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ABSTRACT

Electrodeposition is an efficient and economical approach for template
synthesis of one-dimensional (1D) nanostructured materials. Based on the
porous membranes as templates during electrodeposition, metallic nanowires,
nanorods, and nanotubes can overcome the geometrical restrictions to be
inserted into the nanometric recesses with both diameter and length well
controlled by tuning the size and thickness of the templates.

In this work, the morphology, growth rate and texture of copper
nanowires prepared with templates were investigated by the controlled
parameters in various experiments. Cu nanowire arrays with preferential
orientations can be successfully synthesized into the Anodic Aluminum Oxide
(AAO) templates with optimized electrodepositing conditions at room
temperature. The nanowires embedded in AAO were released and dispersed on
Si/SiO, wafer for further observation and analysis in the preliminary studies. The
morphology of the copper nanowires has been characterized by scanning
electron microscopy (SEM), demonstrating the high density of nanowires grown
into the pores of AAO. The chemical composition and crystalline structures of
copper nanowires were analyzed by Energy-dispersive X-ray spectroscopy
(EDS), X-ray diffraction (XRD), and Transmission Electron Microscopy (TEM).

Both potential and current were used as controlled variables during
electrodeposition. Also, the influences of deposition time, concentration of
CuSO04 H20 in the electrolyte and pH value on morphology and crystalline

structure of copper nanowires were investigated. Results show that the

Xii



diameters of nanowires are 200 nm, same as the pore size of the templates. The
lengths of nanowires are positively correlated with the deposition time and the
growth rate of nanowires is strongly affected by the applied potential and
concentration of the electrolyte. Characterizations of XRD and TEM proved that
(220) is the preferential orientation of copper nanowires when lower current
density was selected for electrodeposition with a galvanostatic experiment. The
orientation obtained was the same as the preferential orientation of nanowires
prepared in an electrolyte with higher pH using a potentiostatic technique.
Moreover, a different preferred growth direction of [200] was identified when a
less negative applied potential was employed, as well as increasing the current
density in a certain range. The nucleation-growth mechanism of nanowires
during electrodeposition was systematically investigated and results concerning
preferred orientations were compared with previous studies. Overall, we
demonstrated how growth rate and preferred orientations could be controlled
using electrodeposition to prepare copper nanowires. Extension of the methods
for synthesizing other nanowires is also discussed. This approach may
contribute to applications that require single-crystal metallic nanowires along a

cubic axis direction, e.g. electronic tunneling devices.
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Chapter 1 INTRODUCTION

1.1 Metallic Nanowires

Nanostructured materials have attracted considerable attention in the
past two decades because of their unique properties. With physical properties
that are different from bulk materials, size effects on nanomaterials make them
hold great promise for applications in diverse fields such as nanoelectronics,
opto-electronics, and nano-biotechnology. In particular, 1D metallic nanowires
draw great scientific and technologic interests due to their novel physical
properties and potential applications as interconnects in future generations of

nanoscale electronic devices ",

As ideal building blocks for nanoelctronics, 1D nanostructures can
function both as wiring and as device elements in architectures for nanoscale
devices. Metallic nanowires can present an electrical conductance quantization
[ and show extremely low or even negative optical permittivity in a wide range,
behaving similar to optical band gap (photonic crystal) materials, such as
semiconducting nanowires !,

Ordered metallic nanowires are very important for constructing scaled-
up functional devices used as probes and storage devices . Synthesizing
nanowire arrays on an electrode makes it possible to contact the device directly
as is shown in Figure 1.1 and Figure1.2. These applications have fostered great

interest in fabricating copper nanowire arrays on metal electrodes.



Figure 1.1. Scanning Electron Microscopy (SEM) images of various magnifications of copper
nanowire arrays: (a) and (b) side view images; (c) and (d) plan view images.

1.1.1 Properties of Copper Nanowires

Copper is one of the most important metals in modern electronic
technology. Among all kinds of 1D metallic nanomaterials, Copper nanowires
and nanorods have presented useful physical properties, such as low electric
resistivity, resistance to electromigration and low cost. These properties are are
suitable in microelectronics industry and for fabrication of interconnections of

nanoelectronic circuits and other devices ! .

1.1.2 Applications of Metallic Nanowires
Metallic nanowires can be used in the areas of plasmonics,
nanoelectronics, nanobiotechnology, biology, superconductivity, magnetic

2



sensors based on the giant magneto-resistance effect, ultrahigh-density
magnetic recording media systems, high-density magnetic nanowires, low-
voltage field emitter arrays, thermoelectric devices, infrared polarizers, metallo-
dielectric photon crystals, and anisotropic optical filters . With the rapid
shrinking in size of electronic devices, metallic nanowires may play an important
role in areas of nanoelectronics and optoelectronics. With the scale between 10-
200 nm, metallic nanowires can connect molecular scale devices to the

macroscale world, and connect elements in nanoelectronics .

Figure 1.2. (A) SEM image of a nanowire as-grown on substrate, tilted 45°. Scale bar 0.5 pm. (B)
SEM image of a tunnel diode device. Scale bar is 1 ym. In both images the InP-GaAs
heterojunction is indicated by an arrow!®.

Among various 1D nanomaterials, copper draws the most interest and
is one of the most commonly used materials for fabricating devices. Copper

nanowires have potential applications in devices, such as wire-grid polarizers,



electrostatically dissipative devices, and current collectors for Li-ion batteries .
Moreover, compared with thin films, the nanowire geometry allows for radial
strain relaxation, permitting a much broader range of materials combinations.
Thus, nanowires could potentially be used for high-performance solar cells

produced on low-cost silicon substrates !,

1.2 Synthesis of Metallic Nanowires

There are many different methods to prepare nanowires. Basically,
they can be categorized as “Top Down” and “Bottom Up” approaches, which are
also classified as methods used in fabrication of nanoelectronic devices.

The top-down approach often uses the traditional workshop or
microfabrication methods where externally controlled tools are used to cut, mill,
and shape materials into the desired shape and order. Patterning techniques,
such as photolithography and inkjet printing belong to this category. In contrast,
the bottom-up approach selectively adds atoms to create structures instead of
taking material away to make structures. Examples are solution based
approaches such as hydrothermal and sol-gel approach, chemical vapor
deposition, physical vapor deposition including sputtering coating and electron-
beam evaporation.

Although much effort has been devoted to improve the synthesis
techniques, most of these methods take place under severe processing
conditions, can be expensive and are only applicable to a small number of
material systems. Moreover, the nanowires obtained using these methods are

not sufficiently long and straight for nano-scaled device applications. Other



drawbacks of these techniques include complicated implementation and the

difficulty to remove the hard templates ['%.

1.2.1 Electrodeposition for Synthesizing Metallic Nanowires

In recent years, electrodeposition methods based on nanoporous
templates, pioneered by Possin in the 1970s "' and C.R. Martin in the 1990s 12,
have provided a versatile approach and has been widely used to prepare
freestanding nanowires of metals, semiconductors, and polymers [,

As one of the most successful approaches to fabricate nanowires,
electrodeposition based on templates is a “Bottom Up” technique using a
patterned electrochemical replication of the cylindrical pores of nonconductive
porous membranes. This approach is widely used because of its efficiency, large
scale, easy implementation, versatility, rapid-reaction, good control over
stoichiometry and cost-effectiveness. It is proved that electrodeposition methods
are generally inexpensive with the ability to deposite various nanowire materials
and create a wide range of nanowire diameters (5 nm to 10 um). Moreover, the
aspect ratios (length to diameter ratios) of these wires can achieve as high as
1000 can be achieved with good control of the length and diameter ..

Figure 1.3 is a schematic for the procedures of template synthesis of
nanowires, including coating 30-200 nm gold layers on one surface of AAO,
electrodepositing materials inside the pores of AAO, and etching of the template
after nanowires to achieve a certain length. Following the schematic procedures,

freestanding nanowires can be obtained as is seen in Figure 1.4. It is shown



Cu nanowires
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Figure 1.3. Schematic of the procedure of template synthesis of nanowires.

that even after the template is dissolved, the copper nanowires can keep
standing in arrays on the gold layer as they were embedded in templates.
However, it is still difficult to control the crystallinity of nanowires
grown by electrodeposition. Most of them are polycrystalline with or without a
preferred growth orientation. It has been reported recently that single-crystal
copper nanowires have been synthesized in both polycarbonate (PC) and anodic
alumina membranes by electrodeposition method using a reverse pulse
technique in ultrasonic field or conventional direct current plating at room
temperature ['l. The diameters of these wires range from micrometers down to
nanometers (~70 nm). However, the growth mechanism and the relationship
between the electrodepositing conditions and the crystalline structures of

nanowires are not entirely clear.
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Figure 1.4. SEM micrographs of the exposed Cu nanowires after the alumina template membrane
were dissolved away. (a) x10 000. (b) x30 000 .

1.2.1.1 The Influence of Experimental Parameters on Nanowires

Chen et al. studied the influence of electrolyte and electrodeposition
time on the uniformity of copper nanowire lengths ', According to these
authors, freestanding copper nanowires (aspect ratio 17—20) can be obtained in
alkaline electrolyte, whilst nanowires electrodeposited in very acid electrolyte

showed the worst uniformity of length. Liu et al. [*®, found that both morphology



and crystalline structure of copper nanowires were influenced by the deposition

potential.

Table 1.1 presents a brief overview of literature results for the texture

coefficients for copper nanowire arrays, obtained by applying various conditions

for synthesis. Preparation conditions including types of membranes, thickness of

membranes, nominal pore size (dy), bath (electrolyte) conditions, applied

deposition potentials and mean diameter of the synthesized copper nanowire (d)

are also depicted. However, it is difficult to extract the parameters that most

influence crystallinities from these data.

Table 1.1. Literature reviews of texture results for copper nanowire arrays obtained by
electrodeposition into different nanoporous templates as a function of the
preparation conditions.

Nanowir
Preferred e
(hK) Membrane Bath mV Diameter
(nm)
0.2 M CuSOq,, _
(111) 116 A'g‘o_’6%0 MM 0.1 M H4BO;, pH = -232 gié%z’
NTOUNM 4550, RT.
0.2 M CuSOq,, :
(22017 A9 SOHM 04 M H;BOs pH= 532 oo
N 4.5-5.0, RT.
PC, 0.95 M CuSOq4
[18] 30, 40 pm, ‘5H,0, _ _
(220) dn=30-200 nm 21 g/L H2SO4 50 30-60
Typical 60 nm pH=0
Without AAO, 60 um, 300 g/L CuSOQsy, 25
preferred dn= 45 g/L H3BOs3, mA/cmz 90
orientation ' unspecified pH=2.5
AAO, 0.5 M CuSO4
(200) 60 pm, -5H,0, -250 150
dn=20nm pH=1,RT.




1.2.1.2 The Importance of Additives during Electrodeposition

Generally known as a pH buffer, H3BO3 is a conventional additive for
electrodeposition. By using H3BOs3, a constant pH value can be achieved due to
the release of protons in the cathodic diffusion layer . Moreover, boric acid can
change the morphology of the deposited film to improve the smoothness of
depositing surface, resulted from a better crystallization performed®'.. Also, it is
reported that the deposition rate is affected by the concentration of boric acid in
the solution 1?2, Boric acid can be adsorbed on the surface of the electrode and
decrease the discharge rate of hydrogen. This increases the overpotential for

hydrogen evolution and improves the deposition efficiency %2,

p = R ———

200 nin

Figure 1.5. Cross-sectional high-resolution SEM micrographs of alumina template filled with Fe
nanowires deposited at 1.1 V for 10 min using: (a) 0.1 M FeSO, + 0.525 M Na,SOy;
(b) 0.1 M FeSO,4+ 0.525 M Na,SO,4 + 0.4 M H3BO3; (c) 0.5 M FeSO4+ 0.525 M
Na,SO;; (d) 0.5 M FeSO,4 + 0.525 M Na,SO,4 + 0.4 M H3BO; %,



As for the electrodeposition of synthesizing nanowires, boric acid also
plays an important role in efficiently stabilizing the pH, avoiding the formation of
hydroxides and enhancing the surface characteristics towards smooth, compact

and continuous nanowires #*! as is shown in Figure 1.5.

