrumental in the construction of devices capable of
detecting NH3 [65], NO2 [66, 67], CO [68] and Hz [69]. It has also been used as a tool for

characterizing semiconducting nanostructures, such as GaN [70-72] and ZnO [73, 74].

Most of the aforementioned applications involve using DEP as a way to manoeuvre a
nanotube or nanorod onto a platform so as to complete a device, however it can also be
used to form the applicable nanostructure itself. Arrays of gold nanorods have been formed
using DEP and a porous alumina template [75], as have highly-ordered two-dimensional

latex crystals from a suspension of microparticles in water [76], shown in Figure 9.

e bt v E R S OO R O
(a) Before application of the field (b) Field on 2 seconds (c) Field on 15 seconds

— — ——

5um 5 pm 5 um

Figure 9: Formation of a two-dimensional latex crystal, displayed as a function of time [76]. Reprinted (adapted) with
permission from Lumsdon, S.0., E.W. Kaler, and O.D. Velev, Two-Dimensional Crystallization of Microspheres by a Coplanar
AC Electric Field. Langmuir, 2004. 20(6): p. 2108-2116. Copyright (2004) American Chemical Society

DEP’s greatest contributions to science and technology so far have arguably been in

the field of biological/medical research. As a filtration mechanism, it is capable of filtering

20



out leukemia cells from normal healthy red blood cells [77], filtering parasite-infested cells
from healthy cells [78, 79], separating one type of leukocyte (white blood cell) from
another[80], or even containing viruses [81-83]. The potential use of DEP in this field is
massive due DEP’s non-destructive nature compared to centrifugation or chemical
treatment. Likewise, DEP is desirable due to its effectiveness on any target particle so long
as its size and dielectric constant do not result in an equal force exerted on both the target

and a non-desired material also present in a sample.

2.3: Anodization/Annealing Method

One of the key materials studied in this research is copper oxide (Cu0O). Bulk CuO
possesses a bandgap of 1.35 eV [84] and has a deep black colour. These two factors make it
a desirable material for solar cells, as the bandgap yields an efficient balance between
energy gained per photon versus number of photons absorbed, and the black colour

indicates a high degree of photon absorption.

The method used to grow copper oxide nanowires for this research is one of
anodization to form Cu(OH): nanowires followed by annealing into CuO nanowires.
Anodization is a process whereby the target substrate (anode) is immersed in an
electrolytic solution along with another substrate (cathode) whereby current passing
between them creates two electrochemical half-reactions[85]. In the case of copper

hydroxide[86] immersed in a 2mol/L aqueous KOH solution, these are

Cu—2e” — Cu?t, Cu**+ 20H™ - Cu(OH),

at the anode, and
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2H* +2e~ - H,

at the cathode.

The mechanism for the formation of linear nanostructures is speculated by Zhang et.
al.[87] to be as follows. The growth process takes place in a non-equilibrium reaction
system in which the different growth speeds of the crystal faces determine the ultimate
morphology. The orthorhombic Cu(OH): consists of olated chains in the planes (001) which
are oriented along (100) and characterized by the square planar coordination of the Cu?*
ions with strong ox2y2 bonds. The Cu?* ions form another two longer and more ionic bonds
with two OH- groups from neighbouring chains along the c-axis, completing a deformed
octahedron in the first coordination sphere of Cu2*. By juxtaposing the chains this way,
once obtains a corrugated sheet parallel to (010). A three-dimensional Cu(OH)z crystal is

formed by stacking of these sheets through hydrogen bonds.

The experimental parameters are noteworthy. If the KOH concentration is too low
(<0.5M) for example, then there are insufficient hydroxide ions present and the Cu(OH):
does not form[86], turning the experiment into the simple hydrolysis of water. If the
concentration is too high (>3.5M) then the abundance of hydroxide ions causes
dehydration in the Cu(OH)2, reducing it to bulk CuO. While CuO is the desired final product,
the CuO formed in this manner is that of a thin film as it does not grow preferentially in the
(100) direction from the copper foil’s lattice as Cu(OH)z does. The Cu(OH)2 thus serves as
an intermediary to establish the desired morphology. See Figure 10 for SEM images of the

Cu(OH)2 nanowires grown in this fashion. X-Ray Diffraction (XRD) data taken from the
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Cu(OH)2 samples show that this method produces single crystals[86], whereas a purely wet

chemical process can only produce polycrystalline Cu(OH)2[88-90].

