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Abstract
The integration of materials science and engineering at the nanoscale has significant
impact in many areas of science and technology. In this dissertation, I will present novel
syntheses of lanthanum telluride thermoelectric materials, vertically-aligned nanowires,
and nanoporous nickel membranes. I will also present a method that can collect
industrially relevant quantity of purified and sorted metallic and semiconducting singlewalled carbon nanotubes (SWCNTs) in a mixed-carbon nanotubes suspension by AC
dielectrophoresis.
In the Chapter 1: A Novel Approach to Synthesize Lanthanum Telluride
Thermoelectric Materials, I will report on the electrochemical synthesis of lanthanum
telluride thin films. The electrodeposition of lanthanum telluride thin films is performed
in a room-temperature ionic liquid, 1-ethyl-3-methylimidazolium bromide (EMIB), in
ambient conditions. This novel procedure can serve as an alternative means of simple,
inexpensive, and laboratory-environment friendly methods to synthesize rare-earth
telluride thermoelectric materials that were difficult to make in aqueous solution.
Characterization of the morphologies and chemical compositions of the deposited films
using scanning electron microscopy (SEM), x-ray diffractometry (XRD), and energydispersive x-ray analysis (EDAX) will be presented. The Seebeck coefficient and
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electrical resistivity of deposited lanthanum telluride thin films will also be presented and
compared with those of current state-of-the-art thermoelectric materials.
In the Chapter 2: Synthesis and Characterization of Vertically-aligned Gold
Nanowires Arrays Ferromagnetic Composite Films, I will report on the electrochemical
synthesis of films composed of vertically-aligned gold nanowire arrays in ferromagnetic
matrices (nickel and iron). This process involves first electrodepositing the Au nanowire
arrays within commercially available anodic aluminum oxide (AAO) nanoporous
membranes. After dissolving the templates, the ferromagnetic matrices are grown around
the nanowires to produce the two-phase nanocomposites.
In the Chapter 3: A Novel Approach to the Synthesis of Nanochanneled Nickel
Films, I will report on an innovative technique to fabricate nickel nanochanneled
membranes. This procedure involves transferring and imprinting the nanoporous arrays
of the AAO membranes to a nickel film using a template-guided electrochemical etching
technique. A detailed discussion of these processing techniques will be shown along with
the characterization of the morphology of nickel nanochanneled membranes.
Lastly, in the Chapter 4: Purification and Refinement of Single-Walled Carbon
Nanotubes (SWCNTs) by AC Dielectrophoresis (DEP), a continuous flow device for
purifying and sorting metallic and semiconducting SWCNTs from an initially random
mixture of SWCNTs in suspension using AC dielectrophoresis is reported. The
separation of two electronic types of SWCNTs takes advantage of the large difference of
the relative dielectric constants between metallic and semiconducting SWCNTs with
respect to the suspension, resulting in both a difference in magnitude and direction of a
dielectrophoretic force imposed on the SWCNTs. This work presents a significant
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advancement in nanotubes purification in a facile and scalable manner, and can therefore
significantly increase the feasibility of manufacturing reliable SWCNT-based
nanoelectronic devices. A detailed discussion of the sorting techniques will be presented
along with the fabrication of a dielectrophoretic force utilized microfluidic lab-on-a-chip
device that can continuously refine and collect metallic and nonmetallic nanoparticles at
industrially relevant processing rates. The effectiveness of the device is characterized
using resonant Raman and ultraviolet–visible-near infrared (UV-Vis-NIR) spectroscopy
analysis on sorted samples.
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Chapter 1
A Novel Approach to Synthesize Lanthanum
Telluride Thermoelectric Materials
1.1 Introduction
This section is an adapted reproduction from Mater. Res. Soc. Symp. Proc. Vol. 1543
(2013). Copyright 2013, Materials Research Society.
Rare-earth elements and their telluride alloys have attracted significant attention
because

of

their

potential

applications

in

thermoelectrics,

electronics,

and

optoelectronics.1-2 In particular, lanthanum and lanthanum telluride alloys are of interest
because lanthanum is used in large quantities in nickel metal hydride (NiMH)
rechargeable batteries for hybrid automobiles. The negative electrode (cathode) in NiMH
batteries is a mixture of metal hydrides, one of which is typically lanthanum hydride. The
active material at the cathode is hydrogen, which is stored in the metal hydride
structure.3 A Toyota Prius battery requires 10 to 15 kg (22 to 33 lb) of lanthanum.4-5
Lanthanum can also be used to make the infrared-absorbing glass in night vision goggles.
High quality camera and telescope lenses contain lanthanum oxide (La2O3) making use of
its high refractive index and low dispersion.6 In addition, May and co-workers reported
that nanostructured bulk lanthanum telluride (La3-xTe4, 0 < x 

1

ଵ

) produced by

ଷ

mechanical ball-milling exceeded the figure of merit (ZT) of 1 at high temperatures near
1300K.7-8 LaTe and La2Te3 are good candidates for photoconductive and photovoltaic
cells applications.9-10 LaTe2 and LaTe3 are n-type semiconductors having unique
electronic properties.9-11
Since the increased thermoelectric efficiency of nanostructured materials are due
to the enhancement of phonon scattering introduced by quantum confinement, thin films
(2-D systems) and nanowires (1-D systems) also have generated significant scientific and
technological interest.12,13-15 Here, I report on the electrochemical synthesis of lanthanum
telluride thin films. Electrochemical deposition is a very attractive process for
synthesizing thin films of compound semiconductors on metallic surfaces.16 The
thickness of thin films can be controlled by deposition duration. An advantage of this
technique is that it is a simple, inexpensive, and laboratory-environment friendly
synthesis methods for telluride based thermoelectric materials.
Producing thick rare-earth telluride films can be very material consuming when
using physical vapor deposition methods such as sputtering or evaporation, but films of
several microns thickness can be produced in a few hours using electrochemical
deposition. In addition, variations in the deposition potential or solution concentration
can provide different molar ratios of La-Te. It is important to note that aqueous solutions
are not preferred for lanthanum alloy electrodeposition because hydrogen evolution can
occur before the deposition of metals. Recently, room-temperature ionic liquids (RTILs)
have attracted significant attention in the electrodeposition of rare-earth metals in
ambient conditions.17-18 Here, I report on the electrodeposition of lanthanum and
lanthanum telluride alloys in a ionic liquid, 1-ethyl-3-methylimidazolium bromide

2

(EMIB), which has the advantages of good cathodic stability, low hygroscopy, and low
reactivity with oxygen and moisture.

1.1.1 Thermoelectric Figure of Merit (ZT)
Thermoelectric generators (TEGs) can be treated as Carnot cycle engines, but
instead of a gas or liquid, the working fluid is electrons.19-21 The maximum efficiency of
an thermoelectric generator is related to both the product of the Carnot efficiency and a
thermoelectric material properties depended parameter known as figure of merit (ZT).

ߟ௫ ൌ

்ಹ ି் ξଵା்ିଵ
,
்ಹ ξଵା்ା 

(1.1)

ಹ

where max is the maximum efficiency of the thermoelectric generator, TH is the
temperature at the hot junction, and TC is the temperature where the surface is getting
cooled.19-21 The thermoelectric figure of merit (ZT) is a dimensionless parameter that is
related to three material transport properties. ZT is written as

ܼܶ ൌ

ௌమ
ఘ

ܶ,

(1.2)

where S is the Seebeck coefficient (PV/K),  is the electrical resistivity (m-cm),  is the
thermal conductivity (W/mK), and T is the absolute operating temperature (K).19-21
Sometimes, the performance of a thermoelectric material can be referred to its power

3

factor in thermoelectric generation applications. The power factor, P (W M-1 K-2), can be
expressed as

ܲൌ

ௌమ

,

ఘ

(1.3)

where S is the Seebeck coefficient (PV/K) and  is the electrical resistivity (m-cm).19-21
The thermal conductivity, , can be expressed as el + lat, where el is the electronic
thermal conductivity and lat is the lattice thermal conductivity.22 Thermoelectric
materials with high power factors can generate more energy from the thermoelectric
effect, but they are not necessarily very efficient. This can be understood using Fourier’s
law of thermal conduction, for the heat flow  ݍൌ െߢ

ௗ்
ௗ௫

. For a given heat flux, when a

thermoelectric material has a large thermal gradient from that heat flux and the thermal
conductivity of that material is low, the material is considered thermoelectric efficient.1920

The Seebeck coefficient, S, is a material property that characterizes the response
of the net diffusion of electrons to a thermal gradient. Mathematically, the coefficient is
represented as

ܵൌ


்

,

(1.4)

where V is the measured voltage change across a material when a thermal gradient is
applied to the material and T is the temperature difference due to the thermal gradient.194

20

The Seebeck coefficient is negative when the material is an n-type semiconductor

because the direction of electric current is opposite to the direction of thermal diffusion.
On the other hand, when a material is a p-type semiconductor, its Seebeck coefficient is
positive because the direction of electric current is the same as the direction of thermal
diffusion.19-20
Since all three parameters (Seebeck coefficient, electrical resistivity, and thermal
conductivity) that appear in the figure of merit (ZT) are functions of carrier concentration,
it is important to understand the interrelationship between carrier concentration and the
three material transport properties. Electrical resistivity is an important parameter to
determine the thermoelectric properties of materials. Metals usually have a low electrical
resistivity, while that of insulators is high and that of semiconductors is intermediate
between that of metals and insulators. In most textbooks and references, electrical
resistivity is usually reported and discussed by its inverse parameters, electrical
conductivity, which is represented as,