1.2.2 Templates for Synthesizing Metallic Nanowires

The templates used in electrodeposition have been extensively
investigated in the synthesis of different nanostructures. The most commonly
used and commercially available nanoporous templates are block copolymer thin
films with cylindrical nanopores, anodized aluminum oxide (AAO), and radiation

track-etched polycarbonate (PC) membranes 4.

100nm

100nm 100nm

Figure 1.6. SEM images of the backside of AAO membranes with Au sputtering for: (a) 0 min, (b)
10 min, (c) 15 min, and (d) 20 min %,

10



Other membranes have also been used, such as nanochannel arrays
on glass, radiation track-etched mica, mesoporous materials, and porous silicon
by electrochemical etching of silicon wafer, zeolites and carbon nanotubes. The
commonly used alumina membranes with uniform and parallel pores are made
by anodic oxidation of aluminum sheet in solutions of sulfuric, oxalic, or
phosphoric acids.

The AAO pores can be arranged in a regular hexagonal array and
densities as high as 10"" pores/cm? can be achieved ?°!. Before nanowire
synthesis, the templates are always coated with a thin layer of conductive

material, e.g. gold as is shown in Figure 1.6.

Figure 1.7. SEM images of (a) Polycarbonate membrane®®”, and (b) AAO membrane.

Moreover, the alumina templates have received much attention
because of their good characteristics for nanowire array fabrication. They are
thermally and mechanically stable and can be produced with a high density of
high-aspect-ratio, parallel, and nearly uniform pores (ranging from 10 nm to

several hundred nanometers) as is presented in Figure 1.7. Furthermore, the
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alumina pore diameter can be simply and inexpensively tuned from 10 nm to >

100 nm by varying the anodization conditions 4.

1.3 Single-Crystal Nanowires

The single crystalline form is used in the semiconductor device
fabrication since grain boundaries would bring discontinuities and favor
imperfections in the microstructure of nanomaterials, such as impurities and
crystallographic defects, which can have significant effects on the local electronic
properties of the material.

On the scale that devices operate, these imperfections would have a
significant impact on the functionality and reliability of the devices. Asto a
microprocessor, without the crystalline perfection, it would be virtually impossible
to build Very Large-Scale Integration (VLSI) devices in which billions of
transistor-based circuits, all of which must reliably be working, are combined into
a single chip.

The studies in previous literature are listed in Table 1.1. The data
demonstrate that electrochemically formed copper nanowire arrays can be
obtained as polycrystalline (without any texturing degree) or textured with each of
the (111), (200) or (220) preferential orientation in a face center cubic (fcc)

structure.

1.4 Research Preview and Goals

Considering the properties of relatively high conductivity and low cost

of copper among all metal materials, studies have been done about the synthesis
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and characterization of copper nanowires. Here, the electrochemical approach is
chosen to grow copper nanowire arrays into the high aspect ratio channels of the
AAO membranes. For cost reasons, we use AAO membranes that are primarily
intended as filter elements with relatively large pores of 200 nm.

Although our AAO has been designed for filtration, it can also be used
as nanostructure templates to prepare nanowires due to the pore size and
thickness of the membrane. Together with electrodeposition, template synthesis
is inexpensive and has high productivity of many kinds of nanowires with suitable
precursors provided. However, nanowire technology is still in the initial phase
and needs further investigation using template approach to synthesize single-
crystal nanowires.

In this work, the influence of electrodeposition operation conditions,
such as deposition potential and electrolyte concentration, on the morphology
and crystallinity of copper nanowires are investigated. Copper nanowire arrays
fabricated by the template method were released from the AAO templates and
dispersed on silicon wafer surfaces. The morphologic information, e.g. diameter
and length, of copper nanowires was characterized by SEM. The composition
and texture of nanowires embedded in templates were determined by XRD.
After being released from the template, single nanowires were characterized by
electron diffraction recorded with a TEM. Finally, the differences between the
morphology and crystallinity of nanowires synthesized by changing independent
parameters were analyzed. Studies to explore other metallic nanowires are

discussed. The specific goals of the research are (i) to investigate the
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relationship between experimental conditions and the crystallographic
orientations of copper nanowires by electrodeposition, and to find the optimized
conditions to obtain single-crystal nanowires; (ii) to find the effects of deposition
conditions on morphology and growth rate of copper nanowires; and (iii) to
expand the results and analysis to other metallic nanowires synthesized by

electrodeposition and explore the applications of single-crystal nanowires.
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Chapter 2 EXPERIMENT

2.1 Preparation of Copper Nanowires

Copper nanowires with nominal diameters of 200 nm were prepared by
electrodeposition using commercial AAO templates purchased from Whatman
(Anodisc 13 made by Whatman), which have an average pore diameter of about
200 nm, thickness of 60 um, porosity of about 28%, and surface pore population
of the order of 10" pores/m?. The membranes used in this work are typically
used for filtration, but there are several reports [ showing that copper and other
metal nanowires or nanotubes ? can be successfully prepared using them as
templates. Before each electrochemical experiment, one side of the template
was coated with a thin Au layer to become an electrically conductive working
electrode. The Au layer was made thick enough so that a continuous layer was

present at the bottom of the nanopores.

2.1.1 Sputtering Deposition

Prior to nanowire fabrication, a thin conductive layer of around 100 nm
Au was sputtered on one side of the AAO using a conventional sputter coater to
make this surface electrically conductive. Samples are sputtered at room
temperature, although the heat emanating from the target during sputtering can
elevate the temperature in the chamber to 40-50 °C. The rate of sputter coating
was experimentally determined to be about 0.03 nm/s for gold. The thickness of
the gold film was detected by a quartz crystal microbalance sensor and

calibrated by measuring the thickness in SEM.
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2.1.2 Electrochemical Deposition

Electrodeposition was done in a conventional three-electrode
electrochemical cell as shown in Figure 2.1 and Figure 2.2. A potentiostat was
used to control the potential of Cu electrodeposition. A Ag/AgCl electrode with
saturated KClI solution (E=0.197 V vs. Standard Hydrogen Electrode, SHE) was
used as a reference electrode. All potentials referred in this work are obtained
according to this electrode potential if other annotations are not added. A piece
of platinum flag of 1x1 cm? served as a counter (auxiliary) electrode. The two-
piece electrochemical cell in Figure 2.2 was more effective than the one in Figure
2.1 because the AAO with gold layer can be positioned outside the electrolyte

solution to minimize copper deposition on the bottom of the gold side.

1. Reference Electrode: Ag/AgCl with Sat. KCI (E= 0.197V)

2. Working Electrode: Porous Anodic Alumina Membrane with 100 nm Au film
3. Counter Electrode: Pt flag

4. Teflon Lid

5. Electrolyte

Figure 2.1. Schematic of a three-electrode cell for preparation of copper nanowires

As shown in Figure 2.2, the pore side of the AAO membrane faces

upward and the edges seal with an o-ring at the bottom of the cell. The inner
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diameter of the hole and o-ring on the cell bottom determined the size of the area
in contact with the electrolyte, which is 0.3 cm? (by geometry).

The aqueous electrolyte used was a CuSO4-5H,0 solution with
concentration of 0.1 M, 0.2 M, and 0.3 M. Boric acid (H;BO3) 0.1 M was added
to each electrolyte. The pH was adjusted by adding dropwise diluted sulfuric
acid into the electrolyte and measured by pH test paper. Electrodepositions were
performed at room temperature with a potentiostat that provides a controlled

applied voltage or current.

1. Working Electrode: Porous Anodic Alumina
Membrane with 100 nm Au film

2. Reference Electrode: Ag/AgCI with Sat. KCI

(E=0.197 V)

Counter Electrode: Pt flag

O-ring

Electrolyte

ok

Figure 2.2. The three-electrode evaluation cell for electrodeposition, in which the gold side of
AAOQO faces down to avoid touching the electrolyte inside the cell
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2.1.2.1 Preparation of Working Electrode

Prior to each experiment, the gold-coated AAO membranes were
soaked in electrolyte for 20 min to wet the pores with copper ions. A strip of
copper tape was used to link the working electrode to the corresponding
electrode of the potentiostat. Using the electrochemical cell in Figure 2.2, the
AAO membrane was positioned with the pores facing up to the electrolyte and
the Au side outside of the solution. However, it was observed that copper was
partially deposited on the gold surface after electrodeposition. The four bolts
need to be tightened at the same time to assure a uniform stress distribution onto
the AAO surface to prevent the sample from being cracked during
electrodeposition. Uneven tightening could partially explain the gold deposition
on the backside. It was reported that nail polish could be used to produce an
electrode with only one face exposed P!, but we found that the nail polish could
penetrate through the pores, contaminate the gold surface and inhibit copper

deposition.

2.1.2.2 Electrodeposition Techniques

In this work, it was found that different preferred orientations of copper
nanowires could be fabricated by changing the electrodeposition conditions using
chronoamperometry (constant potential or potentiostatic) and
chronopotentiometry (constant current or galvanostatic), while varying the
deposition time, the concentration of electrolyte, and the pH of the electrolyte.

Also studied were the effects of stirring the electrodeposition bath on

the length distribution of released nanowires. The released nanowires dispersed
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in ethanol were characterized after applying various ultrasonication durations.
The effect of adding 1-Dodecanethiol to help prevent aggregation was also

characterized and discussed.

2.1.2.2.1 Control-Potential Electrodeposition

During a series of electrodeposition experiments, the potential was
applied as -0.2 V, -0.4 V, or -0.6 V while the other experimental conditions were

held constant.

Table 2.1. Chemicals used in electrodeposition experiments

Chemicals Description Molecular weight/ g-mol™

Copper (IT) sulfate
Pentahydrate, >=98%, crystalline 249.68
CUSO4'5H20

99+%, extra pure,

Boric acid, H3BO3; power 61.83
. . 95.6%, 18 M,
Sulfuric acid, HoSO4 concentrated. 98.08

To prepare the electrolyte, 0.2 M CuS0QO4.5H,0 solution, with 0.1 M
HsBO3 were used to prepare 0.1 L solution. Sulfuric acid was added dropwise to
adjust the pH to 4.0. A sample calculation of electrolyte preparation is given

below.

m
a. Neyso, 50,0 = M

m=n-M=02x0.1x249.68 =4.9936g
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b.| >
m=n M=0.1x0.1x61.83=0.6183g
C. Nygp, =1 Mx10 mL=18 MxV, g,
V.50, =0.556 mL
After adding deionized water to fill the solution container to 100 mL, 1 M
aqueous sulfuric acid (a 10 ml 1 M H,SO4 aqueous solution was held in another
container.) was added dropwise to adjust the pH to 4.0 using test paper.
The standard electrode reduction potential of the half reaction of
Cu”* +2e”~ —Cu (1)
is 0.34 V (SHE) and 0.143 V (Ag/AgCl, Sat. KCI). According to Nernst equation

I for this half reaction,

v RT N
E('u:' 'Cu = E({'{u:’ 'Cu + ( v ) lnl C“(.:/T/) I
' ' ‘ ’ nk (2)
E_ .. ., represents the half-cell reduction potential at room temperature, E’ce e

is the standard half-cell reduction potential, R is the ideal gas constant, T is the
absolute temperature (in Kelvin), n is the number of moles of electrons
transferred in the half reaction, and F is Faraday’s constant.