Figure 10: Copper hydroxide nanowires grown via anodization, with a) 1000s exposure time and b) 1500s exposure time[86].
Reprinted (adapted) with permission from Wu, X., et al., Copper Hydroxide Nanoneedle and Nanotube Arrays Fabricated by
Anodization of Copper. The Journal of Physical Chemistry B, 2005. 109(48): p. 22836-22842. Copyright (2005) American
Chemical Society.

After the anodization is complete, it becomes necessary to anneal the sample to
convert it to CuO[91]. The Cu(OH)2 nanowires on Cu foil are placed inside a tube furnace
with the ambient air replaced by a steady stream of N2. Over the course of twelve hours, the
temperature rises to 180°C before being allowed to cool slowly. Over the course of the

annealing, the Cu(OH): is dehydrated such that

Cu(OH), - Cu0 + H,0

and the color clearly changes from blue to black. CuO produced in this manner was found to
be single crystalline, based on XRD data taken[92]. Unfortunately this method also
produces a quantity of Cu20 amidst the CuO, which can bring to question the validity of

experimental results for CuO.
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2.5: Solution Evaporation Method

It is a common theme when studying organic semiconductors to begin with a bulk
quantity of the material which is then dissolved in solution only to then be driven out of the
solution in a particular manner so as to achieve a desired thin film or crystalline
nanostructure. Solution processability is very desirable due to its simple and inexpensive
requirements[37]. Most commonly, a thin film is formed by simple evaporation in air[93-
96] however this often results in an amorphous film or at best a polycrystalline one.
Alternatively, single crystals can be grown in solution however this often relies on
surfactants creating a micelle around a nucleus so as to limit growth to one dimension[50,
97, 98]. The use of surfactants is undesirable due to the surfactant’s persisting and

contaminating presence once the nanorods have been formed.

A solution-based approach to organic self-assembling crystal growth without use of
surfactants is possible using an evaporation strategy[99, 100]. Figure 11 is an interesting
roadmap detailing the possible avenues the crystallization process may undertake
depending on the experimental parameters[101]. The crystal material begins at point A
inside solution to a solvent which evaporates over time. As the solvent evaporates, the
concentration increases until the solution becomes saturated at point B. At point C, the
supersaturation is sufficiently high to begin nucleation of the crystal material. If the
nucleation rate is high, then the solution quickly loses concentration faster than the
evaporation decreases solvent volume and growth is slow from C to E. This results in a
large quantity of small crystals. If the nucleation rate is moderate, then the solvent
evaporation rate is matched by the nucleation rate, and the net concentration remains

steady until there is no more material left in solution. In this case, the path taken is C’ to F.
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If the nucleation rate is low, then the solvent evaporates sufficiently more rapidly than
nucleation such that agglomeration occurs, resulting in a small number of crystals growing
rapidly. The path in that case is C” to G. If the material in solution cannot crystallize, then
the path taken is C to D, and the material will simply be a disordered residue once the

solvent has completely evaporated.

Metastable line

Solution concentration

Solubility line

¥

Time or solvent removed

Figure 11: The possible courses taken by a crystallizing material in an evaporating solution-based self-assembly[101]

However, the evaporation method relies upon achieving a slow rate of growth
during crystallization for high quality results. A slower rate of growth promotes superior
crystallinity by granting time to new molecules to bond to its ideal position on an existing
nucleus rather than being forced into a non-ideal bond. Planar pi-conjugated molecules, for
example, will naturally self-assemble into ordered stacked rows[102, 103] given adequate
environmental conditions. The absence of a large number of competing molecules (which

are inherent to fast crystal growth) also means that any molecule which bonds to a nucleus
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in a non-ideal location stands a chance of re-entering solution as its comparatively weak
bond to the crystal can be broken, allowing the molecule to be recycled prior to a second

attempt at perfect stacking. In this manner, single crystals can be grown.

There are currently two established methods used to achieve slow crystal growth in
a solution-based process without use of surfactants. The first method is through the use of
an anti-solvent[99, 104]. An anti-solvent is an agent which reduces the solubility of a
material in a given solvent when added to the system. If a solution meets the
supersaturation requirement for nucleation, then the addition of an anti-solvent increases
the supersaturation ratio (S), which decreases the critical radius (r*) and increases the
nucleation rate. If the nucleation rate is augmented, then a larger number of seed crystals
will be formed which will lower the quantity of remaining molecules (especially in close
proximity to the newly-released crystal) in suspension and thus decrease crystal growth

rate, as there are fewer candidates for growth still available.