ଵ
ఘ

ൌ ߪ,

(1.5)

where  is electrical resistivity and  is electrical conductivity.
Referring to Figure 1.1 reprinted from CRC Handbook of Thermoelectrics: Macro
to Nano edited by D. M. Rowe, one can understand that in order to optimizing the power
factor of a thermoelectric material, it is necessary to find the right balance between
Seebeck coefficient and electrical conductivity of that material, since a low carrier
concentration results in a low electrical conductivity of the material but large Seebeck
5

coefficient.20,22 In addition, the electronic contribution to the thermal conductivity, el,
which is generally about

ଵ
ଷ

of the total thermal conductivity, also increases with carrier

concentration.20
For the past 20 years, the enhancement of the thermoelectric figure of merit (ZT)
has been predicted and demonstrated through nanostructural engineering.12,22-23 Efforts
have focused on improving the figure of merit (ZT) by reducing lattice thermal
conductivity. Three research avenues have been predicted to achieve the increase of ZT.
One is search for so-called “phonon glass electronic crystals” in which it is proposed that
crystal structures containing weakly bound atoms or molecules that “rattle” within an
atomic cage should conduct heat like a glass, but conduct electricity like a crystal.2
Materials attracting attention usually have disorder and complexity within their unit cell,
such as skutterudites,20,22,24 calthrates,20,22,25 and Zintl phases.22-23

6

Figure 1.1 Schematic of the dependence of Seebeck coefficient, electrical conductivity,
thermal conductivity, and power factor on carrier concentration. Figure reprinted from
CRC Handbook of Thermoelectrics: Macro to Nano edited by D. M. Rowe. Copyright
2006, Taylor & Francis Group, LLC.

7

Low-dimensional structures such as quantum wells (materials are so thin as to be
considered as two dimensional (2D)), nanowires (small cross-sectional area as to be
considered as one dimensional (1D)), and quantum dots (quantum confined in one
dimensional (1D)) are selected as the candidates to increase thermoelectric efficiency of
nanostructured materials due to the enhancement of phonon scattering introduced by
quantum confinement.13-15,20 The prediction is that the reduced dimensions of these
nanostructures will result in an increase in phonon interface scattering and a consequent
reduction in lattice thermal conductivity.20 Recently, nanostructured bulk or
nanocomposite materials have become preferred candidates for more scalable
applications.1,21 Randomly distributed nanostructures in nanocomposite materials can
lead to a reduction in the lattice thermal conductivity below that of an alloy of the same
overall chemical stoichiometry. These materials can be prepared by electrochemically,
mechanical alloying or inert-gas condensation methods. Nanometer or micrometer sized
particles are then sintered by hot pressing to obtain dense and mechanically
nanostrucutured bulk materials.1,15,21
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1.1.2 Lanthanum Telluride (La3-xTe4)

Figure 1.2 The structure of La3-xTe4. Lanthanum atoms are shown in blue and telluride
atoms are shown in brown. Figure reprinted from Phys. Rev. B, 78 125205 (2008).
Copyright 2008, American Physical Society.

Lanthanum telluride (La3-xTe4) is one of the most efficient n-type thermoelectric
materials for high temperature applications. Nanostructured bulk lanthanum telluride by
mechanical ball-milling was reported to possess a figure of merit (ZT) greater than 1 at
high temperatures near 1300K.7-8 Lanthanum telluride (La3-xTe4) has a body centered
cubic Th3P4 defect structure as shown in Figure 1.2. The cubic lattice constant for the La3xTe4

is 9.628Å and single crystal x-ray diffraction patterns show that its space group is

ܫͶത͵݀, No. 220.10 Because of the material’s unique structure, the vacancies on the rareearth sites provide disorder and distortion in the lattice, which enhances phonon
scattering and then contributes to lower lattice thermal conductivity.7-8 The presence of

9

lanthanum vacancies corresponds to x values ranged between 0 and

ଵ

.

ଷ

The

thermoelectric performance, ZT, of lanthanum telluride (La3-xTe4) is enhanced due to the
lower lattice thermal conductivity. This enhanced phonon scattering mechanism is
reported by Delaire et al. and was inferred by measuring the phonon scattering using the
wide angular-range chopper spectrometer (ARCS) at the Oak Ridge National Laboratory
to get inelastic neutron-scattering spectra in La3-xTe4.8
The electronic behavior of La3-xTe4 can be estimated in terms of the composition
ଵ

ratios between lanthanum to tellurium elements.7-8,26-28 For 0 < x < , La3-xTe4 behaves
ଷ

like a metal or a heavily doped semiconductor with a higher carrier concentration. When
ଵ

x = , each lanthanum donates three electrons to the crystal to become La3+ and tellurium
ଷ

takes two electrons to complete its valence band to form Te2-. La2Te3 is an ionic solidstructured semiconductor that behaves as an insulator with a much lower carrier
concentration. Referring to the phase diagram of Figure 1.3, the compounds of interest
need to be in the solid solution composition range between 57 to 60 at.% Te due to the
thermoelectric properties of La3-xTe4 changing rapidly with x values since the carrier
concentration is proportional to the (1-3x) parameter,7-8 and controlling the Te to La
stioichiometry in lanthanum telluride is thus essential to achieving the optimum
thermeoelctric properties of the material.
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Figure 1.3 Lanthanum-Tellurium phase diagram.42 The green arrow indicates the solid
solution of La3-xTe4 at 57-60 at. % of Te and the red arrow points to the solidus line of
La2Te3. The phase diagram reprinted from ASM Alloy Phase Diagrams Center.
Copyright 2006, ASM International.
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1.1.3 Room Temperature Ionic Liquids (RTILs)
A room temperature ionic liquid (RTIL), shown in Figure 1.4(a), is a liquid salt
composed solely of anions and cations at room temperature. Shown in Figure 1.4(b),
typical solvents used in laboratories such as water, benzene, and methanol are classified
as molecular solvents composed of neutral species.24-26 Room temperature ionic liquids
exhibit relatively low viscosity and high conductivity,17-18,29 and are unreactive towards
acids or bases.30 The liquid salt, which is also non-flammable and non-corrosive, is very
safe and laboratory-friendly to work with. Furthermore, room temperature ionic liquids
have been shown to be useful for nanoparticle synthesis under vacuum conditions,
including electron beam irradiation31-33 and magnetron sputtering34-39 onto ionic liquids,
due to its low vapor pressure. These are revolutionary findings regarding the feasibility of
applying wet chemistry processes in vacuum.
Furthermore, the unique solvent potential of room temperature ionic liquids
makes the liquids viable as solutions in which to electrodeposit water-sensitive metals
such aluminum and magnesium,30 reactive elements such as titanium, tantalum, and
molybdenum, and semiconductors that are not feasible to electroplate in aqueous
electrolytes. The key advantage of using room temperature ionic liquids as the electrolyte
for electroplating compared to conventional aqueous solution is that no hydrogen
evolution occurs during electrodepositon of the metals.30,40 In addition, the wide
electrochemical potential windows of room temperature ionic liquids can make the
electrodeposition of rare-earth elements possible. Therefore, ionic liquids can be used for
the fabrication of nanowires using an anodic aluminum oxide (AAO) nanoporous
12

template-assisted method. Some have even suggested that cation and anion effects from
room temperature ionic liquids may influence the morphology and crystal size of
deposits.30,41

Figure 1.4 (a) Schematic of room temperature ionic liquids composed solely by anions
and cations. (b) Schematic of molecular structure of typical molecular solvents such as
benzene and water.
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1.2 Experimental
This section is an adapted reproduction from Mater. Res. Soc. Symp. Proc. Vol. 1543
(2013). Copyright 2013, Materials Research Society.
Tellurium powder (Aldrich Chemistry, 99.8%) was dissolved in concentrated
nitric acid to form the oxide cations, (HTeO2)+, at room temperature until no further
reaction occurred. A tellurium seed layer (~100 nm thick) was then electrodeposited onto
a nickel or silver substrate (cleaned and etched with HNO3 : deionized water = 1 : 3) in a
three-electrode electrochemical system designed in-house. A nickel or silver substrate
served as the working electrode in the experiment. A platinum mesh was used as the
counter-electrode and an Ag/AgCl electrode was used as the reference electrode. The
electrolyte contained 0.025M (HTeO2)+ in 3M HNO3. Potentiastatic deposition was
performed at -0.3V vs. Ag/AgCl reference electrode at room temperature.
The ionic liquid, 1-ethyl-3-methylimidazolium bromide (EMIB) (molecular
structure is shown in Figure 1.5(b)), was prepared by first stirring 100 ml of 1methylimidazole (Alfa Aesar, 99%) (molecular structure is shown in Figure 1.5(a)) in a
beaker at 70°C followed by slowly adding 300 ml of bromoethane (Sigma-Aldrich,
reagent grade, 98%, CH3CH2Br) into the beaker. The solution was then allowed to stir
about 24 hours at 70°C. Ethyl ether (Fisher Scientific, anhydrous and certified ACS) was
added to extract and wash the liquid. The ionic liquid was then stirred at 70°C for 5 hours
to burn off any volatiles left in the solution.
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(a)

(b)

Figure 1.5 Molecular structure of (a) 1-methylimidazole and (b) the anions and cations
used as the RTIL solvents in the study.