In this study, R =8.314 JK "mol™, T=298 K, n=2, F = 9.6485x10*
Cmol™", and E’c /e =0.34 V (SHE, 1 M Cu®, 1 atmosphere and 25°C). Using
the example of electrolyte with 0.2 M CuSO4-5H,0, so [Cu**(aq)]=0.2 M,

calculation yields E_,. _=0.319V (SHE) and 0.122 V (Ag/AgCl, Sat. KCI), which

Cu® ICu

means when the electrodeposition potential is more negative than 0.122 V, the
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reduction reaction can be performed on the working electrode (cathode). In this
work, typical potentials were in the range of -0.2 to -0.6 V.
Hydrogen evolution is an electrode reaction in which hydrogen gas is

produced at the cathode of an electrolytic cell by the reduction of hydrogen ions

. . . 0
or the reduction of the water molecules of an aqueous solution. Since E u,0/1,=

-0.83 V (SHE, 1 M hydrogen ions, 1 atmosphere and 25°C), £, ,,,, =-0.273 V

(SHE, pH=4) based on Equation (2) and -0.434 V when using Ag/AgCl reference
electrode with saturated KCI| aqueous solution (E=0.197 V, SHE). Considering
the concurrent cathode reaction of hydrogen evolution (E = -0.434 V at pH=4),
copper deposition could be carried out under three different situations: absence
of hydrogen evolution (-0.2 V), slow hydrogen gas formation (-0.4 V), and
vigorous H; bubble evolution (-0.6 V). In this work, three potentials in the range
of -0.2 to -0.6 V were chosen to cover these three conditions .. H, bubbles were
observed on the working electrode during electrodeposition when -0.4 VV and -0.6
V were applied.

Also, from previous experience, copper hanowires can be more easily
grown and more uniformly synthesized when choosing electrodeposition potential
in the range of 0 V to -1.0 V rather than using other potentials under

chronoamperometry.

2.1.2.2.2 Control-Current Electrodeposition

As an alternate to potential control, the electrodeposition current was

controlled constant during a separate series of experiments. Deposition currents
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of -0.7 mA, -1.5 mA, and -3.0 mA were investigated to access a region of lower
current conditions than for constant potential deposition.

To prepare the electrolyte, 0.3 M CuSO4-5H,0 solution and 0.1 M boric
acid were used, with sulfuric acid added to adjust the pH around 4.0. The current
was set at -0.7 mA, -1.5 mA, and -3.0 mA for 1.5 hr at room temperature.

Under constant potential conditions of -0.05 V and -0.1 V, current
response is in the range of -3.5 mA to -5 mA. Therefore, considering that smaller
constant current may cause different growth mechanisms of the copper
nanowires, lower deposition currents were used under current control.
Nevertheless, the results might not be very satisfying from the experiences when
applying small deposition currents. In some cases, there were barely nanowires
grown in the pores, even after long times. There may be leakage currents in our
experiments so that the actual deposition current is lower than expected. This is

discussed later in Section 3.2.2.

2.2 SEM, XRD and TEM Characterization

SEM measurements were performed to verify that Cu was successfully
electrodeposited into the pores of AAO templates in the form of nanowires.
Morphology, such as smoothness, and lengths of nanowires, either before or
after the templates were dissolved can be determined from the SEM images. By
measuring the length of copper nanowires inside the templates, the growth rate
based on electrodeposition can be calculated and compared under different

experimental conditions.
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After experiments, the template embedded with Cu nanowires was
immediately rinsed with deionized water and ethanol three times. They were
then completely dried in air before characterization. SEM characterization of
both plan views and cross-section views of copper nanowires were performed to
analyze the morphology and growth rate, and correlate it with deposition
potential, electrolyte concentration, and deposition time.

XRD measurements were used to investigate the phase structure and
crystal orientation of Cu nanowire arrays inside AAO templates. Theta/ two-theta
scans were performed for different samples. XRD analysis was performed within
12 hr after the completion of the electrodeposition to characterize the crystalline
orientation of the copper nanowire arrays. The AAO templates with copper
nanowires inside the pores were analyzed directly by XRD. The phase
structures and crystal orientation of Cu nanowires were characterized by an X-
ray diffractometer with Cu Ka1 radiation (A = 0.154056 nm). By comparing the
diffraction peaks with the standard JCPDS card of polycrystalline copper, the
preferred orientation of the nanowires grown inside the channels was
determined.

Transmission electron microscopy (TEM) provides more detailed
analysis of the crystalline orientation of individual copper nanowires. Bright Field
TEM was used to characterize individual Cu nanowires after nanowire arrays
were completely released from AAO templates. The crystalline structure of
single Cu nanowires was investigated by Select Area Electron Diffraction (SAED)

experiments, the results of which were compared to XRD analysis. With higher
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magnification and contrast, TEM provides enhanced images of single nanowires
compared with SEM. We obtain more precise measures of diameter and length
of freestanding or randomly selected nanowires. In particular, the growth
direction can be determined by the SAED pattern.

Energy-dispersive X-ray Spectroscopy (EDS or EDX), used for
elemental analysis, is applied in this work to determine the composition of the as-
prepared Cu nanowires embedded in or released from the AAO templates. EDS
can be performed together with SEM or TEM. Together with TEM is better
because specific areas, e.g. individual copper nanowires, can be selected and
characterized. (The data is not shown in this thesis.) In that case, other metallic
grids, such as gold with a thin film of carbon, should be chosen rather than

copper grids for holding the sample copper nanowires.

2.2.1 Cross-Section SEM Sample Preparation

Cross-sections of copper nanowire arrays embedded in AAO templates
were characterized by SEM. Prior to SEM characterization, the samples were
coated with a thin layer of 20-30 nm Au-Pd alloy to avoid charging during SEM
observation. Charges can be easily generated when samples are not electrically
conductive, which could significantly affect the quality of images, as Figure 2.3

shows.
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Figure 2.3. Charge effect of the copper nanowires embedded in AAO templates without Au-Pd
coating before taking the SEM image

2.2.2 Template Dissolution

To completely release the copper nanowires from the AAO, 1 M NaOH
aqueous solution was used to dissolve alumina at 30°C for 12 hr. The NaOH
solution was then carefully replaced with deionized water by syringe extraction
three times. The solid settled at the bottom during the process so that only the
solution was removed. Afterwards, 1 ml ethanol and 0.1 M 1-Dodecanethiol was
added to keep the nanowires spread uniformly inside the ethanol without
aggregation. After the solution was ultrasonicated for 5 min, a drop of solution
was dripped onto the surface of a piece of 1x1 cm? Si/SiO, wafer and dried in air.
For TEM observation, a gold grid with carbon film was chosen to hold the drop of
sample solution.

Pictures of released copper nanowires were taken both by SEM and

TEM for characterizing the morphology and crystalline textures of single
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nanowires. Using the SAED pattern, the crystallinity can be easily observed and

compared with the data from XRD patterns.

2.3 Parameters of Characterization Tools

To make the AAO templates electrically conductive for acting as the
working electrode, a gold layer of 100 nm was deposited on one surface of the
AAO templates using a sputter coater (FTM-2000, Torr International, Inc.) in
Direct Current (DC) mode. Before deposition, the chamber was pumped down to
less than 5x107 torr. Using Direct Current mode, the voltage was set at 329 V
and the current was 49 mA. During the deposition, argon was used as purge gas
with flow rate set to 20 sccm. The sputtering was carried out in a vacuum
environment of 8.55x10™ torr.

Electrodepositions were carried out using a Potentiostat (VMP3,
Multichannel Workstation), combined with software (EC-Lab) for recording the
experimental data.

A Field Emission Scanning Electron Microscope (FESEM, JEOL JSM-
6335F) was employed to take the SEM pictures of the as-prepared samples of
copper nanowires before and after the AAO templates were dissolved. An
environmental Scanning Electron Microscope (ESEM, Philips FEI ESEM 2020)
was used for taking the picture for the AAO template itself.

The elemental analyses of samples were completed by an Energy-
dispersive X-ray spectrometer (EDS, Thermo Noran System Six EDS) together

with SEM morphologic observations.
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The crystal orientation of the Cu nanowire arrays was analyzed by an
X-ray Diffraction (XRD, Bruker D8 Advance X-Ray Diffractometer) using a 6/26
scan with the scanning rate of 6°/min, and the 2 theta range of 40°-100°.

A Transmission Electron Microscope (TEM, JEOL 2010 FasTEM) was
used for investigation of the crystallinity (Selected Area electron Diffraction) and

morphology of copper nanowires (Bright Field TEM) released from templates.
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Chapter 3 RESULTS AND DISCUSSION

The main objectives of this work are to investigate the effects of
experimental conditions on the morphology and crystalline orientation of
nanowires synthesized by electrodeposition. The growth rate of copper
nanowires was measured by SEM as a function of deposition time and the
experimental data was compared with calculated lengths based on Faraday’s
law. The relationships between the lengths of nanowires and the concentration
of CuS0O4-5H,0 as well as the applied potential were also characterized and
discussed. The crystalline orientations of nanowires were investigated using
both potentiostatic and galvanostatic conditions, and characterized by XRD and
TEM. Preferential orientations are discussed based on the Harris formula.

Potentials were chosen in a range that included 1) no hydrogen
evolution (-0.2 V), 2) slow hydrogen gas formation, (-0.4 V), and 3) vigorous
hydrogen evolution (-0.6 V) to examine the influence of hydrogen bubbles on the
morphology and crystallinity of nanowires. Solution pH values were adjusted in
the range of 4.0 to 1.0. The pH affects the conductivity of the bath and H ion
adsorption, which can stabalize the growth of high-energy crystalline planes. In
addition to potentiostatic experiment, galvanostatic experiments were also
investigated. Galvanostatic experiments were performed to examine the effects
of electrodeposition within a smaller current range (-0.7 mA, -1.5 mA, and -3.0

mA) on the crystallographic properties of nanowires.
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3.1 Growth Rate of Electrodeposition

To measure the growth rate of nanowires prepared by electrodeposition
at constant currents of -0.7 mA, -1.5 mA, and -3.0 mA, electrolytes were
prepared with 0.3 M CuSO4-5H,0, 0.1 M H3BO3, and pH adjusted to 4. All three
electrodepositions were conducted for 3 hr at room temperature in the same
apparatus.

Figure 3.1 presents a comparison of cross-sectional SEM images
showing the lengths of nanowires embedded in AAO templates. As marked in
each SEM image, the lengths of nanowires are positively correlated with the
deposition current.

Nanowire lengths were also calculated according to the expression
used to calculate the thickness of electrodeposits (here it is the length of
nanowires) [},

1ZI
h=— 1
d (1)

where a is the surface area of AAO exposed to the electrolyte with nanopore
area of 28%, t is the deposition time, / is the deposition current, d is the density of
copper and

M 6355
“nF 2x96485

=3293x10"g- C”! (2)
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Figure 3.1. SEM images of copper nanowires grown at different deposition currents: (a) -0.7 mA;
(b) -1.5 mA; (c) -3.0 mA for 3 hr. The electrolytes contain 0.3 M CuSO45H,0, 0.1 M
H3;BOs3, pH was adjusted to 4.
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where M is the molecular weight of copper, n is the number of moles of electrons
transferred, and F is Faraday constant. The later is also known as the
electrochemical equivalent and is the mass of copper transported by 1 coulomb
of electricity.