The second method employed to decrease crystal growth rate in a solution process
is to decrease the evaporation rate of the solvent. While some solvents such as water are
fairly stable in standard atmosphere, most evaporate much more quickly due to having
comparatively weaker inter-molecular bonds. The solvent evaporation rate can be slowed
by containing the solvent within a positive-pressure vapour environment, as the solvent
molecules are bombarded from all directions by gas particles which prevent their normal
release into vapour. This has the effect of artificially keeping the solvent volume high,
which decreases the concentration of semiconductor molecules in suspension and thus

increases the average time until one such molecule impacts and bonds with a nucleus.
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Chapter 3: Experimental Results and Analysis

3.1: Design and Fabrication of a Dielectrophoresis Platform

Due to the nature of the DEP force, namely that it is directly proportional to the
gradient of the electric field, it is necessary for a DEP-based device to incorporate features
of some sort so as to avoid creating a uniform electric field. The simplest way to accomplish
this is with an asymmetric set of electrodes, such as those demonstrated in Figure 8. As we
see there, particles would be attracted to the smaller of the two electrodes as it not only has
a greater density of electric field lines, but those lines also demonstrate more curvature.
This, while an effective design for a device which has the sole purpose of attracting
dielectric matter, does not function well with regards to aligning that same matter.
Assuming a two-electrode system, both electrodes need to be equally powerful in
attraction to maximize chances that a nanotube or nanorod will come into contact with

both and bridge the gap.

For the purpose of this thesis, it was desirable to not only attract and align linear
nanostructures in suspension, but also to ensure that only one targeted object would be
locked in place for study at any given time. Electrical diode and transistor measurements
have been performed in the past on all materials studied in this research - in bulk form.
However, as shown previously, crystallinity can differ greatly between a nanostructure and
bulk material. It is therefore of scientific interest to study a single nanorod or nanotube at a
time, and determine if its properties differ from the bulk. To that end, it was a design
requirement to limit the area between electrodes such that there would be space for only

one nanostructure at any given time.
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One of the most commonly seen designs for DEP in the literature is that of the
interdigitated electrode fingers, shown in Figure 12. The finger design[105] allows for high
surface area between electrodes in a controlled manner. This can be very useful when
seeking to align large quantities of nanowires at once. The upper field electrodes shown in
Figure 12b serve as focusing lenses for the DEP force as it creates new electric field

gradients at those points.

(a) (b)

Figure 12: Interdigitated electrode fingers used for DEP, shown a) without upper field electrodes and b) with upper field
electrodes[105]

Another design which is sometimes seen is that of the point-to-point square
pads[106] as shown in Figure 13. Whereas the interdigitated fingers are designed to
maximize surface area, the square pads are designed to do the exact opposite. By
minimizing the area where the electrodes can be bridged by a nanowire, it decreases the
probability that multiple nanowires will be inadvertently locked in place across the device.
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However, this also decreases the probability of aligning anything at all. DEP is ultimately
based on electric fields, which obey the inverse-square distance relationship. This places a
great importance on the range of the target relative to the attractive DEP device. If a
suspended nanowire is not directly above the one point where the square pads meet, it will
not be drawn down to that target point and will thus fail to create a bridge across the

electrodes.

Figure 13: SEM image of point-to-point square pads used for DEP alignment[106]. Reprinted (adapted) with permission from
Dong, L., et al., Dielectrophoretically Controlled Fabrication of Single-Crystal Nickel Silicide Nanowire Interconnects. Nano
Letters, 2005. 5(10): p. 2112-2115.. Copyright (2005) American Chemical Society

Both design philosophies had merit, and so a mask for photolithography was
designed such that both design types would be made in parallel. The interdigitated
electrode finger design was sliced in pieces such that each electrode pair would have its
own contact pads for probe measurement, as opposed to a single comb pad which
contained many fingers. While this discretized approach is more costly in terms of surface
area on a mask or wafer, it also is far more effective in taking electrical measurements for a

single nanowire. Because the length of a nanotube or nanorod can vary from sample to
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sample (and to make the device wafer relatively adaptable) both halves of the wafer
feature size-varying iterations of the same design. Figure 14 shows the completed mask.
Figure 15 demonstrates a close view of the two electrode archetypes. Table 1 presents a
complete summary of all the devices present, in terms of their dimensional characteristics.
Both design philosophies had macroscopically-sized contact pads for easy probe tip
contact. Note that in Figure 14, the finger-design half of the mask appears to be a set of
rectangles, when in fact each rectangle is a set of two electrodes with finger protuberances
at their centres - the separation between the contact pads is too small to be seen without

magnification.
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Figure 14: The photolithography mask designed for this thesis. The coloured regions represent the transparent zones on the
otherwise chrome-finished mask.
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Figure 15: Close-in views of the areas to be bridged by an attracted linear nanostructure for a) the electrode finger design,
and b) the point-to-point square pad design.
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Table 1: Number of devices of different types per device dimensions whereby green devices are of the square point-to-point
architecture and the blue devices are of the electrode finger-type architecture.