Lanthanum telluride films were electrodeposited onto the tellurium seed layer in a
three-electrode electrochemical system. The nickel or silver substrate served as the
working electrode in the experiment. A platinum mesh was used as the counter electrode
and an Ag/AgCl electrode was used as the reference electrode. The electrolyte contained
0.9g of lanthanum nitrate hydrate (Aldrich Chemistry, 99.9%) dissolved in 10 ml of 1ethyl-3-methylimidazolium bromide (EMIB) ionic liquid and a few ml of 0.025M
(HTeO2)+ depending on the La-Te stioichiometric ratio of the desired product as shown
in Table 1. The potentiastatic deposition was performed at a range from -1.2 to -1.5V vs.
Ag/AgCl reference electrode at room temperature. Ar gas was bubbled into the
15

electrolyte to remove oxygen from the solution throughout the experiment. A typical
deposition duration was about 2 hours and the resulting film thickness was about 1 Pm as
measured by a profilometer. The deposited films were then rinsed with ethanol and
deionized water, followed by storing in vacuum. The morphology of the samples was
investigated using a field emission scanning electron microscope (JEOL JSM-6700F)
equipped with an energy dispersive x-ray spectrometer (EDAX) for composition analysis.
X-ray diffraction patterns of the deposited samples were obtained using a Philips X’Pert
X-ray Diffractometer (XRD).

Table 1.1 Electrodeposition Conditions of La and La-Te Alloys.
Counter
Electrode

Working
Electrode

Electrolyte
(in 10 ml ionic liquid)

Deposition Voltage
(vs. Ag/AgCl
Reference
Electrode)

Product

Pt

Ag

0.9g La(NO3)3·6H2O

-1.5V

La

-1.5V

LaTe

-1.5V

La3-xTe4

-1.2V

La2Te3

-1.2V

LaTe2

-1.5V

LaTe3

Pt

Ag

Pt

Ag

Pt

Ag

Pt

Pt

Ag

Ag

0.2 ml [0.025M (HTeO2)+]
+ 0.9g La(NO3)3·6H2O
0.3 ml [0.025M (HTeO2)+]
+ 0.9g La(NO3)3·6H2O
0.2 ml [0.025M (HTeO2)+]
+ 0.9g La(NO3)3·6H2O
1 ml [0.025M (HTeO2)+] +
0.9g La(NO3)3·6H2O
0.5 ml [0.025M (HTeO2)+]
+ 0.9g La(NO3)3·6H2O

Table reprinted from Mater. Res. Soc. Symp. Proc. Vol. 1543 (2013). Copyright 2013,
Materials Research Society.
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Figure 1.6 Schematic of Seebeck coefficient measurement station.

The measurements of thermoelectric properties were obtained in an isotropic inplane direction of the films. The Seebeck coefficient was measured by mounting the films
on a thermoelectric hot-cold junction pair, with one thermocouple and one voltage
measuring probe pressured against the films over each as shown in Figure 1.6.
Temperature difference (T) and the difference of thermal energy driven electrical
potentials (V) were measured simultaneously using the thermocouples and the voltage
measuring probes with a source meter and thermometer. The data were recorded into a
computer. The electrical resistance of the electrodeposited films was measured by
obtaining I-V curves using a two-probe method, and the electrical resistivity of the
samples was calculated using ߩ ൌ ܴ

௪௧


, where  is the electrical resistivity of the films, R
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is the electrical resistance of the films, w is the width of the probe tips, t is the thickness
of the films, and l is the distance between the two measuring probes in the measurement.

1.3 Results and Discussion
A tellurium thin film was firstly electrodeposited as the seed layer to minimize the
lattice mismatch between the substrate and the deposit to reduce defect formation. The
thickness of the lanthanum telluride deposited films was about 1 Pm. Since it was
essential to synthesize precise stiochiometries of the compound, trials were conducted
based on the reduction potentials of each element. The ratio of concentration of each
element dissolved in the ionic liquid was varied. The morphologies and chemical
compositions of the deposited films were characterized using scanning electron
microscopy (SEM), XRD, and EDAX analysis after each deposition. It was critical to
determine the correct deposition potentials and solution concentration to control the Te to
La ratio.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 1.7 Scanning electron microscope images of electrodeposited lanthanum and
lanthanum telluride films in 1-ethyl-3-methylimidazolium bromide ionic liquid at
different deposition conditions (a) La; (b) LaTe; (c) La3-xTe4; (d) La2Te3; (e) LaTe2; (f)
LaTe3. Figure reprinted from Mater. Res. Soc. Symp. Proc. Vol. 1543 (2013). Copyright
2013, Materials Research Society.
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Scanning electron microscope images of electrodeposited films displayed many
interesting surface structures as shown in Figure 1.7. Needle-like structures were
observed on the electrodeposited La films as shown in Figure 1.7(a). In Figure 1.7(b), the
homogenous crystalline LaTe domains with rough surface features covered the entire
substrate. On the other hand, it is noted that there were many nanostructured surface
features in the La3-xTe4 film as shown in Figure 1.7(c). The nanocrystalline features have
many grain boundaries in the microstructure that can scatter phonons more effectively
and may result in an enhanced figure of merit (ZT) due to lower thermal conductivity
associated with such nanostructured materials.
A typical XRD pattern of the thin film samples is shown in Figure 1.8. Most of
the major peaks associated with La3-xTe4 appeared in the pattern. The strong peak around
52° indicates the present of nickel substrate used in the electroplating experiment. The
chemical composition of La3-xTe4 films was 41-59 (La-Te) atomic % ratio, as determined
from EDAX analysis as shown in Figure 1.9. The strong and sharp peak was identified as
corresponding to the silver substrate used in this experiment. The EDAX peaks also
indicate the lanthanum and lanthanum telluride samples are free of bulk oxides. The
microstructures of La2Te3, LaTe2, and LaTe3 were composed of many nanocrystalline
granular domains covering the entire substrate as shown in Figure 1.7(d)-(f).
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Figure 1.8 X-ray diffraction pattern of electrodeposited La3-xTe4 film on Ni substrate.

Figure 1.9 EDAX composition analysis of electrodeposited La3-xTe4 film on Ag substrate.
Figure reprinted from Mater. Res. Soc. Symp. Proc. Vol. 1543 (2013). Copyright 2013,
Materials Research Society.
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Table 1.2 Measured Room Temperature Thermoelectric Prosperities.
Sample

La at.%

Te at.%

S (V/K)

 (m-cm)

P (W/mK2)

La2.82Te4

42.4

57.6

-51

3.2

8.1 x 10-5

La2.72Te4

40.9

59.1

-173

10.5

28.5 x 10-5

Table 1.2 shows the room temperature Seebeck coefficients and electrical
resistivity measured in house. The measured Seebeck coefficients and electrical
resistivity of our deposited thin films are very similar to thermoelectric properties of the
state-of-the-art bulk samples synthesized by mechanical alloying and hot-press sintering
and the measurements are within the standard deviations reported by May et al.7-8 The
calculated power factor of the deposited films ranges from 8.1 x 10-5 to 28.5 x 10-5 (W m1

K-2). We do not report the room temperature thermal conductivities of the

electrodeposited samples because of the difficulty in making such measurements on thin
films, since parasitic surface effects can strongly influence the measurements strongly
due to the smaller dimensions and large aspect ratios characteristic of the samples.20
Furthermore, the electrodeposited La3-xTe4 thin film as shown in Figure 1.7(c) shows
rough and anisotropic surface features, which will contribute to large differences between
cross-plane and in-plane thermal conductivity measurements. It will be necessary to
improve the surface quality and morphologies of the thin films in order to obtain good
measurements by, for example, adding grain refiners in the electrolyte, optimizing the
reduction potentials for the electroplating, and by electroplating lanthanum telluride thin
films in a controlled inert gas environment.
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1.4 Conclusions
The feasibility of electrodepositing pure lanthanum and lanthanum telluride
compounds in ambient conditions has been demonstrated. Scanning electron microscope
images show that surface morphologies of the deposited films varied from needle-like to
granular structures depending on the deposition conditions. Such nanostructured surface
features on the electrodeposited samples may be responsible for enhancing ZT because
high density of grain boundaries may scatter phonons more effectively resulting in a
lowering of the thermal conductivity. The measured Seebeck coefficients and electrical
resistivity of the electrodeposited thin films are close to the state-of-the-art thermoelectric
properties of bulk samples synthesized by mechanical alloying and the hot-press
sintering. The calculated power factor of the deposited films ranged from 8.1 x 10-5 to
28.5 x 10-5 (W m-1 K-2). X-ray diffraction (XRD) patterns and the energy dispersive x-ray
(EDAX) composition analysis of electrodeposited La3-xTe4 films indicated that the
samples were single phase materials.