A sample calculation is included for the electrodeposition during which

0.7 mA’ was applied: ¢ =3 hr, d,, =894 glem®, a=02 em® x 28% =0.056 cm’,

The thickness is calculated as /1 = 49.68 um. Following the sample calculation

according to Equation (1), the calculated lengths of nanowires for constant

current experiments are listed in Table 3.1 and Figure 3.2.

Table 3.1. Comparison of lengths of copper nanowires prepared at different deposition currents.

Electrodeposition Current/ mA -0.7 -1.5 -3.0
Lengths of Copper Nanowires/ ym 16.2 28.8 35.6
(by SEM)
Lengths of Nanowires/ um 49.7 106.5 212.9
(by calculation)
Growth Rate/ nm-s™ 1.5 2.7 3.3
(by SEM)

There are two possibilities to explain the difference between the SEM
measurements and calculations. First, although the gold end of AAO faces down
towards the lower part of the cell as shown in Figure 2.2, the electrolyte could still
penetrate through the pores from the upper surface surrounded by the O-ring to

the gold surface. Therefore, copper was deposited partially on the bottom of the
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gold surface as well as grown inside of the nanopores. In this case, the surface
area for electrodeposition and measured current is larger than the front surface
area, which results in the over-estimate. Second, the high aspect ratio (the ratio
of the longer dimension to the shorter dimension of a nanowire) and incomplete
wettability of the AAO template makes it difficult for copper ions in the electrolyte
to diffuse into pores, as pointed out by Y. Konishi et al.?l. Slow transport

exacerbates leakage currents that affect the thickness calculations.

Length vs. Current
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E. .'°- 200 .
£ B Calculation
o)) 150 Linear(SEM)
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Figure 3.2. The relationship between the lengths of nanowires and electrodeposition currents.
The lines are drawn as guides to the eye.

3.1.1 Electrodeposition Time and Length of Copper Nanowires

To further investigate the growth rate of copper nanowires inside
templates, a group of experiments were done with three different deposition

times. Copper nanowires were grown using the same conditions with 0.2 M
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Figure 3.3. SEM images of lengths of copper nanowires grown within various
electrodeposition durations: (a) 1.5 hr; (b) and (c) 3 hr. The experiments were
carried out at -0.4 V in electrolytes with 0.2 M CuS0O,4-5H,0 and 0.1 M H3BOs,
pH=4.
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CuS04-5H,0, 0.1 M H3BO3, pH=4 adjusted by adding dilute sulfuric acid, and
constant potential of -0.4 V for 1.5 hr, 3 hr, and 5 hr.

Figure 3.3 shows the lengths of copper nanowires embedded in the
templates after electrodeposition. It is clearly presented that the longer the
deposition time, the longer the nanowires. In Figure 3.3 (c), copper nanowires
were prepared in the same electrical conditions but with deposition time of 3 hr.
It can be seen that copper has grown over the top surface of the AAO template
already after 3 hr and formed a thick layer of bulk copper around 20-30 um.
Similar results were observed with 5 hr deposition time. Cap layers are formed
on the template top surface once the overgrowth of nanowires occurs !, and can
grow to macroscopics sizes .  The lengths of nanowires for different deposition
times are displayed in Table 3.2 and Figure 3.4. The final results are the mean
length calculated using Imaged (National Institutes of Health) by measuring the
length of more than 20 nanowires according to the set length scale bar in each
SEM image. The growth rate under these experimental conditions is 4.2 nm/sec,
which is calculated based on the first experiment with deposition duration of 1.5

hr, in which copper nanowires were grown half way inside the template.

Table 3.2. Comparison between copper nanowires prepared using different
electrodeposition time. * Thickness of the AAO template

Electrodeposition Time/hr 1.5 3 5

Lengths of Copper Nanowires/um 224 > 60* > 60"
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Figure 3.4. The relationship between the lengths of nanowires and deposition time.

3.1.2 Effects of Electrolyte on Growth Rate

Electrodepositions were conducted while maintaining the same
depsition time of 1.5 hr, potential of -0.2 V, and pH=4, with different
concentrations of CuSQO4-5H,0 of 0.1 M, 0.2 M, and 0.3 M. Cross-section SEM
images of AAO templates with nanowires are shown in Figure 3.5. Data
describing lengths of copper nanowires are shown in Table 3.3 and Figure 3.6.
As expected, Figure 3.6 shows that the longest nanowires are synthesized when
the most concentrated electrolyte with 0.3 M CuSO4-5H,0 was employed. The
growth rate of copper nanowires appears linearly related with the concentration
of CuS0O4-5H,0 since other variables were all maintained constantly in this
experiment. However, according to Tafel equation °!, Nernst equation ' and
Equation (1) in Section 3.1, the length of nanowires should be exponentially

related with the concentration and the applied potential. It is known that when
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Figure 3.5. SEM images of copper nanowires prepared in electrolytes with various
concentrations of CuSO,-5H,0. (a) 0.1 M; (b) 0.2 M; (c) 0.3 M and 0.1 M H3BO3 at -
0.2V for 1.5 hr, pH=4.
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more copper ions reach into the pores by diffusion, the amount of deposited
copper will also be increased. Furthermore, when a higher concentration is
employed, the reduction potential calculated using Equation (2) in Section
2.1.2.2.1 is higher than for the lower concentration. This change of reduction

potential leads to a larger effective overpotential and faster growth of nanowires.

Table 3.3. Comparison between lengths of copper nanowires when the concentrations of
CuSO04-5H,0 in electrolytes were different. Deposition time: 1.5 hr.

Electrolytes /M 0.1 0.2 0.3
Lengths of Copper Nanowires /um 6.9 13.6 26.8

Length vs. Concentration
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Figure 3.6. The relationship between the length of nanowires and concentration of CuSO,4-5H,0
in electrolytes. The fit is drawn as a guide to the eye.

For example, E is equal to 0.355 V (SHE) when [Cu**(aq)]=0.3

Cu® ICu

M, which is higher than 0.319 V (SHE) for 0.2 M CuSQO4-5H,0. Since the
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electrodeposition potential needs to be more negative than the reduction
potential to make the reaction occur, reaction with a more positive reduction
potential is easier to be carried out with less negative potential applied. These
data are consistent with previous reports that a high concentration of

CuS04-5H,0 can accelerate growth of nanowires ..

3.1.3 Effects of Potential on Growth Rate

To study the influence of deposition potential on the growth rate of
nanowires, experiments were carried out with deposition potentials of -0.2 V, -0.4
V, and -0.6 V. Electrolytes were prepared with the same procedures, containing
0.2 M CuSO4-5H,0, 0.1 M H3BO3, and pH adjusted to 4. All three
electrodepositions were conducted for 1.5 hr at room temperature.

Figure 3.7 with SEM images of cross-sections of AAO shows the
lengths of copper nanowires grown under the above conditions. Results of the
lengths of nanowires are summarized in Table 3.4 and Figure 3.8. From Figure
3.7, the lengths of nanowires are positively correlated to the absolute value of the
potential applied during electrodeposition. Since the current density is
determined by the applied potential, the larger the potential, the larger the current
density. The thickness of deposited material (here it is the length of copper
nanowires) has direct relation with the current density as explained in Equation
(1) of Section 3.1. According to Gao et al.’s work ["! and previous reports !, the
higher the overpotential, the higher the nucleation rates and the larger the

nucleation sites in the electrodeposition process. However, nanowires with
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polycrystalline character may be obtained at a high overpotential, which will be
discussed later.

The potential dependence of nanowire growth rate was also
investigated by observing the complete pore filling of the template for different
deposition periods and potentials. As expected, nanowires reached the surface
of an AAO template fastest when applying the most negative potential, but the
growth rate is nonuniform, resulting in partial filling of the pores under constant
potential electrodepositions. Unipolar pulsed potential depositions™® have been
used by others to synthesize copper nanowires and have demonstrated good
control over the length uniformity of nanowire arrays at more negative potentials.
However, the growth rate was smaller in comparison to constant potential, and

further decreased with the total deposition time!®.

Table 3.4. Comparison of lengths between copper nanowires prepared at different deposition
potentials. Deposition time: 1.5 hr.

Electrodeposition Potential/\V -0.2 -0.4 -0.6
Lengths of Copper Nanowires/um 23.7 27.8 37.7

As displayed in Figure 3.7, the lengths of nanowires synthesized at -0.2
V and -0.4 V in Figure 3.7 (a) and (b), respectively, are much less uniform than
ones in Figure 3.7 (c) that are obtained at -0.6 V. Although higher deposition
potentials contribute to faster growth initially, hydrogen gas evolution is also
enhanced at more negative potentials and the bubbles generated may

accumulate and block pores to retard the deposition rate °\. Thereby, more
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Figure 3.7. SEM images of copper nanowires grown at different deposition potentials: (a) -0.2 V;
(b) -0.4 V; (c) -0.6 V for 1.5 hr. The electrolytes contain 0.2 M CuSO,4-5H,0 and 0.1
M H3BO3; with pH=4.
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uniform growth can be achieved due to the feed back effect. Also, the enhanced
uniformity could be caused by a progressive depletion of Cu®* ions within
membrane channels (mass transport). The copper ion consumption is faster

than transport toward the electrode surface at this potential and reduces non-

uniformity due to reaction conditions 1% 1.

Length vs. Potential
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Figure 3.8. The relationship between the lengths of nanowires and the electrodeposition
potentials. The lines are drawn as guides to the eye.

In summary, we observe a positively correlated dependence of
nanowire growth rate on deposition current (galvanostatic conditions), electrolyte
concentration, and overpotential. The observed growth rates are qualitatively
consistent with calculations based on charge, but the magnitudes are different
due to errors in the deposition area and possible leakage currents of unknown
origin. At high potential, we observe a feedback effect due to hydrogen bubbles

that retard growth. Mass transport limitations may also improve non-uniformity at
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higher potentials. However, as discussed below, high potentials may impede
efforts to control the crystallinity of the nanowires, so further work needs to be

done to improve growth rate uniformity at lower potentials.

3.2 Crystalline Structure of Copper Nanowires

It is well known that structural and geometrical factors can play an
important role in determining the various attributes, e.g., the electrical, optical
and magnetic properties of nanowires I """l Tian et al."* have proved that
single crystalline Au, Ag, and Cu nanowires can be prepared with a preferred
(111) orientation using electrodeposition in the pores of track-etched
polycarbonate membranes. In G. Riveros’ work ', highly crystallographically-
oriented single-crystal copper nanowires with a (100) growth facet were
electrochemically deposited into nanoporous alumina templates. Also, it was
reported that copper and gold nanowires grown along the (220) plane were
obtained in a potentiostatic direct current (dc) electrodeposition, whereas (200)
orientation was observed under alternating current (ac) deposition conditions!'®!.

In spite of the numerous studies on the electrochemical deposition of
metal nanowires, the literature data on the effects of electrodeposition conditions
on the textures of nanowires are contradictory. To expand on the results from
those studies, here we select several control variables to investigate the
influence of growth parameters on the crystallographic character of copper
nanowires during electrodeposition. The variables include the deposition
potential using a potentiostatic technique, electrolyte composition, solution pH,

and the deposition current using a galvanostatic technique. Parameters that may
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also be important, but that weren’t extensively studied here, include the AAO
template properties (pore diameter and length), electrolyte type, Au thin film
thickness on the backside of the AAO membranes, solution temperature, and the
reactor configuration. Pore size and electrolyte type are briefly considered in

Chapter 4.