The material composition of the DEP device is relatively straightforward. Silicon
was chosen as a substrate due to its minimal roughness of #5nm[107],, its ability to serve
as a gate terminal for transistor measurements, and for its ease of use with virtually any
nanoengineering process. Specifically, a silicon wafer with a single top layer of silicon
dioxide was used since the SiO; serves as an insulator between any two electrodes and
prevents current leakage. Gold was chosen as the bulk material for the electrodes due to its

excellent conductive properties and its resistance to oxidation at room temperature.

Prior to the deposition of any materials, it is common to expose a fresh wafer to
Hexamethyl disilazane (HMDS) vapour treatment. The silicon atoms (and accompanying
methyl groups) in HMDS bond to the oxygen on the surface of the silicon wafer, creating a
monomolecular silane layer. The resulting layer is slightly hydrophobic (which decreases
water re-absorption after baking) and increases adhesion between the wafer and

photoresist.

The patterned gold electrodes contain feature sizes as small as two microns, which
is currently impossible to deposit directly to such great precision. It is therefore required to
undergo an intermediary step known as photolithography to establish the desired feature
pattern before a thin film of gold can be deposited. The process involves applying a thin

layer (typically via spin-coating) of a photosensitive material known as photoresist which
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is then baked into a solid thin film. An optical mask is then placed above the photoresist
which obscures portions of the wafer from light as required by the desired features.
Ultraviolet light is then targeted onto the wafer, and is allowed to strike the photoresist
only where the mask is transparent. Depending on the type of photoresist, the exposed
areas will either be strengthened or weakened by the radiation exposure. The whole wafer
is then submerged in a developer, which is a specialized solvent fine-tuned to preferentially
dissolve the weaker of the two photoresist areas. The final result is a layer of photoresist
which remains on the wafer, which can be in any pattern desired within the minimum

feature limits of the available equipment.

Two different methods were investigated as means to deposit the thin layer of gold
once a patterned layer of photoresist was present on the wafer via photolithography. The
first of these was sputtering, a mainstream technique whereby argon ions are accelerated
towards a negatively charged target in a sealed vacuum chamber containing a bulk form of
the desired metal to be deposited. Upon impact, the ions dislodge metal atoms which then
bombard the substrate and form a thin film. Sputtering is a popular method because it
operates at high deposition rates[108] (1-10nm/s) and can be used with a large variety of
materials. Due to the energetic and turbulent nature of the particles in motion, the
liberated atoms strike the target surface at non-trivial angles relative to the normal. This
causes an enveloping effect whereby vertical surfaces not directly exposed to the source

material are also coated with the thin film metal.

The second deposition method investigated was electron-beam evaporation (EBE).
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EBE is a straightforward process whereby a bulk sample of the metal to be deposited is
heated via electron beam, which frees metal vapour to rise in a vacuum-sealed chamber
and nucleate on the target surface. EBE is not as popular as sputtering due to its slower
deposition rate, typically 0.1-1.0 nm/s [108]. However, the slower nature of EBE can be an
advantage, as the slowly-rising metal atoms do not collide strongly with each other and will
thus settle on the target surface with angles near zero from the normal, meaning that only

the top surface of the target wafer will be coated.

EBE was chosen to fabricate the DEP platform used in this research because, while
being more time-consuming and expensive, it functions well for liftoff purposes whereas
sputtering does not. Liftoff is a process whereby all remaining photoresist on a wafer is
dissolved, and any deposited metal on top is separated from the rest of the wafer and
simply floats away. Because sputtering also coats the side walls of a vertical feature, it
forms a metal connection between the gold deposited on the wafer and the gold deposited
on the photoresist atop the wafer. This defeats the purpose of liftoff, which requires a
separation of the two layers of gold, such that after liftoff is complete the only remaining

material on the wafer is the deposited gold in the desired pattern.

The entire sequence of steps used in the fabrication of the DEP platform will now be

detailed in text as well as in Figure 16.

1. The N+ Si/SiO; wafer is cleaned with piranha exposure lasting fifteen minutes. This

removes all contaminants and ensures a smooth operating surface.
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. The cleaned wafer undergoes HMDS vapour treatment. First, the wafer is baked so
as to remove all moisture. It is then exposed to a low pressure HMDS gas, which
bonds to the surface of the wafer and releases ammonia.