1.5 Future Work
Given the promising behavior observed in this work, clearly the next step is to
produce materials for which thermal conductivity can be measured so that the value of
ZT can be obtained. The reproducibility of electrodeposited lanthanum telluride thin
films can be improved by synthesizing the material in a well-controlled inert gas
environment such as a glove box to prevent possible oxide formation during the
fabrication process. In addition, the electrodeposition parameters such as precise
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reduction potential and concentration of deposit in electrolyte can be optimized. It is also
worth noting that the detail of mechanism of metal and alloy electrodeposition in ionic
liquid should be examined. It is also proposed that the reported electroplating technique
could be used to synthesize elemental lanthanum and lanthanum telluride nanowire arrays
by using conventional template methods with anodic aluminum oxide (AAO) nanoporous
membranes. These samples could be studied to investigate the prediction that such
reduced dimensional materials will display even lower lattice thermal conductivity due to
enhancement of phonon interface scattering introduced by quantum confinement.
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Chapter 2
Synthesis and Characterization of VerticallyAligned Gold Nanowire Arrays
Ferromagnetic Composite Films
2.1 Introduction
Ordered nanocomposite structures have attracted significant interest as their
unique electrical and optical properties can lead to localized surface plasmon resonance
(LSPR). This behavior has to potential to improve current commercial lab-on-a-chip
surface enhanced Raman scattering (SERS) technologies such as portable Raman
systems, used to detect and identify chemical and biological agents and explosive
compounds at trace levels.1 LSPR describes a resonance phenomenon of surface electron
density in metallic nanoscale structures where the characteristic length scale of the
material is smaller than the wavelength of incident light.2 LSPR signaling enhancement
depends on the type of the material (gold, silver, and platinum), and the size, shape, and
spacing of nanostructured materials.3-6 For gold, LSPR leads to strong plasmon
absorption in the visible wavelength regime.3 Highly ordered gold nanowire arrays can
sustain large electromagnetic fields at a high density of sites within the structure upon the
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excitation of light.4-6 This structure becomes an excellent substrate for LSPR
enhancement.
However, other than gold, silver, and platinum, there are still many classes of
materials that have plasmon resonance and other interesting optical-electronic properties.
It has been known that ferromagnetic materials such as nickel or cobalt having a spectral
position of the plasmon resonance similar to that of silver.6 Therefore, the combination of
the ferromagnetic resonance with plasmonic resonance may lead to a novel material for
LSPR signaling enhancement.6-7 Here we report on the fabrication and characterization of
vertically-aligned gold nanowire arrays in ferromagnetic matrices (nickel and iron). It is
thought that the magnetic response of the ferromagnetic matrices may couple with the
plasmonic behavior, thus amplifying the LSPR response. Our goal in this work is to
synthesize large area, reproducible, and homogeneous substrates that may have
applications as LSPR materials for biological and chemical sensors.

2.1.1 Localized Surface Plasmon Resonance (LSPR)
The free electrons in noble metals are free to travel through the material. The
mean free path due to phonon scattering in bulk gold and silver is ~ 50 nm. In
nanostructured materials smaller than this mean free path, the electron scattering is
expected to be dominated by scattering at the surfaces.8 Localized surface plasmon
resonance (LSPR) describes a induced resonance phenomenon of surface free electron
waves in noble metallic nanostructures such as nanoparticles, nanoscale rough surface,
and nanowires, where the characteristic length scale of the materials is smaller than the
wavelength of incident light.2,9-10 This resonance is a coherent collective oscillation of the
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surface electrons in the conduction band excited and polarized by the incident light
(electromagnetic wave).5,7 As shown in Figure 2.1, an incident light interacts with
nanoparticles that are much smaller in size than the wavelength of that incident light.
This condition leads to a plasmon that oscillates locally around the particles (localized
surface plasmon resonance) with a frequency which matches the frequency of the
incident light. The resonance causes a collective oscillation of the conduction electrons in
the metal nanoparticles.11

Figure 2.1 Schematic of a localized surface plasmon for a sphere, showing the
displacement of the conduction electron charge could relative to the nuclei. Figure
reprinted from Annu. Rev. Phys. Chem. 58, 267-297 (2007). Copyright 2007, Annual
Reviews.

Since the LSPR occurs at the surface, as the size or the shape of the nanoparticles
change, the surface geometry also changes, resulting in a shift in the electromagnetic
field on the surface. This causes a change in the frequency of collective oscillation of the
conduction electrons, generating different cross-sections for LSPR respondence.15
Furthermore, if the dielectric constant of the surrounding material of the nanoparticles
changes, this will have an effect on the oscillation frequency of the surface electrons due
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to the varying ability of the surface to accommodate electron charge density from the
nanoparticles.12 Therefore, the frequency and intensity of LSPR highly depend on the
type of the material (gold, silver, or platinum), the size, the shape, the interspacing, and
the dielectric constant of nanoparticles and their surrounding materials.3-6,8,11-13
Based on the development of modern methods extending from the Mie solution to
Maxwell’s equations describing the surface plasmon resonance for a small sphere
interacting with an electromagnetic field which can be used to calculate the surface
plasmon resonance for arbitrary geometries.12 Gold nanorods (nanowires) have generated
interest as materials to study LSPR because an increase in the aspect ratio of gold
nanorods contributes to the enhancement of the intensity and the longitudinal plasmon
resonance, resulting in an enhancement of the electromagnetic field.12,14 Therefore,
highly ordered gold nanowire arrays can sustain larger electromagnetic fields at a high
density of sites within the structure upon the excitation and polarization of incident
light.4-6 As a result, vertically-aligned gold nanowire arrays may prove to be excellent
substrates for LSPR enhancement.
Nobel metals such as gold, silver, or platinum are common materials for
determining LSPR effect because their energy levels of d-d transitions exhibited LSPR
are in the visible range of the spectrum.8,12 As a result, the wavelengths of the incident
light that cause this collective oscillation conduction electrons are selectively absorbed by
nanostructured materials and can be measured using ultraviolet-visible (UV-Vis)
spectropscopy.5,11 Also, the formation of enhanced electromagnetic fields that extend
from the metal nanostructured surfaces is responsible for the enhancement observed in
surface-enhanced Raman scattering (SERS).7,9,11 Therefore, not only is LSPR a powerful
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technique for chemical and biological sensing, but also is responsible for the
electromagnetic field enhancements that leads to surface-enhanced Raman scattering
(SERS).7,9 With the some understandings of LSPR effect, the purpose of this work is to
develop a synthesis method for large area, reproducible, and homogeneous samples that
may have applications for localized surface plasmon resonance effects.

2.2 Experimental
Vertically-aligned gold nanowires grown on a gold substrate were fabricated by
electrodeposition. Anodic aluminum oxide (AAO) nanoporous membranes (Whatman,
porosity: 40%, pore spacing: ~ 140 nm, membrane thickness: ~ 60 Pm) which were about
60 Pm thick and had pore size about 100 nm were used as templates in these experiments.
A gold film about 1 Pm thick was electron beam evaporated onto the back side of the
AAO membrane and served as the working electrode. A platinum mesh was used as the
counter electrode and an Ag/AgCl electrode was used as the reference electrode in the
three-electrode electrochemical system designed in house. The electrolyte was gold
plating solution (Alfa Aesar, electroless, metal content  3.7 g/L). Potentiastatic
deposition was run at -1 V vs. Ag/AgCl reference electrode at room temperature for 1
hour. Gold ions in the electrolyte are restricted to only be reduced into elemental gold
inside the nanopores. The AAO template was then dissolved in a 4 M aqueous sodium
hydroxide (NaOH) solution at room temperature for 2 hours. The exposed gold
nanowires on the substrate were subsequently thoroughly rinsed with DI water.
Vertically standing gold micropilliars grown on a gold substrate were fabricated
by a similar electrodeposition process as described above. Polycarbonate membranes
34

(Whatman®) which are about 12 Pm thick and have pore size about 5 Pm were used as
templates in these experiments. A copper film about 1 Pm thick was electron beam
evaporated onto the back side of the AAO membrane and served as the working
electrode. A platinum mesh was used as the counter electrode and an Ag/AgCl electrode
was used as the reference electrode in the three-electrode electrochemical system
designed in house. The electrolyte was gold plating solution (Alfa Aesar, electroless,
metal content  3.7 g/L). Potentiastatic deposition was run at -1 V vs. Ag/AgCl reference
electrode at room temperature for 15 minutes. Gold ions in the electrolyte were restricted
to only being reduced into elemental gold inside the micropores. The polycarbonate
template was dissolved in dichloromethane (Sigma-Aldrich, anhydrous,  99.8%) at
room temperature for 30 minutes and then the sample was ultrasonicated in the
suspension for 5 minutes. The gold microwires with the substrate were thoroughly rinsed
with deionized water.
After etching away the AAO nanoporous membrane, nickel was electron beam
evaporated at a deposition rate of approximately 1 Å/s onto the exposed gold nanowires
resulting in a nanocomposite composed of a nickel matrix with embedded gold
nanowires. Another set of nickel matrix nanocomposites were synthesized by
electrodepositing the nickel onto the gold nanowires using the same three-electrode
electrochemical system discussed previously. The electrodeposition was carried out at a
constant current density of 1 mA/cm2 at room temperature for 2 hours. The counter
electrode and reference electrode used in the experiment were nickel foils (Alfa Aesar,
99.95%, 0.25 mm thick). The electrolyte used in the electrochemical process was a 1.24
M nickel sulfate hexahydrate (Sigma Aldrich, ACS reagent, 99%, 227676-500G), 0.5 M
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boric acid (Alfa Aesar, 99.99%, metal basis, CAS#10043-35-3), 0.02 M NiCl2 (Sigma
Aldrich, 98%, 339350-250G), 0.5 g/L sodium dodecyl sulfate (SDS) (Sigma Aldrich, for
molecular biology, L4390-100G), and 0.1 g/L coumarin 6 (Sigma Aldrich, 98%, 4426315G) aqueous solution.
Samples with iron matrices were fabricated by electrodepositing the iron onto the
gold nanowires from an aqueous solution of 1 M iron sulfate hephahydrate (Sigma
Alrich, plant cell culture tested, ͻͻΨሻ, 0.43 M H4ClN (Sigma Aldrich, for molecular
biology,  99.5%, A9434-500G), 0.3 M NaCl (Sigma Aldrich, BioXtra,  99.5%,
S7653-1KG), 15 g/L L-asccorbic acid (Alfa Aesar, 99+%, CAS#50-81-7), 1 g/L
saccharin (Sigma Aldrich, 98+%, 109185-500G) and 1 g/L sodium dodecyl sulfate (SDS)
(Sigma Aldrich, for molecular biology, L4390-100G). The electrochemical deposition
was carried out for 2 hours at a constant current density of 1.5 mA/cm2 at room
temperature. A platinum mesh was used as the counter electrode and an Ag/AgCl
electrode as the reference electrode. The morphology of the samples was investigated
using a JEOL JSM-6700F field emission scanning electron microscope (SEM). The
chemical composition of the deposited films was characterized using energy dispersive xray (EDAX) analysis.