3.2.1 Crystallinity of Copper Nanowires at Constant Potential

It has been reported that lower overpotentials are necessary to obtain
single-crystal metallic nanowires by potentiostatic electrodeposition ['®!. The
belief is that high overpotential will cause high nucleation rates, large nuclei, and
hydrogen evolution, resulting in polycrystalline copper nanowires. Consistent
with these ideas, Molares et al. 'l decreased current density, which is equivalent
to increased electrodeposition temperature, and observed the deposition of large
crystals with the goal to fabricate single-crystal copper nanowires. Gao et al.’!
observed that as the applied potentials become more negative, nanowires began
to show two sets of diffraction spots in SAED, indicating polycrystalline
structures. In this work, the potentiostatic electrodeposition of the copper
nanowires was performed at room temperature in electrolyte containing a mixture
of 0.2 M CuSO4-5H,0 and 0.1 M H3BO3; aqueous solutions. The pH of the
solution was controlled around 4.0 by adding 0.1 M H,SO4 solution. The
electrodeposition was carried out at three different deposition potentials of -0.2 V,

-0.4 'V, and -0.6 V, each for 1.5 hr.
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Figure 3.9. XRD patterns of copper nanowire arrays prepared at different electrodeposition
potentials. (a) Copper nanowires prepared at -0.2 V with preferred orientation of
(200); Copper nanowires showing preferred orientation of (111) and (220) prepared at
(b) -0.4 V; and (c) -0.6 V; (d) Cu-JCPDS pattern for comparison. The
electrodepositions were all carried out in 0.2 M CuSO,4-5H,0 and 0.1 M H3;BO;
aqueous solutions with pH=4.0 for 1.5 hr.

The crystalline structures of as-prepared copper nanowire arrays
embedded in AAO were analyzed by XRD, and TEM was used to study individual
nanowires released after the template was dissolved by 0.1 M NaOH aqueous

solution. Figure 3.9 shows the XRD results of nanowires prepared at different
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potentials. When the potential was set constantly as -0.2 V, the (200) growth
orientation is mostly preferred compared with the standard copper X-ray
diffraction pattern Cu (JCPDS, 04-0836). At-0.4 V, copper nanowires showed
polycrystalline structures but the (220) peak is higher than it is in the standard
copper diffraction pattern. When the more negative potential of -0.6 V is applied,
the (220) peak intensity is even larger in the corresponding XRD results.

In order to quantify preferred crystallographic orientation, texture
analysis has been done. The textured coefficients (TCs) of preferred orientation
were determined by the Harris formula !'":

1;(hkl)
1, (hkl)

N-! N 1, (hkl) 3)
j=1 Lo(hkl)

In which TC (hkl) is the texture coefficient of the (hkl) plane, I (hkl) is the

TC(hkl) =

measured relative intensity of the (hkl) plane, Ip (hkl) is the relative intensity of the
corresponding plane given in JCPDS data, and N is the reflection number, which
stands for the total number of diffraction planes taken into account for
calculations and represents the maximum value of the texture coefficient of the
sample . For TC (hkl) > 1, a preferred crystallographic orientation
perpendicular to the (hkl) planes exists.

The calculated texture coefficients of the (111), (200), and (220) planes
are shown in Figure 3.10 (a)-(c), respectively. It is seen that at the least negative
value of -0.2 V, the copper nanowires grow highly orientated along the [200] with

TC(200) achieving 2.2. When a more negative potential is applied at -0.4 V,
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(111) and (220) are slightly preferred, from 0.15 and 0.78 to 1.38 and 1.37,
together with a decrease of TC(200) from 2.2 to less than unity, 0.246. As the
potential is further increased to -0.6 V, TC(220) becomes even larger, showing a
more preferential orientation of (220) with a TC value of 1.76.

From Figure 3.10 (a)-(c), when lower potential (-0.2 V) was applied, the
(200) growth plane is preferred. As the potential increases from -0.4 V t0 -0.6 V,
the (111) plane becomes enhanced and polycrystalline character appears in
Figure 3.10 (c). To explain the formation mechanism of electrochemically
deposited nanowires, two-dimensional (2D) and three-dimensional (3D)
nucleation growth mechanisms have been applied for characterizing the
formation mechanism of electrodeposited nanowires ' '® '8 The 2D
mechanism involves the growth of existing nuclei, and the 3D mechanism entails
nucleation followed by the formation of new copper grains '\, In these models, a
critical dimension N¢ determines when new grains will grow during the
deposition. Since N¢ is inversely related with applied potential, at lower
overpotential, larger critical dimension is predicted and consequently single-
crystal nanowires can be obtained. From an energy point of view, the crystalline
plane with low surface energy has more probability to be deposited to meet the
principle of minimum free energy, values of which are 1.952 Jm™, 2.166 Jm™,
and 2.237 J'm™ for planes of (111), (200) and (220), respectively ['. Therefore,
the most densely packed (111) plane of Cu has most possibilities to appear in

the XRD patterns.
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The reported effects of applied potentials on textures of nanowires are
diverse. Gao et al.? investigated the fabrication of Cu NWs from an almost
neutral copper sulfate-boric acid aqueous electrolyte solution, claiming that low
cathodic overpotentials are necessary to prepare monocrystalline copper
nanowires growing along the (111) plane, which is consistent with the
minimization of surface energy. Different results were reported by Thongmee et
al.”® giving the conclusion that single-crystal Cu nanowires with (220)
orientation could be produced by potentiostatic electrodeposition at relatively
high deposition potential (-2.0 V (SCE)), whilst potentials lower or higher than -
2.0 V (SCE) resulted in polycrystalline nanowires. However, the results of the
present study shown in Figure 3.9 and Figure 3.10 reveal that the (200) texture
was preferred at lower potential and the preference for (111) texture increased
with applied potential. One possible explanation for the observations here is the
effect of H ion adsorption. It has been reported that the adsorption of Hions can
diminish the surface energy, and further that high-energy surfaces are the
preferred sites for the adsorption of H ions > 2" 22 This effect increases the
preference for high-energy (110) planes relative to low-energy (111) planes with
the increase of overpotential or current density ? %%, which are believed to
accelerate the hydrogen adsorption process. However, the overpotential could
also play opposite roles on the adsorption of Hions. It was reported by J. L.
Duan et al.”’! that high overpotential could promote the hydrogen adsorption,
while low overpotential could inhibit adsorption. The potential range of (-0.2 V to

-0.6 V) in the present study was much lower than the potential applied in their
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works (the absolute value was greater than 1 V), thus under our conditions the

adsorption of H ions was possibly enhanced and the high-surface-energy plane

of (200) was obtained.
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Figure 3.10. XRD patterns and calculated texture coefficients of (a) (111); (b) (200); and (c) (220)
planes of Cu nanowire arrays deposited at varied electrodeposition potential -0.2 V, -
0.4V and -0.6 V in electrolytes with 0.2 M CuSO4-5H,0 and 0.1 M H3BO3 aqueous
solutions with pH=4.0 for 1.5 hr. Lines are a guide to the eye.
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Highly magnified TEM images in Figure 3.11 show that the individual
copper nanowires are dense, continuous, and uniform in diameter along their
entire length. Additionally, there were no obvious differences between the
morphologies of the individual copper nanowires formed at different applied
potentials (-0.2 V, -0.4 V, and -0.6 V) because AAO templates with the same
geometrical characteristics were used in each case.

Figure 3.11 presents the TEM image of the as-synthesized copper
nanowires after being released from the AAO templates. Nanowires synthesized
at all chosen potentials are shown to be single crystalline according to the SAED
patterns from the insets of Figure 3.11 (a) to (f). When -0.2 V was applied, the
growth plane of (111) presented in Figure 3.11 (a) and (b) is shown to be the
preferred. However, the results do not correspond with the above XRD results of
the nanowire arrays embedded in AAO, which show the strongest diffraction
peak as (200). This could be explained by the random selection of individual
nanowires that may not represent the crystallinity of the nanowire arrays
embedded in the AAO membrane. Post-deposition annealing and selection bias
may also play a role. For example, the selection may be affected by template
etching and sonication used as the sample preparation for TEM characterization.
In Figure 3.11 (c) and (d), the electron diffraction shows both (111) and (220) are
observed when the potential of -0.4 V is applied during electrodeposition.

Unlike the lower potential data, the TEM data for more negative
potentials are similar to XRD results, which show both (111) and (220) are

preferred orientations. The TEM data also demonstrates copper nanowires with
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Figure 3.11. Preferential orientations of copper nanowires prepared at various electrodeposition
potentials using potentiostatic method. The bright field TEM and SAED were
performed for nanowires prepared at -0.2 V (a) and (b), -0.4 V (c) and (d) and -0.6 V
(e) and (f) in electrolytes with 0.2 M CuS0O4-5H,0 and 0.1 M H3;BO; aqueous
solutions with pH=4.0 for 1.5 hr. The nanowires are shown to be single crystal from
SAED with different orientations.
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single-crystal textures of (111) and (220) respectively in Figure 3.11 (e) and (f),
corresponding to the XRD in Figure 3.9 (c) and the calculation results in Figure
3.10 as well. There is a small rotation angle from the nanowire growth direction
to the (111) direction in Figure 3.11 (d) of 10°. This orientation is also observed
for other SAED patterns in Figure 3.11 but less easy to be observed. The same
phenomena was found previously where the intensity of individual spots of the
SAED pattern of Au nanowires show a slight variation, which means that the
nanowire is a single crystal with a slight structural deformation along its length
(41 Another possible reason could be the uneven positioned nanowires during
preparation of the TEM sample, causing each individual nanowire to be not
parallel to the surface of TEM grid and the rotation angle of crystalline
orientations. However, the explanations are still incomplete and this topic needs

to be explored in the future work.

3.2.2 Crystallinity of Copper Nanowires in Various Electrolytes

To obtain Cu nanowires with preferred growth orientations along the
[111], [200], and [220] directions, electrodeposition parameters in relation to the
bath conditions were also investigated. These include electrolyte concentration
and solution pH value .