. The wafer is placed on a spin-coating chuck and locked in position via vacuum seal.
A small quantity (5-10 mL) of the photoresist HPR 504 in liquid form is poured atop
the wafer in the centre. The spin-coater activates at 500 RPM for ten seconds to
evenly coat the whole wafer with photoresist before jumping to 4000 RPM for forty
seconds so as to remove excess photoresist beyond a 1 micron thickness. The wafer
with photoresist layer is then soft baked for 90 seconds at 115 °C. This solidifies the
photoresist and gives it longevity for subsequent steps.

. The photomask is locked in place above the photoresist layer, and is then exposed to
UV radiation for 2.2 seconds. The wafer is then submerged in HPR 504 developer for
twenty seconds to dissolve the unwanted, weakened photoresist and leaving only
the desired pattern on the wafer.

A thin 10 nm layer of chrome is deposited onto the wafer and photoresist via EBE
so as to serve as an adhesion layer between the silicon dioxide and the gold.
Afterwards, 200nm of gold is deposited at a rate of 0.02 nm/s.

Liftoff is performed. The remaining photoresist is dissolved by immersing the wafer

in an acetone bath inside an ultrasonicator for one hour.
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Figure 16: lllustration of the DEP platform process flow
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3.2: Electrical Measurements

Using the DEP platform fabricated as described in the previous section, many
inorganic nanowires were aligned across gold electrodes. The key parameters to be
controlled were the choice of suspending liquid (em), the applied voltage (V), as well as the
concentration of nanowires in the suspending liquid. Depending on the experimental
conditions, it was occasionally a balancing act between exerting too weak of a force (and
thus failing to align anything) and exerting too strong of a force, which could either result

in too many nanowires aligned or in the device being destroyed by heat. See Figure 17.

Figure 17: Examples of DEP alignment where a) the DEP force is too strong, and b) the DEP force is correctly calibrated

Once aligned, it was possible to subject the nanowires to diode (IV) measurements.
Starting with a range of zero to fifty volts over a copper oxide nanowire of 250nm diameter
and channel length of 7 um, it was found to behave in a manner of (I « V2) which is
indicative[109] of space-charge limited current (SCLC), except perhaps for the low voltage
region which appeared linear (I « V) and which is indicative of Ohmic resistance. A
quadratic curve fit was applied to the I-V data, and found that it followed a quadratic curve

with an adjusted R? value of 0.997. See Figure 18. When shifting to a log scale for both axes,
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it becomes apparent that there are two distinct exponential regimes within the IV data,

namely the Ohmic region from 0-6V (adj. R2 = 0.939) and the SCLC region onward (adj. R? =
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Figure 18: Diode measurements of a copper oxide nanowire with curve fitting on a) a regular scale, and b) a log scale

In an ideal trap-free system, the hole mobility of the aligned nanowire could be

determined[110, 111] from the above data using the equation

_ 951"50|'1hV2
- 8lI3

where

e ]is the current density

e ¢ is the dielectric constant of the nanowire
e ¢gois the permittivity of free space

® unis the hole mobility

e Vis the voltage

e Lis the length of the nanowire across the channel.
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However, in a real system containing traps, an additional multiplicative factor 6 is required

such that

N, -E
6 = — ekT
t

where

e Ncis the mobile carrier concentration
e N;is the density of traps

e Eisthe trap depth

e kis the Boltzmann constant

e Tis the temperature.

And so with the data currently available, it is possible to calculate an approximate hole
mobility un0 of 25.5 cm?2/Vs. This result is quite high for CuO, which suggests that there is a

significant degree of Cuz0 contamination present from this fabrication process.

3.3: Organic Growth Patterns

Beginning with the approach demonstrated in the tris(8-
hydroxyquinoline)aluminum (Alq3z) growth paper published by Xu et. al. [99], a great many
crystal growth experiments via solution evaporation were performed over the course of a
year, using both Alqgz as well as bis(8-hydroxyquinoline)zinc (Znqz). Initially the apparatus
used was identical to that described in the paper, namely of a parafilm-sealed beaker
containing a quartz substrate held above a moat of anti-solvent. The stock solution
containing the Alqs is deposited atop the quartz, where it is surrounded by the vapours
released by the anti-solvent moat. The holes in the parafilm allow the vapour to escape at a
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significantly slower rate than would otherwise occur if the beaker were simply exposed to
air. Because the anti-solvent moat is constantly evaporating, the internal environment is
subjected to positive pressure which prevents outside air from entering the system and

contaminating the anti-solvent vapour.