2.3 Results and Discussion
The anodic aluminum oxide (AAO) nanoporous membrane as shown in Figure
2.2 used in this work exhibited a hexagonally arranged nanoporous arrays with pore
diameter and pore interspacing distance about 100 nm and 150 nm, respectively. Figure
2.3(a) and 2.2(b) show the top view and the side view, respectively of the scanning
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electron micrographs of vertically-aligned gold nanowire arrays on a gold substrate after
dissolution of the AAO template. It can be seen that the nanowire arrays were highly
dense and well attached to the gold substrate. The average diameter of gold nanowires
was about 100 nm, which is consistent with the pore size of the AAO template used in the
electrochemical deposition. The nanowires have initial lengths of approximately 500 to
800 nm, corresponding to an aspect ratio of 5 to 8. Figure 2.4 show the vertically
standing Au micropillars grown on an Au substrate. These pillars are strongly attached to
the Au substrate.
Figure 2.5(a) shows the SEM image of vertically-aligned gold nanowires (white
dots) embedded in nickel matrices (light gray areas) manufactured by electron beam
evaporating nickel onto the electrodeposited nanowire array. The interspacing of the
exposed gold nanowires ranged from a few hundreds of nanometers to a few
micrometers. Figure 2.5(b) shows the SEM image of vertically-aligned gold nanowires
(white dots) embedded in nickel matrices (light gray areas) manufactured by
electrodepositing nickel around the gold nanowire array. Comparing between Figure
2.5(a) to Figure 2.5(b), it is seen that the electrodeposition technique preserved the
spacing of the exposed gold nanowires better than the electron beam evaporation
technique did. In addition, the surface of the nickel matrix by electron beam evaporation
was rougher than that obtained by electrodeposition. Energy dispersive x-ray analysis
gave a composition of 98 atomic % of gold at the tips of the exposed gold nanowires
indicating minimal coating of the nickel by both electron beam evaporation and
electrodeposition. Figure 2.6 shows the SEM image of vertically-aligned gold nanowires
(white dots) embedded in iron matrices (gray areas) manufactured by electrodeposition of
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iron onto the gold nanowire array. The spacing of the exposed gold nanowires ranged
from a few hundreds of nanometers to a few micrometers. For both techniques, the
density of gold nanowires across the nickel and iron matrices was homogenous regardless
of the fabrication parameters.

Figure 2.2 Scanning Electron Microscope image of top view of the nanoporous anodic
aluminum oxide (AAO) membrane.

(b)

(a)

Figure 2.3 Scanning Electron Microscope images of (a) vertically-aligned gold nanowires
on a gold substrate, (b) cross-sectional view of vertically-aligned gold nanowires on a
gold substrate. The wire diameter is about 100 nm.
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Figure 2.4 Scanning Electron Microscope image of top down view of vertically-aligned
gold micropillars on a gold substrate. The wire diameter is about 5 Pm.

(a)

(b)

Figure 2.5 Scanning Electron Microscope image of the top down view of verticallyaligned elemental gold nanowires embedded in nickel matrices using (a) electron beam
evaporation and; (b) electrodeposition.
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Figure 2.6 Scanning Electron Microscope image of the top down view of verticallyaligned elemental gold nanowires embedded in iron matrices using electrodeposition.

2.4 Conclusions
Vertically-aligned gold nanowires onto a gold substrate were fabricated by
electrodeposition through commercially available anodic aluminum oxide (AAO)
nanoporous membranes with a constant potential -1 V vs. Ag/AgCl reference electrode at
room temperature. Scanning electron microscopy images show that the gold nanowire
arrays were highly dense and strongly attached to the gold substrate after dissolution of
the template. Nanocomposites composed of gold nanowire arrays embedded in
ferromagnetic matrices were synthesized by evaporation or electrodeposition the
ferromagnetic materials onto the gold nanowires. This is the first time such ferromagnetic
matrix-second phase gold nanowire nanocomposite thin films have been synthesized. The
electrodeposition technique preserved the spacing of the exposed gold nanowires better
than the electron beam evaporation technique dis. For both techniques, the density of
gold nanowires across the nickel and iron matrices was homogenous regardless of the
fabrication parameters.
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2.5 Future Work
Now that we have shown that nanocomposite iron matrix-gold nanowires can be
produced, samples should be fabricated for which localized surface plasmon resonance
measurement can be made to see if these materials display the predicted enhancement of
LSPR. Furthermore, the coercivities of the nanocomposite films should be characterized.
This effectively measures the residual magnetization in the samples following the
removal of an externally applied field. The coercivity measurements would indicate if the
samples can maintain a reasonable magnetization for a period of time. If so, any LSPR
enhancement could be measured when the nanocomposite film is polarized in a large
magnetic field to determine the influence upon the response. The magnetic field
component would act in addition (depending upon its orientation) to the plasmonic field,
thus amplifying the LSPR response.
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Chapter 3
A Novel Approach to the Synthesis of
Nanochanneled Nickel Films

3. 1 Introduction
Nanoporous metallic membranes have attracted significant interest owing to their
wide range of technological applications including catalysis,1-3 sensing,1,4 microfluidic
flow control2, and surface enhanced Raman scattering,1,5-6 among others. The ability to
control the pore size and thickness of nanoporous metallic films can optimize the
catalytic effects of fuel cells.1-2 In this case, conversions depend on kinetics or mass
transport rather than diffusion.1 Ultrathin (about 100 nm thick) nanoporous membranes
may overcome the limitation of high CO oxidation generation during the catalytic
reactions at the surface of a nanoporous metallic film.1 In addition, large pore size
membranes can be used to control microfluidic flow, while small pore size membranes
can be employed as sensor materials due to their high specific surface areas.2 However,
these membranes are very fragile and exhibit brittle fracture, which limit their possible
applications in flow through type catalysis.1,3,7
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Nanoporous nickel films have attracted significant attention due to the high
electrochemically active surface area to volume ratio, resulting in structures that may
have extensive application in fuel cell and battery technologies.8-11 I report here on a
novel method to fabricate relatively thick (0.5 Pm and larger) nanochanneled Ni
membranes by depositing nickel onto an anodic aluminum oxide (AAO) nanporous
substrates with vertically aligned nanochannels. For nickel membrane thickness of about
0.7 Pm or smaller, the as-deposited material is nanoporous, with the nanopores in the
form of nanochannels aligned with those of the substrate. For thicker membranes, the asdeposited nickel becomes continuous, and a template-guided electrochemical etching
technique12 was used to produce the nanochannels. This physical vapor deposition
followed by electrochemical etching approach represents a relatively simple
manufacturing method for producing high quality nanoporous metallic membranes for
technological applications. It is noted that there have been some reports on the fabrication
of nanoporous replicated films using polymethyl methacrylate (PMMA) as the replication
medium injected into the nanopores of an anodic aluminum oxide (AAO) membrane
under vacuum conditions.14-17 The disadvantages of this replication method are the
incompletion of the replication of the nanoporous features of AAO membranes and the
difficulty of injecting the replication medium under vacuum, resulting in the obstacles for
applying this method to industrial manufacturing processes. The approach reported here
of overlayer deposition onto a nanoporous substrate, followed by electrochemical etching
through the substrate to produce a thick metallic nanoporous metallic membrane,
represents a simple and robust manufacturing process that can be more easily scaled-up
for industrial purposes compared to other fabrication methods.
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It is also noted that nanoporous materials usually are fabricated by chemical
dealloying using high concentration of acids such as nitric acid or hydrochloric acid and
strong bases such as KOH to selective dissolution of less noble elements of an alloy.24,8,19-20

The method presented here is much more environmental friendly than typical

methods to produce nanoporous materials because it does not involve these of any
corrosive substance in the process.

3.2 Experimental
Anodic aluminum oxide (AAO) nanoporous membranes (Whatman, porosity: ~
40%) of about 60 Pm thickness and pore size of about 100 nm were used as substrates.
Physical vapor deposited nickel overlayers were produced by electron beam evaporation
or by magnetron sputtering, using a deposition rate of about 0.1 nm/sec in each case. For
overalyers of thickness of about 0.7 Pm or less, the as-deposited materials was
nanoporous, and the membranes were made free-standing by dissolving the AAO
substrate in a 4 M aqueous sodium hydroxide (NaOH) solution at room temperature for 2
hours, followed by rinsing in deionized water and ethanol.
For nickel membranes that were sputter deposited at a thickness of greater than
about 0.7 Pm, the metal overlayers were continuous. In order to produce the
nanochannels in the nickel, substrate-guided electrochemical etching was carried out
using a constant voltage of 0.1 V vs. a nickel strip as the reference electrode for 1 hour.
The electrolyte used in the electrochemical process was a 0.25 M nickel sulfate
hexahydrate (Sigma Aldrich, ACS reagent, 99%, 227676-500G), 0.1 M boric acid (Alfa
Aesar, 99.99%, metal basis, CAS#10043-35-3), 0.004 M NiCl2 (Sigma Aldrich, 98%,
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339350-250G), 0.1 g/L sodium dodecyl sulfate (SDS) (Sigma Aldrich, for molecular
biology, L4390-100G), and 0.02 g/L coumarin 6 (Sigma Aldrich, 98%, 442631-5G)
aqueous solution. As with the thinner overlayers, the nickel membranes were made freestanding by dissolving the AAO substrate in a 4M aqueous sodium hydroxide solution at
room temperature for 2 hours, followed by rinsing in deionized water and ethanol.