Using the potentiostatic mode and deposition potential at -0.4 V, the
CuSO04-5H,0 concentration of electrolyte was adjusted to 0.1 M, 0.2 M, and 0.3
M with 0.1 M H3BO3 added, and pH adjusted with addition of 0.1 M H,SO4. The
electrodepositions were all carried out for 1.5 hr at room temperature. The

textures of copper nanowire arrays were characterized by XRD to define the
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preferential orientations. XRD results are shown in Figure 3.12 (a)-(c). Figure
3.12 (a) presents the polycrystalline nature of nanowires synthesized in a bath
with 0.1 M CuSO4-5H,0, which is the lowest concentration among the three

experiments. Figure 3.12 (b) and (c) show that the orientation of (220) slightly
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Figure 3.12. XRD patterns of copper nanowire arrays prepared in different electrolyte conditions:
(a) Copper nanowires prepared in 0.1 M CuSO,4-5H,0 without preferential
crystallinity; Copper nanowires showing preferred orientation of (111) and (220)
prepared in electrolyte with (b) 0.2 M; and (c) 0.3 M CuS0O4-5H,0; (d) Cu-JCPDS
pattern for comparison. All electrodepositions took place at constant potential of -0.4
V for 1.5 hr in electrolytes with 0.1 M H3BO3 and pH=4.0.
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increases as the concentration increases compared to the ratio of peak intensity
in the standard Cu JCPDS pattern.
After calculation by the Harris Formula, the texture coefficients for the

(111), (200), and (220) planes are shown in Fig 3.13 (a)-(c), respectively. As
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Figure 3.13. Calculated texture coefficients of (a) (111); (b) (200); and (c) (220) planes of Cu
nanowire arrays deposited in bath of various CuSO,4-5H,0 concentrations of 0.1 M,
0.2 M and 0.3 M with same concentration of 0.1 M H3BO3; and pH=4.0, at constant
potential of -0.4 V for 1.5 hr.
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shown in Fig. 3.13 (a), the growth direction of [111] becomes more preferred
when the concentration of CuS0O4-:5H,0 is increased from 0.1 M to 0.2 M,
indicated by the TC(111) increasing from 0.94 to 1.38. However, the orientation

of (200), with the TC(200) always below unity, is not favored during the growth
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Figure 3.14. XRD patterns of copper nanowire arrays prepared in electrolytes with various pH
values. Copper nanowires prepared in electrolytes with (a) pH=4; (b) pH=2.5; and (c)
pH=1; (d) Cu-JCPDS pattern for comparison. All electrodepositions took place in
electrolytes with 0.2 M CuS0O,4-5H,0 and 0.1 M H3BO; at constant potential of -0.2 V
for 3 hr.
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with concentrations from 0.1 M to 0.3 M. And, (220) is favored at all
concentrations because the TC(220) stays above unity. The favor of (220) is
positively correlated with the concentration of CuSO4-5H20 in the electrolyte. At
lower concentration and a moderately higher potential, the growth process is
nearly a thermodynamic equilibrium state, so Cu nanowires will grow along the

[111] direction to meet the minimum of the surface energy ©

. However, in more
highly concentrated solutions, growth is faster, inhibiting the approach to
minimum surface energy . As a result, the (220) crystal plane with higher
surface energy appears. Thus, with higher concentrations of Cu®*, and faster
growth, it becomes more likely for nanowires to grow along high surface energy
planes.

Not only the concentration of CuSO4-:5H,0 can affect the texture of
copper nanowires, but also the acid concentrations represented by the value of
pH, are able to affect different textures of nanowires  ©. To study the influence
of pH on the texture of copper nanowires, pH was adjusted to 4, 2.5, and 1
by adding different amounts of 0.1 M H,SO4 with the other electrodeposition
parameters held constant. With applied voltage of -0.2 V, the pH variation
experiments were conducted potentiostatically in electrolytes with 0.2 M
CuS04-5H,0 and 0.1 M H3BOg3 for 3 hr at room temperature.

XRD results are presented in Figure 3.14. The plot of calculated
texture coefficients vs. pH are provided in Figure 3.15. It is evident in Figure 3.15
(a) and (b) that both the TC(111) and TC(200) are below unity when pH in the

bath is adjusted from 1 to 4. In Figure 3.15 (c), TC(220) increases from 2.6 to
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2.7 as pH goes from 2.5 to 4, and is above unity for all pH values, demonstrating
that the (220) growth orientation of copper nanowires is preferred in each case

with small sensitivity to pH.
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Figure 3.15. Calculated texture coefficients of the (a) (111); (b) (200); and (c) (220) planes of Cu
nanowire arrays deposited in bath of various pH value of pH=4, 2.5 and 1
respectively. All electrodepositions took place in electrolytes with 0.2 M CuS0O,4-5H,0
and 0.1 M H3BOj; at constant potential of -0.2 V for 3 hr.
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The results in this study demonstrate that single-crystal copper
nanowires with [220] direction could be obtained at a relatively low applied
potential and high pH environment. When more H ions exist in the solution
(higher pH), the [111] direction was also slightly enhanced, but dominated by the
(220) diffraction peak. Results in Figure 3.14 (a) are consistent with Zhou et al.’s
work ® that copper nanowires with the [110] preferred orientation are
synthesized when the pH value is about 2.5-3, which is a relatively high pH
value. The effect of H ions via added sulfuric acid aqueous solution into the
electrolyte is to increase the conductivity of the solution and stabilize high-
surface-energy crystalline planes via adsorption . The increase of conductivity

decreases resistivity of the electrolyte, thus increasing the effective applied

potential during electrodeposition, as per U effective U real — U electrolyte -

Accordingly, low pH values not only increase the number of H ions that benefits

the [220] growth direction by diminishing its surface energy, but also enhance
U feciive that promotes the formation of polycrystallinity, with [111] preferred ¥,

similar to increasing the applied potential to grow nanowires along the [111]
direction to meet the minimum of surface energy®®. In that case, there is a
competitive process when adding more H ions in the electrolyte solution, which
gives rise to the decreasing of TC(220) and increasing of TC(111) and the
coexistence of the diffraction peaks of both (220) and (111) orientations as pH is
lowered from 4.0 to 1.0, shown in Figure 3.15.

A comparison between Figure 3.9 (a) and Figure 3.14 (a) shows an

inconsistent result of the preferred orientation of nanowires synthesized at the
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same experimental conditions except for the deposition time, which is 1.5 hrin
Figure 3.9 (a) and 3 hr in Figure 3.14 (a). The preferential crystalline plane of
(200) is observed in Figure 3.9 (a) and that of (220) is presented in Figure 3.14
(a). According to previous results, increasing the Cu layer thickness leads to a
change of the preferential orientation towards (220) texture, which is related to a
stress relaxation ?. Also, in the case of gold nanowires, surface stress can
drive an fcc gold nanowire with an initial (100) orientation to reorient into an fcc
nanowire with a (110) orientation ?°\. In the references, the authors developed a
simulation model and observed that a fcc (100) nanowire transforms into a body
centered tetragonal (bct) nanowire because of surface stress and thermal
vibrations, followed by the bct nanowire transforming into a fcc (110) nanowire
due to shear. These phenomena may explain the inconsistency of the crystal
orientation observed in this study. Clearly, this annealing effect may have
implications for controlling the crystal structure of long wires, and needs to be

further investigated.

3.2.3 Crystallinity of Copper Nanowires at Constant Currents

As an alternative to the potentiostatic technique, a constant current
could be applied during electrodeposition to synthesize copper nanowire arrays
(galvanostatic technique). Choosing a current of -0.7 mA, -1.5 mA, and -3.0 mA
for electrodeposition for 3 hr at room temperature, copper nanowire arrays were
fabricated in electrolytes of 0.3 M CuSO4-5H20 and 0.1 M H3BO3, with pH=4

adjusted by adding 0.1 M H,SO4. The potentials observed when applying -0.7

60



mA, -1.5 mA, and -3.0 mA were -0.01 to +0.01 V, -0.04 to -0.1 V and -0.06 to -0.1
V, respectively. Figure 3.16 (a)-(c) shows the crystallographic characteristics of
nanowires synthesized using various constant currents. The growth orientations

of (111) and (200) become more preferred as the applied current increases from
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Figure 3.16. XRD patterns of copper nanowire arrays prepared by electrodeposition at various
currents: a) -0.7 mA; (b) -1.5 mA; and (c) -3.0 mA; (d) Cu-JCPDS pattern for
comparison. All electrodepositions took place in electrolytes with 0.3 M CuSQO,4-5H,0
and 0.1 M H3BO3;, pH=4.0 for 3 hr.
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-0.7 mA to -3.0 mA. The growth direction of [200] becomes the most preferential
when current is applied at -3.0 mA.

To further analyze the results, calculation was made based on the
Harris Formula, the results of which are displayed in Figure 3.17. From
Figure 3.17, copper nanowires show an almost single-crystal texture of (220)
orientation when current is kept at -0.7 mA. As more negative current is applied,
TC(220) decreased from 2.75 to 2.52, and finally reaches 1.2061 but still shows
a small degree of preferred orientation of (220). It is seen that when applied
current is more negative, nanowires present more polycrystalline characteristics.
When a current of -3.0 mA is applied, the value of TC(200) increases from 0.13
to 1.21, showing a small preferential orientation of (200).

The factors discussed in Section 3.2.2 about the growth competition
between [111] and [220] directions are further confirmed in Figure 3.16. In that
section, [220] was observed as the preferred growth direction. Typical current
density for applied voltage of -0.2 VV was 12.5 mA/cm?, as compared to the
current density here from 3.5 mA/cm? to 15 mA/cm?. [220] is demonstrated to be
the preferred orientation when nanowires were grown in a high pH electrolyte
with even lower current.

Concerning the relationship between current density and potential, the

. . RT RT )
Tafel equation P!, n=a+blogj, wherea = -23——1logj, and b=23——, gives
0
onF onF

insight. Note that a and b are constants at the same temperature and solution

conditions. Therefore, electrodepositions at constant currents with fixed surface
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Figure 3.17. Calculated texture coefficients of (a) (111); (b) (200); and (c) (220) planes of Cu
nanowire arrays deposited at various constant currents of -0.7 mA, -1.5 mA and -3.0
mA respectively. All electrodepositions were carried out in electrolytes with 0.3 M
CuS04-5H,0 and 0.1 M H3BO3;, pH=4.0 for 3 hr.

area of working electrodes should be characterized using the same mechanism
as experiments in which the deposition was varied, but with more precise control
of the grown structure of deposits. Therefore, the influences on the
crystallographic characteristics by changing the constant currents in a range of

current density of 3.5 mA/cm? to 15 mA/cm? were studied.
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Since the current density observed during electrodeposition with
constant potentials was as high as 32 mA/cm? for -0.6 V and 12.5 mA/cm? for -
0.2 V as is seen in Table 3.5, the range of lower current density was selected to
examine the crystallinity of copper nanowires. The results in Figure 3.16 (a)
show that nanowires with a strong (220) orientation were obtained at an
extremely low current density. As the value of the applied current goes up, (111)
faceting increases and achieves its highest intensity in Figure 3.16 (c), which
means the nanowires became polycrystalline at a relatively high deposition
current, consistent with the growth mechanism discussed in Section 3.2.1 of this
study. Moreover, as is shown in Table 3.5, the appearance of (200) orientation
at -3.0 mA corresponds well with results shown in Figure 3.9 (a) and 3.10 (b), in
which the (200) is the preferential orientation when electrodeposition was

conducted for 3 hr at -0.2 V in an electrolyte with 0.2 M CuSO4-5H,0.

Table 3.5. Preferred orientations at various current densities for potentiostatic and galvanostatic
experiments.

Applied
Curobe o | 07 MA | 15mA | -30mA | 02V | 04V | 06V
C“r(ﬁ&t/gﬁ?)s'ty 35 7.5 15 125 | 193 | 32
Preferred (220)} | (200)1 A1 [ (1114
Orientation 220) | (1) | (1nyr | @O0 | 200y4 | (220)1
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Chapter 4 CONCLUSIONS AND FUTURE WORK

4.1 Summary and Conclusions

Copper nanowires with preferred crystalline orientations were
successfully prepared by electrodeposition based on AAO templates with a range
of experimental conditions. Using the potentiostatic technique, the applied
potential, concentration of CuSO4-5H,0, and pH value of electrolytes were varied
to investigate the effects on crystallographic orientation of copper nanowires.

The current and electrodepositing time were also selected as control variables
when performing the galvanostatic technique to investigate the growth rate and
crystalline structures, respectively. From SEM and TEM images, it can be
observed that high densities of nanowires were grown into the pores of AAO
templates and the geometry of the pores in templates determine the shape of the
wires, which were mostly straight with smooth contours.