Over the course of experimentation, this apparatus evolved so as to be able to
provide more reliable results. Firstly, the quartz substrate, while convenient for
subsequent characterization due to its flat and transparent nature, did not contain the
stock solution drop well as it had a tendency to slide off the edge. The quartz was replaced
by a small plastic cup which had a shallow concave depression ideal for containing liquid.
The cup was in turn later replaced by a flat titanium dioxide substrate deposited in an
aluminum cavity. The TiO; substrate was flat and thus more useful for characterization
work, and the aluminum well contained the stock solution drop and provided some
shielding on the sides so as to limit convection in the anti-solvent vapour. The beaker and
parafilm were also scrapped in favour of a glass jar with an airtight lid. Multiple lids were
kept on hand, each with a hole of specific diameter drilled into the centre of it. These
controlled-diameter lids were far more useful in regulating the experimental conditions of
the crystallization, as parafilm holes were at best inconsistent in size, which in turn would

dictate the internal pressure of the system. The final apparatus is shown in Figure 19.
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Figure 19: Final apparatus developed over the course of this research for evaporation-based crystallization

One of the key parameters investigated in this research which had not been
explored in the literature was the effect of temperature on the solution evaporation
process for crystallization. Obviously the temperature of the system will affect the inter-
molecular spacing in the stock solution which in turn will vary the degree of
supersaturation accordingly, however the temperature will also contribute to the level of

volatility present in the anti-solvent vapour contained within the system.

Roughly three different temperatures were used over the course of
experimentation, namely room temperature (20°C), refrigeration temperature (0°C), and
freezer temperature (-25°C). Note that in all cases, THF was used as the stock solution
unless indicated otherwise, with a typical volume being 20uL per sample. It was found to
be universally true for all chosen anti-solvents that Alqsz samples produced at 0°C had
longer aspect ratios than those produced at 20°C. See Figure 20. The change in ambient
temperature during crystallization caused an increase from approximately 3:1 aspect
ratios to approximately 7:1. This can be attributed to a slower rate of growth inherent to a

42



lower temperature, as Alqs molecules were accorded more time to bond to preferential
locations (the microrod tips) where pi-pi stacking results in a stronger bond. Additionally,
crystals produced at lower temperatures displayed superior size and greater scarcity
compared to those produced at room temperature. This is in perfect accord with the C’ path
described in Figure 11 as the lower temperature rendered nucleation more difficult versus
the C path undertaken at room temperature. At freezer temperatures of approximately
-30°C, however, different anti-solvents produced different results. Acetone and THF both
produced short rods of dubious crystallinity, whereas diethyl ether and methyl tert-butyl
ether (MTBE) were able to maintain their crystallinity as well as their aspect ratios. See
Figure 20. This discrepancy can be explained by examining the relatively greater volatility
of diethyl ether versus acetone or THF. As a measure of this, we observe that acetone and
THF are accorded[112] an evaporation rate of 6.6 and 6.3 respectively versus butyl acetate
whereas ether’s evaporation rate is 11.8. Because gaseous volatility is decreased at a lower
temperature, it is possible that the positive pressure environment induced by the anti-
solvent vapour become too weak for acetone and THF once cooled to -25°C resulting in
rapid solvent evaporation, whereas ether’s naturally greater volatility granted it superior

resistance and a continued impact on slowing the stock solution’s evaporation.
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Figure 20: Four Alg3 samples demonstrating the effect of temperature where a) was made at room temperature with
acetone as the anti-solvent, b) was made while refrigerated using acetone as anti-solvent, ¢) was made at freezer
temperatures using THF, and d) was made at freezer temperature using diethyl ether

Znq: displayed more fragility in terms of its environmental conditions having to be
met to produce a quality crystal. Once again, THF was used to create a supersaturated stock
solution which was tested in the three temperature groups, using diethyl ether as the anti-
solvent. At room temperature, Znqz demonstrates signs of growth proceeding too rapidly,
as different crystal lattice orientations were observed in the same polycrystalline group.
This is likely due to Znqz’s molecular structure, which is less planar than Algs. It is
theorized that this is the primary reason why Znq, demonstrates greater sensitivity to

environmental conditions when trying to grow single crystals, as it is easier for non-ideal
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bonding to take place than it is with Algs. Even on the same sample, multiple distinct
morphologies are observed at different locations. See Figure 21. This was never observed

with Algz which was consistently hexagonal.
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Figure 17: Zng2 samples grown at a-b) refrigerator temperature, c) freezer temperature, d) room temperature

The size of the aperture on top of the sealed container was also an important
variable to control, with the ability to influence the quality of crystallization. The initially
used parafilm lids were adequate to produce basic results, however the size of the holes
were only crudely controllable, as parafilm stretches naturally when pressure is applied to
it and because the holes produced via needle were inconsistent in size even when using the

same needle. Once the apparatus was upgraded to lids with quantifiably controllable
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aperture widths, it became possible to perform more detailed experiments on its effects on

the internal pressure of the system.