3.3 Results and Discussion
The AAO nanoporous membranes used in this work exhibited hexagonally
arranged nanoporous arrays with a pore diameter of about 100 nm and a pore spacing of
about 150 nm. A plan-view scanning electron micrograph (SEM) image of a
nanochanneled nickel of about 0.5 Pm thick fabricated by electron beam evaporation
deposited onto a nanoporous AAO substrate is shown in Figure 3.1(a). The degree of
ordering and planar density of the nanochanneled nickel observed was similar to that of
the anodic aluminum oxide templates, strongly suggesting that the AAO substrate
nanochannels acted as a template for the formation of the nanochannels in the nickel. The
pore diameters ranged from about 50 nm to 250 nm, compared to the substrate diameter
of 100 nm. It is also noted that many nanosized features were formed at the inside walls
of the nanochannels, resulting in a very large effective surface area.
Figure 3.1(b) shows a plan-view SEM image of nickel membrane of about 0.5 Pm
thickness produced by sputtering. Compared to the membrane of approximately the same
thickness produced by evaporation, the sputtered membrane resulted in significantly
smaller diameter nanochannels coupled with an increase in the planar density of the
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nanochannels. This microstructure can be explained by an incomplete filling, followed
by an incomplete agglomeration, within the initially growing nanochannels.
A plan view SEM micrograph of a sputtered Ni overlayer of about 1.5 Pm
thickness onto an AAO membrane is shown in Figure 3.2. It is seen that the nickel
deposit at the end of deposition was continuous.

Figures 3.3(a) and 3.3(b) show,

respectively, plan-view and cross-sectional SEM micrographs of the nanochanneled Ni
membrane formed after the sample shown in Figure 3.3 was electrochemically etched.
During the etching, the nanoporous AAO substrate acted as a mask so that only the nickel
over the pores of the AAO was exposed and only the nickel in the vicinity of these pores
was etched. The nanochanneled patterning of the AAO template was completely
transferred to the Ni membrane, and the resulting in approximately the same pore
diameter (about 100 nm).
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Figure 3.1 SEM micrograph of nickel nanochanneled membranes deposited onto
nanoporous AAO substrates by (a) electron beam evaporation; (b) sputtering. Both
membranes have a thickness of about 0.5 Pm and were deposited at a rate of ~ 0.1
nm/sec.

Figure 3.2 SEM micrograph of sputtered Nickel surface. The thickness of film is 1.5 Pm.
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Figure 3.3 (a) Plan-view and (b) cross-sectional SEM micrographs of a nickel
nanochanneled membrane produced after electrochemical etching through the AAO
substrate of the sample in Figure 2. The pore size is about 100 nm, same as the AAO
substrate.

3.4 Conclusions
A novel and relatively simple approach for the synthesis of nanochanneled metal
membranes with different pore sizes and inter-pore distance has been presented. Nickel
nanoporous membranes of thickness less than about 0.7 Pm were produced by physical
vapor deposition of nickel overlayers by either electron beam evaporation or sputtering
onto anodic aluminum oxide nanoporous substrates with vertically aligned nanochannels.
The resulting overlayers were nanoporous, with the nanopores in the form of
nanochannels aligned with the nanochannels of the substrate.

In the case of the

evaporated membranes, the pores had diameters within a factor of 2.5 of that of the
substrate (100 nm) and a similar planar density, suggesting that the substrate acted as a
template for the nanoporous nickel.

The sputtered nickel also was deposited as a

nanoporous material, but with a greater density of pores and smaller pore diameters,
suggesting partial filling and incomplete agglomeration within the initially formed pores.
For sputtered overlayers of thickness 0.7 Pm or greater, the deposited metal became
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continuous, and electrochemical etching through the AAO substrate was used to on these
samples to produce the nanochannels. For all of the samples, the substrate could be
completely dissolved, resulting in free-standing metallic membranes.

3.5 Future Work
The nanosized features from the cross-sectional view of nanochanneled nickel
membrane can be investigated by SEM. The nanochanneled membranes with different
pore sizes can be fabricate and the morphology of the various pore size membranes will
also be examined by SEM. Large pore size membranes could be used to control
microfluidic flow, whereas small pore size memebranes could be employed as sensor
materials due to their high specific surface areas. If the pore size can be made to less than
20 nm, it is worthwhile to also test possible catalytic effects.
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Chapter 4
Purification and Refinement of Single-Walled
Carbon Nanotubes (SWCNTs) by AC
Dielectrophoresis

4.1 Introduction
Since the success of integrated silicon technology of metal oxide semiconductor
field-effect transistor (MOSFET), the ability to scale down the dimensions of the device
has been the key to improving speed and energy efficiency.1-2 However, industry
generally expects that fundamental material barriers will limit the size reduction of
current nanoscale MOSFET devices and that this road block to continuing advancement
will arrive within a decade as predicted by Moore’s law.2 In order to overcome these
barriers, new materials are needed to solve the scalability problems of future silicon
devices. Among these new silicon substitute materials, single-walled carbon nanotubes
(SWCNTs) have become excellent candidates as building blocks for future nanoscale
electronics due to their small size and unique electrical properties. In 2012, the New York
Times reported on the future of single-walled carbon nanotubes (SWCNTs) as a
successor of silicon. IBM’s director of physical sciences, Dr. Supratik Guha, at the
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company’s Yorktown Heights, NY research center was quoted as saying that “these
carbon nanotube based devices outperformed any other switches made from any other
material, including silicon.”3
SWCNTs have been actively pursued as electronic materials and silicon device
substitutes since Ijima and Bethune independently discovered them in 1993.1-2,4-5
However, current SWCNT production techniques generate a mixture of two types of
nanotubes with divergent electrical behaviors. Some of the nanotubes act as metallic
materials, while others display semiconducting properties. This as-synthesized random
mixture has complicated the realization of functional carbon nanotube-based
nanoelectronics.4,6-7 Here we report a method of separating metallic SWCNTs from
semiconducting ones from an initially random mixture of SWCNTs in suspension using
AC dielectrophoresis (DEP). The goal of this project is to fabricate a microfluidic labon-a-chip device that can continuously purify, sort and collect industrially relevant
quantity of metallic and semiconducting SWCNTs.
This technique separates metallic SWCNTs from semiconducting ones due to the
difference in the magnitude and direction of dielectrophoretic forces experienced by the
two types of nanotubes. The large difference in force is related to the fact that metallic
SWCNTs display a large absolute dielectric constant and semiconducting SWCNTs
display a corresponding low value, as reported by Krupke and co-workers.4 It is noted
that sorted SWCNTs have great commercial value. Currently, sorted 98% pure
semiconducting nanotubes cost $520 per mg and sorted 98% pure metallic tubes cost
$788 per mg.8
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4.1.1 Single-Walled Carbon Nanotubes (SWCNTs)
A single-walled carbon nanotube (SWCNT) can be considered to be a single
rolled-up graphene sheet with its ends folded to form a seamless hollow cylinder.9
SWCNTs are nanostructures with dimensions of about 1 nm in diameter and lengths are
about a few microns to centimeter range.10 A SWCNT can be mathematically represented
as the chiral vector, C. The definition of the chiral vector comes from treating the
circumference of a nanotube as two crystallographically equivalent sites of a twodimensional (2-D) grapheme sheet.11 The chiral vector, C, is written as

 ܥൌ ݊ܽଵ  ݉ܽଶ ,

(4.1)

where (n, m) are integers called chiral vector and a1 and a2 are unit vectors of the
hexagonal honeycomb lattice. For example, a (4, 4) chiral vector nanotube is described in
Figure 4.1.11 Chiral vectors can also be related to the electronic types of SWCNTs as
shown in Figure 4.2. SWCNTs exhibit either metallic or semiconducting behaviors
depending on diameter and orientation of carbon hexagons with respect to the tube axis
(degree of chirality).9,13 Dresselhaus et al. reported that when ݊ െ ݉ ൌ ͵ݍ, SWCNTs can
be classified as metallic tubes due to the change of singularities in the 1D density of
states as determined from a quasi-continuum and theoretical calculation.14-15 On the other
hand, SWCNTs is semiconducting when ݊ െ ݉ ് ͵ݍ, where q is an integer in both
cases.9,13-15 In general, the diameter of a SWCNT can be mathematically represented in
terms of integers (n, m) as
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where aC-C is the nearest neighboring center to the center distance of C-C bonds (~ 1.42Å
for graphite) and Ch is the length of a chiral vector.16

Figure 4.1 the structure a SWCNT in terms of its chiral vector. Figure reprinted from
Proceedings of the IEEE. Vol. 91, No. 11 (2003). Copyright 2003, IEEE.
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Figure 4.2 Schematic of SWCNTs exhibited both metallic and semiconducting behaviors
depending on diameter and orientation of carbon hexagons with respect to tube axis
(degree of chirality). (a) an “armchair” metallic nanotube (5,5), (b) a “zigzag” metallic
nanotube (9,0), and (c) a “chiral” semiconducting nanotube (10,5).13 Figure reprinted
from Carbon 33 (7), 883-891 (1995). Copyright 1995, Elsevier Science Ltd.