The growth rate of nanowires was found to be directly related to the
deposition time, concentration of CuSO4-5H,0, and the applied potential in
Section 3.1. However, the calculated growth rates based on Faraday’s Law were
significantly larger than that measured by SEM images. These discrepancies in
Table 3.1 were likely caused by the enlarged surface area of deposition caused
by penetration of bath solution onto the gold-coated side and leakage currents.
Coalesced films were observed on the top of the AAO after electrodeposition with
long duration, demonstrating fully filled pores and grown nanowires as is shown
in Figure 3.3 (c). Higher potential improved the length uniformity of the nanowire
arrays when constant potentials were applied. Although higher deposition
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potentials contribute to faster growth initially, there are two effects that may
decelerate the nanowire growth so as to improve the length uniformity as is
presented in Figure 3.7: bubbles generated in the concurrent hydrogen evolution
blocking pores partially [ "and copper ion transport limitations to the electrode
surface . Both of these effects act to retard growth and enhance uniformity.
XRD characterizations provided in Figure 3.14 (a) and Figure 3.16 (a)
show that copper nanowires with preferential orientation of (220) were obtained
when using a higher pH electrolyte potentiostatically or a lower constant current
density galvanostatically, respectively. A different preferred growth direction of
[200] was identified when a less negative potential or current was applied as is
shown in Figure 3.9 (a) potentiostatically, and in Figure 3.16 (c) galvanostatically.
In Section 3.2.1, it is discussed that single-crystal nanowires could be formed
when lower potential was applied because a 2D nucleation mechanism was more
favored than 3D mechanism 1. From an energy point of view, the crystalline
plane with the minimum surface energy is most preferred during
electrodeposition 1. However, H ion adsorption can decrease the surface
energy of high-energy planes and influence the preferred growth directions ",
In addition, the inconsistency between preferential orientations in Figure 3.9 of
this study and previous reports by Gao et al. '@ and Thongmee et al.l"® may be
due to inconsistencies in potential ranges used, which in return affect the H*
adsorption. As was discussed in Section 3.2.1, the low potential range
decreases the H" adsorption and the high potential range increases the

adsorption.
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The pH value and applied potential influence the textures of nanowires
via their effects on H ion absorption and consequently the crystalline planes’
surface energy that ultimately dictates the growth orientation. There is a
competitive process as was shown in Figure 3.14 and Figure 3.15 when more H
ions are added to the electrolyte, which contributes to the decreasing preference
of (220) and increase of (111) as pH is reduced, owing to the decrease of H
adsorption and the increase of effective potential in electrolyte, respectively.

An inconsistency of crystalline orientation between Figure 3.9 (a) and
Figure 3.14 (a) was observed when deposition time was the only variable. As
explained earlier, a stress relaxation has been linked with a change of preferred
orientation to (220) when increasing the copper layer thickness, suggesting that
the (220) crystalline orientation may be preferred for thick layers due to stress
effects ['* ™!, In the future experiments, instead of deposition time, lengths of
nanowires will be included as of the control variables for more precisely control of
the preferential orientations. Therefore, both thickness and H* adsorption effects
appear to be important for nanowire crystalline orientation. In this work, both of
these effects were found to enhance (220) and (200) orientation relative to the
(111) orientation expected from general surface energy considerations.
Conditions for [111] oriented growth were previously reported by Gao et al.['?l,
They observed [111] preferential growth for copper nanowires in diameter of 60
nm at overpotential of -232 mV. However, in this work, the preference of [111]
orientation was observed when potential larger than -400 mV was applied, using

templates with larger pores. Different observations were made for [200] growth.
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Riveros et al. ? reported that copper nanowires were grown along [200] direction
at the overpotential of -250 mV. In this work, with higher pH value and lower
concentration of CuSO4-5H,0, [200] growth was preferred when current density
was between 12 — 15 mA/cm?. The conditions are specified in Table 3.5.
Moreover, (220) growth orientation was favored when either lower potential or
highly concentrated electrolyte was employed, as is specified in Figure 3.13 (c)
and Figure 3.17 (c). However, the comparison may not be completely valid

because of different control variables selected, e.g. the concentration of

CuS04-5H,0, the pH value, and the pore size of templates, which can also

influence the crystalline structures of nanowires.

The results presented herein should be helpful not only in regard to
templates synthesis of other metallic nanowires with preferred orientations, but
also to applications concerning single-crystal metallic nanowires with functional

performances via mechanical, electrical and magnetic properties.

4.2 Future Work and Preliminary Studies

For further investigation of the optimized conditions to prepare single-
crystal copper nanowires, a few additional parameters affecting deposition are
discussed. These include pore size effects, different solution chemistries, and
the effect of stirring. The pore size of the templates may play an important role
in electrodeposition. Previous results have demonstrated that the growth
orientation of Ni nanowires turns from [110] to [111] with increasing diameter of
nanowires based on the interface energy minimum principle '®. Moreover,

bismuth telluride nanowires with diameter of 25 nm show a strong (110) texture
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differing from that of larger diameters '\, In addition, the extension of the work
to electron-tunneling devices fabricated with single-crystal nanowires will be
discussed. In particular, we consider strategies to free the nanowires and

disperse them onto a surface.

4.2.1 Electrodeposition of Copper Using Other Electrolytes

During electrodeposition, foreign species can be adsorbed on or co-
deposited, affecting the electrodeposition process and, in turn, resulting in
changes in the deposit texture ' . Thus, the texture of electrodeposits is
sensitive to foreign species such as anions, organic additives, and even

suspended particles®.

4.2.1.1 Using Copper Chloride in Electrolytes

Chloride ions, one of the most extensively used additives for copper
electroplating, are generally agreed to change the overpotential for copper
deposition by adsorption on the cathode surface, thus affecting the texture of
copper deposits. For preparation of copper nanowires, CuCl,-2H,0 has
previously been investigated as the source of deposited copper "% 2. In W.
Shao et al.’s work, two competitive affects of chloride ions influencing copper
deposition were concluded. At low concentration, chloride ions depolarize the Cu
reduction process, while high concentrations induce complexation of copper
species and cause a cathodic polarization of the deposition process .

As shown in Figure 4.1, copper and other metallic nanowires were

synthesized from chloride solutions using AAO templates, but via redox reaction
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instead of electrodeposition . The aqueous solution of metal chloride salts (2
ml) was infiltrated into a Au-coated, Al-surrounded AAO template mounted in a
simple polymethylmethacrylate (PMMA) holder to fabricate nanowire arrays from
two ends based on nanochannel-confined growth. The method is energy saving
and facile compared with electrodeposition and electroless deposition. However,
the control of the crystallinity of nanowires may not be as good as with

electrodeposition, because the electron transfer process in solution was
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Figure 4.1. Schematic for the formation of Metal Nanowires (MNWSs) inside vertically aligned
nanochannels of Au-coated, Al-surrounded AAO templates. (a) The simple setup for
the formation of the MNWs. (b) The detailed formation process of the MNWs?,

spontaneous, and the deposition lasted too long (7 days for copper nanowires),

which decreases the practicality of this approach. Nonetheless, the successful
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synthesis of nanowires with metallic chloride solution expands the possibilities of
preparing more metal materials, though studies concerning crystallographic

properties still need to be explored.

4.2.1.2 Using Copper Nitrate in Electrolytes

Because of the varied atom arrangement with different crystal facets, it
is known that the texture of the electrodeposits is mainly caused by different
growth rates of differently oriented planes at a given overpotential '®l. The
growth-rates of different planes may change with overpotential, resulting in

changes in the deposit texture.
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Figure 4.2. XRD patterns of copper coatings deposited in DC condition. All conditions are with
400 g/L Cu(NO3 );-3H,0. Condition A: 0 mg/L CI'; Condition B: 10 mg/L CI’; Condition
C: 20 mg/L CI'; Condition D: 30 mg/L CI""®,

Copper electrodeposition with only copper nitrate as the electrolyte was

previously studied by others and their XRD results in Figure 4.2 show that the
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deposited copper follow a preferred (220) texture, but not single crystalline based
on the XRD pattern. However, as copper chloride was added to the electrolyte
from 10 mg/L to 30 mg/L, the (111) and (200) peaks decreased and almost
disappeared in the diffraction pattern, leaving a single peak of (220) and showing
the single crystallinity. It was observed that chloride ion promotes the texture of

this orientation.

4.2.2 Different Pore Sizes for Preparing Copper Nanowires

As a part of our preliminary studies, 10 x10 mm freestanding AAO
square membranes (Synkera), with nominal pore diameter of 100 nm, pore
density of 10" cm™ and thickness of 50 um were also used as templates for

copper nanowires synthesis.

Figure 4.4. The drawing (a), and SEM images (b) of AAO with pore diameters of 40 nm and
thickness of 120 ym. Different architectures of AAO are developed and used,
including AAO attached to Al foil, free-standing AAO wafers and AAO nanotemplates
integrated onto various non-Al substrates, such as Si wafers.
[http://www.synkera.com/ceramic-membranes/symmetric-membranes.html]
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Figure 4.4 is a drawing of the basic design of AAO with pore sizes of 40
nm in diameter. In Figure 4.4 (a), compared with the pore size, the distance
between each pore is around the same as the pore diameter, which leads to thick
walls among the pores and lower pore density of the membranes.

According to SEM images before and after filling the templates with
copper in Figure 4.5, it is clearly seen that the pore density is larger for the 200
nm (Figure 4.5 (c)) than the 100 nm AAO templates (Figure 4.5 (a)), resulting in
larger amount of nanowires grown inside the 200 nm samples (Figure 4.5 (d)).
This is due to the thicker walls between channels of the AAO templates for the

100 nm pores.

Figure 4.5. Comparison between AAO templates with 100 nm and 200 nm in diameter: (a) Plan
view of AAO with 100 nm pore size after Au sputtering; (b) Cross-section of AAO with
100 nm pore size embedded with copper nanowires; (c) Plan view of AAO with 200
nm pore size; (d) Cross-section of AAO with 200 nm pore size embedded with copper
nanowires.
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It is more difficult for copper ions to diffuse into smaller pores during
eletrodeposition. In that case, increasing the deposition potential, deposition
time, and the concentration of copper ions in the bath can improve the growth
rate of nanowires in the smaller structures.

An electrolyte was made from 30g/L (0.19 M) CuS0O4-5H,0 and 0.1 M
H3BOs3, in which the pH was adjusted to 4.0 by adding 0.1 M H,SO4 and
measured using pH test papers. The galvanostatic method was employed to
grow nanowires. In the beginning of the electrodeposition, a relatively large

deposition current of -15 mA was applied for 10 min to enhance nucleation.

Figure 4.6. SEM images of copper nanowires synthesized based on AAO with 100 nm pores.
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Subsequently, the current was decreased to -5 mA and maintained constant for 3
hrs. After removing the AAO template by dissolution, nanowires were dispersed
and stored in ethanol. For further characterization, a drop of solution was placed

on a Si/SiO, substrate.

(b)
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Figure 4.7. TEM images of the morphology and texture of 100 nm copper nanowires. Single
crystallinity is shown along the [111] direction.

From the SEM images in Figure 4.6 (a)-(d), copper nanowires have the

same diameter as pores in AAO. However, because of the smaller diameter,



nanowires appear more flexible after being released from templates and
dispersed on the substrate, compared with the straight and rigid copper
nanowires of 200 nm diameters.

The crystalline structure of 100 nm copper nanowires was further
explored by TEM characterization. TEM results in Figure 4.7 show the diameter
of each single nanowire is around 120 nm, which is 20 nm larger than the
nominal pore size of AAO. The surface of the nanowire was not as smooth as
the 200 nm ones but they had a single crystal texture along the [111] direction,
demonstrating that single-crystal nanowires can be prepared based on templates
with smaller pores.