For Algs, it was observed that a high pressure system brought about by a small
aperture width had a small but noticeable detrimental effect on the quality of the crystals
produced. The hexagonal microrods appeared slightly crushed or twisted. This may be due
to the high pressure vapour interfering too much with the liquid stock solution and
encouraging non-ideal bonding in the more turbulent molecular environment. The effects

of a low pressure system were more noticeable, as the lack of interference with THF's

evaporation brought about rapid, chaotic growth in the Alqz microrods. See Figure 22.
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Figure 18: The effects of pressure on Alq3 crystallization, where a) demonstrates a slight twisting caused by high pressure
and b) demonstrates chaotic growth induced by low pressure

In Znq2, the effects of high and low pressure were similar to those displayed with
Alq3 except that the pressure could also cause fundamental morphological changes. While
it is common for multiple different morphologies (half-disks, cubes, dendroids) to be
present on a single Znqz sample, the ratio of one morphology to the other could be varied

via pressure. At high pressure, the cubic morphology (Figure 21b) is more prevalent,
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whereas at medium pressure the half-disks are dominant, and at low pressure typically
only crude microrods are grown. As with Alq3, the high pressure samples display signs of
physical crushing whereas the low pressure samples display poor crystallinity brought

about by rapid growth. See Figure 23.
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Figure 19: Pressure-induced morphological and crystal quality differences in Znq2. a) was grown under medium pressure,
whereas b) was grown under low pressure

Sample exposure time to the anti-solvent vapour is a minor variable, albeit an
important one for quality control purposes. If the exposure time was insufficient or
overabundant, the quality of the microstructures produced decreased greatly. If the vessel
was opened prematurely, then the drop in local pressure greatly accelerated the stock
solution evaporation, triggering chaotic structure growth. Conversely, if the vessel
remained sealed for an extensive period of time after the stock solution has evaporated,
then the ambient anti-solvent eroded the microstructures as a small number of the exposed
surface molecules were re-dissolved into the solvent vapour. See Figure 24. Note that the
ideal exposure time is the exact time it takes for the stock solution to completely evaporate,

with slight overexposure being preferable to underexposure. For an aperture diameter of
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0.7mm/0.8mm and an anti-solvent of ether or THF, the ideal time was determined to be 24

hours for both Algsz and Znqz given a stock solution volume of 20uL.
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Figure 20: The effects of a) underexposure and b) overexposure to anti-solvent vapours regarding Alq3 growth

Experimentation was also done using different stock solution solvents beyond THF.
CHCI3 was attempted due to its greater capacity to absorb Alqgs into solution, but failed to
yield any appreciable results when used in a pure form. However, when used in
conjunction with THF at a ratio of 87:13 v/v of THF/CHCI3 (this ideal ratio was determined
experimentally), the results were surprisingly useful. Starting with a stock solution
supersaturation of 2.8mg/mL in THF/CHCI3 versus the standard 0.92mg/mL for pure THF,
the new stock solution’s tripled concentration allowed for a thin film of Algsz to form in
addition to the standard single crystal microrods. In pure CHCl3, Algz does not naturally
form single crystals however when CHCI3 only composes a portion of the solvent, it only
partially interferes with the crystallization, allowing both an amorphous thin film as well as
single crystal rods to form. This results in an array of vertically-oriented single crystal Alqgs
microrods amidst an Alqgs thin film, as the flat-resting Alqz microrods are buried under the

thin film blanket. See Figure 25.
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Figure 21: Vertically-oriented single crystal Alq3 microrods

A second method was also discovered to create an array of vertically-oriented Alqgs
microrods, with a slightly different final result. If a standard supersaturated THF stock
solution is deposited on a TiO; substrate which has been pre-seeded with an ultrathin
10nm layer of Alqz via thermal evaporation, then the Algs in solution will favour growth
from the Alqs thin film rather than nucleation. The growth will still be of a single crystalline
nature. However, the orientation of the crystals will be determined from the thin film
where growth begins, meaning that the array of microrods tend to have randomly acute
angles from the normal. Because the entirety of the Algsz in solution will contribute to the
crystalline growth (as opposed to the previous method where most of the Alqz went into
the thin film), this method produces a much higher density of microrods emanating from
the surface, however their orientation tends to be oblique rather than purely vertical. See