SWCNTs are a very good thermal conductive material along the tube axis. They
exhibit a property known as “ballistic (scattering free) conduction.” Measurements show
that a SWNT has a room temperature thermal conductivity along its axis of about 3500
W·m 1·K 1.17 Copper, a metal well known for its superior thermal conductivity, has a
room temperature thermal conductivity of 385 W·m 1·K 1. Therefore, a SWCNT can
conduct 10 times more heat than a copper along its tube axis at a room temperature.
SWCNTs are also good insulators laterally to the tube axis. A SWNT has a roomtemperature thermal conductivity across its axis (in the radial direction) of about 1.52
W·m 1·K 1, which is about as thermally conductive as soil.18 Furthermore, due to the
strong Carbon-Carbon covalent bond in SWCNTs lead to enhanced mechanical
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properties. SWCNTs have Young’s modulus about ten times higher than that of steel.
This strong covalent bonding also leads to the near defect free structure of SWCNTs.11
SWCNTs are also chemical inert to most of solvent and carbon is a very light weight
material.
In addition, variability during production of SWCNTs leads to tubes of different
diameter and atomic configuration relative to the tube axis (degree of chirality).2,9 These
structural variations dictate the electronic properties of SWCNTs and can result in
metallic or semiconducting nanotubes as shown in Figure 4.2. It is known that
approximately

ଶ
ଷ

of the SWCNTs are semiconducting and about

ଵ
ଷ

of the SWCNTs are

metallic from a single production.9,12 The metallic behavior of SWCNTs comes from the
small opening energy gap at the Fermi level due to the curvature of the graphene sheet.14
Since SWCNTs are 1-D systems resulting reduced phase space for electron carrier
scattering, the tubes have much lower resistivity than 3-D structures. Therefore, energy
dissipation of a semiconducting SWCNT is minimal. As a result, semiconducting
SWCNTs have the advantage to use carbon nanotubes in field-effect transistor (FET)
technologies. Meanwhile, metallic SWCNTs can carry current densities 2 to 3 orders of
magnitude higher than Cu or Al, such as 109 A/cm2.19 The unique properties can allow
metallic SWCNTs to be a good candidate of interconnect of nanoelectronics.20-21
However, with so many excellent and unique, mechanical, chemical, thermal, and
electronic properties, there are challenges in producing SWCNT-based devices. The main
reason is that there is no known synthesis method that can control SWCNTs with similar
diameters and electronic properties as determined by chirality. The current technology
can only produce polydisperse SWCNTs with different chirality. Therefore, it is
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important and more efficient to develop effective purification and separation methods
until the controllable synthesis method is achieved, whether separating by metallic from
semiconducting, sorting by diameter, or in terms of chirality. In this chapter, the focus
will be to address on the fabrication a microfluidic device that can continuously collect
and sort the initial mixed electronic types of SWCNTs into individual groups of refined
metallic or semiconducting SWCNTs. By doing so, this separating device can be used as
a very effective tool to scale up the supply of refined and purified metallic or
semiconducting SWCNTs to an industrial relevant quantity in order to make CNT-based
electronics to reach commercial reality.

4.1.2

AC Dielectrophoresis on Single-Walled

Carbon Nanotubes
Dielectrophoresis (DEP) is an electro-kinetic phenomenon where a non-uniform
electric field induces polarization in a neutrally charged particle and causes motion of the
induced dipole.8 That is, in an AC and nonuniform electric field, depending on the
polarizability of the particle compared to that of the medium, the dielectrophoretic (DEP)
force could push the material toward the direction of the electric field gradient (positive
DEP force) or against field gradient (negative DEP force).22-24 The dielectrophoretic force
exerted on a polarized particle in a nonuniform electric field in suspension can be written
as:

ܨா ൌ ሺ ή ሻࡱ,
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(4.3)

where p is the induced dipole moment and E is the electric field. In an AC field, the
polarized particle exhibits frequency dependent behavior.25-26 Here a long and thin carbon
nanotube is approximated as a prolate ellipsoid. The DEP force can be represented by:
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where K is the Claussius-Mossotti factor, H is the complex dielectric constant, H is the
relative permittivity (dielectric constant),  is the conductivity, j = ξെͳ, and  is the
frequency of the AC electric field; the subscripts p and m refer to the particle and the
medium in which it is suspended.25-28 l is the length of the particle, r is the radius of the
particle and L is a shape factor.
The equation of a translational motion of a SWCNT (modeled as a prolate
ellipsoid) in a viscous medium is governed by Newton’s second law:
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(4.6)

where mCNT is the mass of a SWCNT, vCNT is the translational velocity of a SWCNT, f is
the fraction factor which depends on the particle geometry and the fluid viscosity, and vm
is the velocity of the viscous medium. The solution of equation (4.5) was developed by
Morgan and Green.24 When the initial SWCNT velocity is zero, the velocity of a SWCNT
can be taken as:
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Since for a nanosized particle, the characteristic time, ߬ሺൌ
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), is a very small number.

The velocity of a SWCNT in a viscous medium is given by
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For two particles with the same geometry, in the same medium, and under the
same electric field conditions, any difference in direction and magnitude of the DEP force
is determined by the real part of the Claussius-Mossotti factor, Re(K):

.
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(4.9)

At high frequencies (), the Claussius-Mossotti factor is determined by the permittivity
of different types of SWCNTs and the medium.22,25-28 From Equation (4.10) and (4.11),
one can identify Re(K) and the DEP force in the high frequency limit,

.

(4.10, 4.11)

Therefore, depending on the polarizability of a nanostructure compared to that of
the medium, the electrophoretic force could push the nanotubes toward the high electric
field density region (positive dielectrophoresis) or the low electric field density region
(negative dielectrophoresis).22-24,29 By tuning the AC field to a particular frequency, it is
possible to drive the metallic tubes in the direction of the electric field gradient while
simultaneously driving the semiconducting tubes against the field gradient resulting in
segregation of the mixture. The gradient of the electric field in this experiment is
generated by the non-uniform shape of the electrodes.
One can see that based on Equation (4.10) as the AC field frequency driven to a
ଶ
high limit, the value of Re(K) will be positive when ߝ ߝ  ߝܮଶ  ߝ
and the value of
ଶ
Re(K) will be negative when ߝ ߝ  ߝܮଶ ൏ ߝ
. The reported relative permittivity and

conductivity of a metallic SWCNT are 104ߝ (ߝ is the permittivity of free space,
8.85 x 10-12 F/m) and 108 S/m, respectively.25 For a semiconducting SWCNT, relative
permittivity and conductivity are 2.5ߝ and 105 S/m.25 The reported relative permittivity
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and conductivity of the medium (deionized water with SDS surfactant) used in the
experiment are 80ߝ and 10-3 S/m.30 From these reported relative permittivity and
conductivity, one can estimate that the metallic SWCNTs will experience a positive DEP
force because of the positive Re(K) value and the semiconducting SWCNTs will
experience a negative DEP force due to the negative Re(K) value. One important note is
that the medium can be changed to adjust the permittivity and conductivity to tailor the
DEP effect acting on carbon nanotubes. In addition, if Re(K) crosses 0, the crossover
frequency can be defined as:

.

4.1.3

(4.12)

Understanding Electronic Types of SWCNTs

from their Resonant Raman Features
Resonant confocal micro Raman spectroscopy (RCMRS) has become a powerful
technique to study the electronic properties and vibrational behaviors of SWCNTs.31-32
For both metallic and semiconducting SWCNTs, when a laser excitation energy caused
Raman scattering by phonons is in resonance with an electronic transition with an energy
Eij for which there is a strong optical absorption due to the energy jump between the
valence and conduction bands,10,12 where the subscript i is denoted as the valence
subband edge and j is denoted as the conduction subband edge. The strong resonance
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condition allows scientists and engineers to obtain large Raman signaling enhancements
due to this enhanced coupling between electrons and phonons of SWCNTs.
Two features of signature wavenumbers of Raman spectra are used to identify the
electronic properties of SWCNTs. The radial breathing mode (RBM) represents the laser
excited vibration of carbon atoms in phase in the radial direction relative to the nanotube
axis.9 The radial breathing mode (RBM) region usually occurs at the frequencies of 100
to 350 cm-1 for SWCNTs31 and according to Araujo et al. and Dresselhaus et al., the
RBM frequency, RBM, is depended on the reciprocal of the carbon nanotube diameter,
dt.10,32-35