The characteristics of the morphology with faceted crystallographic
planes at its side walls rather than a cylindrical shape may relate to the low
current density *l. Other factors may be considered and studied in the future,
such as the morphology dependence on smaller pore size and structure of the
inside walls of the pores. Also, the template dissolution procedure needs to be
improved to avoid residuals and impurities contained in the nanowire solutions,

which are apparent in the SEM and TEM images.

4.2.3 Other Experimental Conditions during Synthesis

To optimize surface smoothness, size, and crystallinity of synthesized
copper nanowires, more parameters during electrodeposition were explored.
The treatment for samples after completion of the electrodeposition is also
important because the uniformity of nanowires in solution is needed to avoid

aggregation and protect the nanowires from being ruptured to undesired lengths.
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4.2.3.1 Using a Stirrer During Electrodeposition

According to previous reports, most electrodeposition experiments are

performed without stirring 2" #2!

. M.Gupta, et al. proved that with stirring, copper
nanowires and nanotubes were able to be grown in porous templates when
different current pulses were applied. However, they did not analyze how stirring

would affect the growth of nanowires. Jae Kwang Lee et al. have successfully

synthesized nickel nanowires using electrodeposition with

Figure 4.8. Comparison between copper nanowire arrays fabricated with and without stirring
during electrodeposition. (a) Cross-section view of nanowires grown without stirring;
(b), (c) and (d) Cross-section view of nanowires grown with stirring.
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stirring and explained that the bubble layer was removed from the electrode
surface and the potential was stable by stirring the solution during the
electrodeposition 2%,

In preliminary experiments, a stirrer was custom-made by cutting an
ultrathin glass tube to get a 10 mm segment and heating to seal both openings to
keep an iron wire inside. The same experimental conditions were applied as in
Section 3.2.2.1, the bath contained 0.3 M CuSQO4-5H,0 and 0.1 M H3BO3; with
pH=4, in which deposition was carried out potentiostatically with constant
potential of -0.6 V for 1.5 hr with magnetic stirring at 350 rpm by putting the

three-electrode cell on a hotplate (Isotemp, Fisher Scientific). A comparison of

morphologies by SEM images is presented in Figure 4.8.

Supi)ort layer

Figure 4.9. The SEM image of the pore structure and dimensions of an ANOPORE membrane
with 100 nm pore diameter. The branched side (active layer): the thickness is ~1.5 ym
with pore size of ~100 nm; the support layer: The thickness is ~58.5 ym with pore size
of ~200 nm.
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Characterized under similar magnification, nanowire arrays in Figure
4.8 (b) show a relatively higher filling density than in (a), which is further proved
by (c) and (d) with larger magnification. Note that only the first 1.5-2 um of the
pores were 100 nm in diameter. The actual size of the remaining 58.5 ym of the
membrane is compose only with 200 nm pores, as is shown in Figure 4.9, which
was also reported in previous work 24,

The rupture in (d) separating nanowires into two segments was induced
by the large stress applied to the nanowires, which likely resulted from the
suddenly change of pore diameters in that section of the membrane from 100 nm
to 200 nm. Since it is found that grain boundaries are the preferred places to
bend wires released from templates ', further crystallographic studies could be

focused on the changing of textures of nanowires in the area connecting the 100

nm and 200 nm pores.

4.2.3.2 Adding Thiols to Solution with Released Nanowires

1-Decanethiol is commonly used for separating gold nanoparticles and

25.28] |t has also

chemical functionalization of the surface of gold nanomaterials
been reported that octadecanethiol reduces CuO to Cu® by formation of a dithiol,
which results in a multilayer copper thiolate complex that protects copper
nanowires from being oxidized"".

To better understand the effects of thiols, a preliminary experiment was

carried out using SEM images to study nanowires. To isolate the released

copper nanowires inside the ethanol solution, 0.1 M 1-Decanethiol was added to

82



the solution containing the nanowires with a pipette designed to handle 1-10 L.

Nanowires are prepared at the conditions described in the caption of Figure 3.14.

Figure 4.10. Comparison between nanowires dispersed on silicon wafer substrate without adding
thiol into ethanol before ultrasonication (a), with thiol added before ultrasonication (b);
a single nanowire on substrate surrounded by the thiol is shown in (c).
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As is shown in Figure 4.10 (b), with thiol added to the ethanol solution
containing copper nanowires before ultrasonication, nanowires spread more
uniformly and separately than without adding the thiol in Figure 4.10 (a), where
nanowire clusters were formed all over the surface of the substrate. The results
demonstrate that with thiol added before ultrasonication, nanowires can spread
more uniformly than in ethanol without the thiol, which may benefit future
research focused on individual metallic nanowires as electrodes in

nanoelectronic devices.

2250 um

Figure 4.11. EDS spectrum of the as-prepared copper nanowirs.

Elemental analysis of as-prepared copper nanowires, after liberation
from AAO templates, was examined by EDS and results are shown in Figure
4.11. Itis observed that the nanowires were not extensively oxidized after the
template dissolving process based on the absence of oxygen signal. The signals

of Au are from the remaining gold coating of the template. The high purity of
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copper may be credited to the protection provided by the thiol coating as
described above.

A comparison by EDS was conducted to characterize the chemical
composition of nanowires being released from templates without adding thiol.
From the spectrum in Figure 4.12, the absence of oxygen also demonstrates that
no bulk oxidation occurred to the nanowires after template dissolution. Thus, the
main role of adding thiol appears to be better isolation to avoid agglomeration on

substrates.
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Figure 4.12. EDS spectrum of the copper nanowirs after the dissolution of templates without
adding thiol.

4.2.3.3 Changing of Ultrasonicating Time

Refering to the previous results of released nanowires distributed on
substrates, it was found that the released nanowires are shorter than then ones
embedded in AAO templates. One possibility is that ultrasonication breaks

nanowires into smaller segments. In this work, 15 min, 25 min, and 35 min
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ultrasonicating time were chosen to disperse nanowires after AAO was dissolved

completely.

Figure 4.13. Comparison of copper nanowires kept with thiol added dispersed on silicon wafer
substrate after various ultrasonication periods. 15 min for (a) and (b); 25 min for (c)
and (d); 35 min for (e) and (f).
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There is no distinct change among the uniformity of nanowires
distributed on the silicon wafer substrate in Figure 4.13 (a), (c) and (e). However,
nanowires after 35 min sonication in Figure 4.13 (e) and (f) are shorter than the
previous two, which is probably from the sonication process breaking the longer
ones into shorter ones. From Figure 4.14, it is found that the density of
nanowires dispersed on substrates was not significantly changed, but the length
of a selected single nanowire in each case decreased as longer sonicating time
was applied. Figure 4.14 shows that the lengths of dispersed nanowires are
correlated with the sonicating duration. The length of nanowires were measured
by ImagedJ via setting the length scale according to the scale bar in Figure 4.13
(b), (d) and (f), and selecting a minimum of 20 nanowires to calculate the

average length.
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Figure 4.14. Plot of the linear relationship between the varied sonicating time and length of a
single-crystal copper nanowire. The line is a guide to the eye.
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4.3 Other Single Crystal Metal Nanowires by Electrodeposition

Platinum is one of the most thoroughly researched noble metals as it
has potential applications in the fields of biosensors, catalysis, and fuel cells. For
example, because of its useful performance toward the detection of hydrogen
peroxide, a typical enzymatic product, platinum electrodes have been widely
used to immobilize enzymes for the fabrication of biosensors 81,

S.S. Marsha and co-workers ?° have prepared platinum nanowires
using similar procedures as used in the synthesis of copper nanowires, including
the use of thin Au films as nucleation layers. Electrodepositions were performed
using chronoamperometry in 1% (w /w) HoPtCl4 solution containing 0.5 M
perchloric acid at a potential of 0.35 V (SCE). After deposition, the
polycarbonate template was dissolved by immersing the electrode in chloroform
%1 However, the crystallinity of the platinum nanowires was not characterized in
this work, and few researchers have synthesized single-crystal platinum
nanowires by electrodeposition to date. Table 4.1 presents a review of the
experimental conditions of various metallic nanowires, which are all textured with
single crystallinity. With further advances in both experiment and theoretical

understanding, there is a promising future for controlling the crystalline structure

of platinum and other metal nanowires prepared by the template approach.
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Table 4.1. Review of experimental conditions and textures of single-crystal metallic nanowires
synthesized by template approach. * NW: nanowire.

NW Template Electrolyte pH Method Orientation | Ref.
. Potentiostatic
v | w0 | oaMpatoemd | cowdeary | Vi | @ |
: 8o 40V for 50 nm
30 g/L PbNO; and L . Chronoamperometry [31]
Pb AAO 45 g/L HyB0, 2.5 with nitric acid 2 5 mA/om ™2 (200)
BiCl; (40 g/L), Pulsed Potential
tartaric acid (50 0.9 with aqueous -1.5V (104)
Bi AAO g/L), glycerol (100 ’ . -1.9V (110) (32
g/L), NaCl (70 g/, | @mmonia (5 mollL) A1V (202)
and HCI (1 mol/L)
Potassium
dicyanoaurate(l) . .
Au AAO Puramet 402 Unknown Potentiostatic (110) )
L -1.4V
containing 10 g/l of
gold
0.4 M NiSO4.H0,
0.1 MNaCl, 0.1 M 4.0 by adding Potentiostatic
Ni AAO H;BO; H,SO, dilute 20V (110) B34
0.45M solution ’
N3306H5O7-2H20
0.02M SbCl; and Potentiostatic 35]
Sb AAO CooHos NaO4S 2.0 by 1 M H,SO, 30V (012)

4.4 Molecular Electronic Devices and Single-Crystal Nanowires

According to Moore’s Law, the number of transistors that can be placed

on an integrated circuit doubles approximately every two years. Rapid

miniaturization of microelectronics has led to remarkable increases in computing
power while at the same time enabling reductions in cost. To create small
structures, a traditional “top-down” approach is employed, in which high device
density could be achieved on an integrated circuit using lithography ¢!,
However, as transistor sizes approach the nanometer scale new issues such as
current leakage and excess heat generation emerge and threaten the

continuation of Moore’s Law. One promising approach to move beyond

traditional device scaling is to develop active molecular devices for future
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nanoelectronics technologies, an area of study known as molecular electronics or
moletronics P71,

Molecules are an appealing choice of electronic components because
of their size and adaptability. Because molecules are the smallest stable
structures, they can be used as the smallest circuit components. The “bottom-
up” approach is based on this idea. In addition, a molecule’s electronic behavior
can be tailored based on its specific chemistry, such as the addition or removal of
functional groups or the presence of reactive environments, allowing the promise

of a high degree of control with many chemical options [°!.

site Electrodes of
known orientation

Figure 4.3. A schematic illustration showing a well-characterized molecularjunctionm]

The device consisting of a molecular wire bound to two metal
electrodes is known as a molecular junction. An electronic transport

measurement that is specific to a molecule can be measured when a bias
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voltage is applied across a molecular junction. Figure 4.3 is a schematic of an
ideal molecular junction for molecular electronic measurements.

Four aspects of a molecular junction that affect conductance have been
identified: 1) the geometry of a single molecule bound between two metal
electrodes; 2) the molecule itself and its conformation; 3) the binding site at the
metal-molecule interface; and 4) the electrode orientation *®!.

The electrode’s surface morphology, orientation, and composition affect
the contact between the metal and molecule, and without understanding the
intimate details of electrode structure, an understanding of how these molecular
junctions work is incomplete. The techniques demonstrated in this study can be
employed to make single-crystal nanowires that may be useful for molecular

electronics.
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