Figure 26.
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Figure 22: Arrays of Alg3 microrods formed via pre-seeded growth

Photoluminescence (PL) was also performed on a sample containing a bed of single-
crystalline Algz nanorods. With an excitation wavelength fixed at 420nm, the peak
photoluminescence was found to be at 515nm. See Figure 27. This visibly differs from the
established norm of 530nm[113]. This discrepancy can be accounted for by the varying
quality of Algz samples examined. The 530nm baseline figure produced by Garbuzov et. al.
was performed on an amorphous thin film produced via thermal evaporation. The peak
photoluminescence observed from microrods produced via our self-assembling method is
more energetic, suggesting a larger bandgap resulting from tighter inter-molecular spacing.
This is also consistent with experimental results in the literature showing that an
enhancement in crystallinity increases photoluminescence peak energy as well as a
decrease in full-width at half maximum[114]. The narrowing of the peak results from the
reduction in defects inside the crystal lattice, which yields more focused PL results and
improved charge carrier transport. This evidence supports the clear images showing sharp

hexagonal structures indicative of single-crystal Alqs.
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Figure 2723: Photoluminescence performed on Alg3 microrods

Chapter 4: Conclusion

4.1: Conclusion and Future Work

This work explored two distinct areas of nanoscience (organic and inorganic linear
nanostructures) though ultimately for the same goal: to gain greater understanding of its

properties with the objective of facilitating future device applications.

With regards to organic nanostructures, the semiconductors Alqz and Znqz were
studied with methodical progression so as to examine all the pertinent experimental
variables in an evaporation-based solution synthesis. Achieving a high degree of
crystallinity as well as expanding morphological control vis-a-vis previous efforts by others
using this technique were the priorities for this line of research. To that end, the effects of
temperature and ambient vapour pressure (both previously had not been examined in the
literature) were recorded and it was found that superior results were obtained when the

temperature was near 0°C and when the pressure was regulated above atmospheric levels.

Two novel methods to grow arrays of vertically-oriented crystalline Alqz microrods

were discovered. The first method relies upon a hybrid stock solution to simultaneously
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grow crystalline rods and a thin film. This results in a sparse array of microrods nearly
perpendicular to the surface. The second method functions by pre-seeding a thin film of
Alq3 on the surface so as to encourage immediate growth from the thin film instead of the

typical nucleation. This results in a dense array of oblique crystalline rods.

Theoretical research was done on dielectrophoresis as a method of attaining
individual nanowire samples for study. Afterwards, a DEP testing platform was designed
for that purpose. Practical experience was gained in the field of microfabrication in order to

build this device, specifically in the fields of thin film deposition and photolithography.

Testing on inorganic semiconducting nanowires have yielded positive results, as the
target samples can be reliably aligned despite the inherent hit-or-miss nature of single
nanorod alignment. Initial electrical measurements on copper oxide have also yielded

reasonable mobility measurements.

There is significant future work to be done in these fields. The methods discovered
to grow Alqgs microrod arrays should be investigated for similar capabilities with regard to
Znqy, the other semiconductors in the quinoline family, as well as pi-conjugated planar
organic semiconductors in general. One of the greatest challenges hindering the ascension
of organic semiconductors in mainstream technology is the lack of sufficient morphological
control for device requirements. A dense array of vertical single-crystal nano and
microstructures is a desirable morphology to master for devices which thrive on high-

surface area contact layers.

With the DEP alignment and testing device complete and operational, all efforts

should be made to align and test as many types of inorganic semiconductors as possible.
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The greatest limiting factor is attaining a suitable suspension of nanowires or nanotubes in
a liquid with a low dielectric constant and low rate of evaporation. The work in DEP itself
has already been largely completed, which concentrates future work in this field into
developing suitable nanowire production methods which can accommodate DEP’s liquid

suspension requirements.

One easily attainable upgrade to the DEP platform would be to partially redesign the
photolithography mask such that each pair of electrodes would be segregated onto two
new separate masks (with appropriate alighment marks added to each mask) such that
each mask would allow for the patterning and deposition of one electrode per pair. By
means of this division, two different metals could be used in each diode, allowing for
asymmetrical contact pads between the channel. This would unlock a new category of
devices which could then be assembled using DEP, as well as augmenting the quantity of

scientific data which could be extracted for each semiconductor.
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