߱ோெ ൌ


ௗ

 ܤ,

(4.13)

where A and B are constants and vary between individual tubes and bundle tubes from
experimental

observations.16,33-34,36 The

constant A is

also in the

diameter

determination.20,47 The RBM frequency is independent of the chiral angle.9
Metallic SWCNTs have RBM wavenumbers in the range of 220 - 300 cm-1 with a
laser excitation wavelength of 514.5 nm (2.41 eV). Semiconducting SWCNTs have RBM
wavenumbers in the range of 170 - 220 cm-1 with a laser excitation wavelength of 514.5
nm.10,29,37 The wavenumbers of RBM peaks also provide information on chirality, which
is related to the electronic properties of SWCNTs. Li et al. summarized this reciprocal
dependence between RBM frequency and carbon nanotube diameter is valid when the
tube diameter is larger than 0.7 nm.38 However, when the diameter of a SWCNT is
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getting smaller, the reciprocal dependence will become invalid due to the induced
curvature effect.38-39
The G-band mode (tangential mode) is related to vibrations in all sp2 carbon
materials.36 The characteristic Raman features and lineshape of the G-band mode
corresponds to the electronic properties (semiconducting or metallic) of SWCNTs.16 In
general, as shown in the reference Raman spectra in Figure 4.11, the Raman spectra of
semiconducting SWCNTs show a sharp peak at 1592 cm-1 for the G-band mode, while
metallic SWCNTs generate a broad peak at 1582 cm-1 for the G-band mode.9,16,29,31,37,40-41
The G band is also reported to be constructed by two components, the lower frequency
component associated with vibrations along the circumferential direction (G-) and the
higher frequency component attributed to vibrations along the direction of the tube axis
(G+).36
Since the response for laser excitation with varied wavelength reveal very
different Raman spectra for each sample,41-43 the Kataura plot is used to relate different
laser excitation levels to the diameter of SWCNTs and the Raman shift wavenumber of
corresponding resonance scattering nanotubes.44 One important note is that according to
the Kataura plot, there is a possibility that a single SWCNT can be evaluated as a metallic
or semiconducting nanotubes by using different energy lasers. Therefore, significant
errors may occur if one does not carefully use the same wavelength laser in the
experiment because each analysis can give different optical properties.
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4.2 Experimental
4.2.1 Static System
This section is an adapted reproduction from Su Chih Chi, Robert C. Cammarata, ChiaLing Chien, Donglei Fan, Stephen Farias, and Danru Qu, inventors, Johns Hopkins
University, assignee, “Systems and Methods for Separating Metallic and Nonmetallic
Particles in a Mixed-Particle Suspension,” U. S. Patent Provisional Application No.
13/902,191, Filling date: May 24, 2013.
Single-walled carbon nanotubes (SWCNTs) purchased from Sigma-Aldrich
(carbon > 90%,  70% carbon as SWCNT) were used in this study. Suspensions were
prepared by mixing 2 mg of raw SWCNTs roots in 20 ml deionized water with 1 wt.% of
the surfactant sodium dodecyl sulfate (SDS) (99.0%, Sigma-Aldrich). The suspension
was ultra-sonicated for 30 minutes and then centrifuged at 3000 rpm for 2 hours. The
upper 80% of the suspension was taken to use in the experiment. To obtain the nonuniform electric field required for dielectrophoresis, a gold microelectrode (MaxTek, Inc.
P/N 149272-1) composed of a circular inner electrode of radius of about 3.3 mm and a
semicircular outer electrode of radius of about 9 mm as shown in Figure 1 was used in
the experiments. The electrodes provided a radial electric field gradient to establish a
radially directed dielectrophoretic force. The SWCNTs separation device is connected to
a HP E3617A DC power supply and an Agilent Technologies 33120A 15 MHz function
waveform generator. After the function generator was switched on, a drop of suspension
(~ 100 PL) was released into the gap between the circular inner and semicircular outer
electrodes.
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The separation was operated at a frequency of 10 MHz and a peak-to-peak
voltage of 10 Vp-p between the two electrodes. After the voltage was applied, the
suspension was allowed to rest and air dry for ~ 4 hours and samples were collected from
each electrode. To confirm the segregation of metallic and semiconducting SWCNTs,
resonant Raman spectroscopy was performed since the difference in optical properties
between metallic and semiconducting SWCNTs allows the spectral peaks of each species
in the Raman data to be resolved distinguishably16. The G-band and radial breathing
mode (RBM) frequencies of metallic and semiconducting SWCNTs were identified using
the Ar+ ion laser excitation energy of 2.41 eV (514 nm). The Raman spectra at position 1
(SWCNTs are near the circular inner electrode) and position 4 (SWCNTs are near the
semicircular outer electrode) were generated by an Ocean Optics QE65000 Raman
scientific-grade

spectrometer

equipped

with

a

Mitutoyo

microscope

and

a

thermoelectrically cooled charge-coupled device (CCD). The Raman spectra at position 2
(SWCNTs are about 5 Pm away from the circular inner electrode) and position 3
(SWCNTs are about 300 Pm away from the circular inner electrode) were generated by a
HORIBA Scientific Raman system.
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Figure 4.3 Image of electrode setup for separating metallic and semiconducting singlewalled carbon nanotubes from a static fluid suspension. The Raman spectra were taken
using focused laser spots at positions 1-4 respectively.

4.2.2 Continuous Flow System
The fabrication of the continuous flow device involved two parts: the Au
electrodes and microfluidic channels. A standard photolithography process on a Corning
glass substrate patterns Au electrodes. The chamber and microfluidic channels are made
of an insulating material, polydimethylsiloxane (PDMS), by standard microfabrication
techniques. The first component is the Au electrode and the other one is the flow
channels made from polydimethylsiloxane (PDMS) polymer. The patterns of both Au
electrodes and flow channels used in the experiment were designed by Adobe Illustrator
vector-based drawing software. The designed photomasks were then fabricated on
transparency films at In Tandem Design, Inc. in Towson, Maryland. Figure 4.4 shows a
typical photomask for the Au electrode used in the experiment.
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(a)

(b)

Figure 4.4 Typical photomask for (a) the Au electrode and (b) the flow channels
fabricated on a transparency film.
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A schematic illustration of the Au electrode fabrication involved in
photolithography is shown in Figure 4.5. A 3" x 2" x ½ mm glass slide (Fisher Scientific)
was used as the substrate for the Au electrode. The glass slide was first washed and
rinsed with acetone and isopropyl alcohol and then blew dry with N2 gas. The slide was
then oxygen plasma cleaned in vacuum for 2 minutes in an oxygen plasma cleaner
(Plasma Etch, Inc., Carson, NV USA). Oxygen plasma cleaning was used to remove any
extra impurities and contaminants from the surface of the glass slide through the use of
energetic oxygen plasma. The surface cleaned glass slide was then spin-coated with
AZ5214E image reversal photoresist (Clarient Corporation, Somerville, NJ USA) at
4,000 rpm for 45 seconds. The spin coater (Model PWM32, Headway Research, Inc.,
Garland, TX USA) was connected to a vacuum pump. The photoresist-coated glass slide
was then baked on a hotplate (Thermo Scientific, Waltham, MA USA) for 60 seconds at
115°C. After the glass slide reached to the room temperature, the photoresist was exposed
UV light with the photomask with a dosage of 24 mJ/cm2 for 5 seconds to fabricate the
patterns of the relief structures for the gold electrode. An UV mask aligner (OAI
Hydralign Series 200, San Jose, CA USA) was used in the photolithography process. The
post UV light exposed photoresist was then developed in AZ400K developer (Clarient
Corporation, Somerville, NJ USA; AZ400K : deionized water = 1 : 4) for 35 seconds.
After the development of the photoresist, the glass slide was rinsed with deionized water
for 10 seconds and then blew dry with N2 gas. Gold (200 nm thick) and Chromium
adhesive layer (5 nm thick) was then electron beam evaporated onto the glass slide with
the patterned complementary structures using a Kurt J. Lesker PVD75 electron beam
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evaporator. The gold electrode pattern was revealed by washing off the photoresist by
acetone.

Figure 4.5 Schematic illustration of the Au electrode fabrication involved in
photolithography.
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The schematic of fabricating the PDMS flow channels are described in the Figure
4.6. A 4 inch silicon wafer (University Wafer, Part# S4P01SP) was used as the substrate
for the PDMS flow channels. The silicon wafer was first washed and rinsed with acetone
and isopropyl alcohol and then blown dry with N2 gas. The wafer was then oxygen
plasma cleaned in vacuum for 2 minutes in a oxygen plasma cleaner (Plasma Etch, Inc.,
Carson, NV USA). Oxygen plasma cleaning was used to remove any extra impurities and
contaminants from the surface of the wafer through the use of energetic oxygen plasma.
The surface cleaned wafer was then spin-coated with SU-8 3025 negative-tone
photoresist (Microchem Corp., Newton, MA USA) at 2,000 rpm for 45 seconds, resulting
a channel height of ~ 15 Pm. The photoresist-coated wafer was then baked on the
hotplate for 13 minutes at 95°C. After the wafer reached to the room temperature, the
photoresist was exposed UV light with the photomask with a dosage of 24 mJ/cm2 for 10
seconds to fabricate the patterns of the relief structures for the flow chaneels. The OAI
UV mask aligner was used in the photolithography process. After the exposure, the wafer
was baked on a hotplate for 1 minute at 65°C and then baked for 4 minutes at 95°C. The
post-baked wafer was then developed in SU-8 developer (Microchem Corp. Newton, MA
USA) for 7 minutes. After the development, the wafer was rinsed with SU-8 developer
for 10 seconds and then rinsed with isopropyl alcohol for 10 seconds. The wafer with was
then blown dry with N2 gas.
PDMS liquid precursor was mixed with 10 parts of Sylgard 184 silicone
elastomer base and 1 part of Sylgard 184 silicone elastomer curing agent by weight from
Dow Corning. A plastic spoon was used to thoroughly mix the base and the curing agent.
Air bubbles were generated in the mixing process. The wafer with the patterned
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complementary structures was firstly placed in a Petri dish. Then the liquid PDMS
mixture was poured onto the surface of the wafer until the whole surface was covered by
the mixture and the desired thickness of the fluid level was reached. The Petri dish
containing both the wafer and PDMS prepolymer was then placed in a dessicator and
connected to the vacuum line until all the bubbles disappeared. After all the bubbles were
gone, the Petri dish was placed in an oven set to 80°C and cured it for 30 minutes. After
the curing, nylons tubes (McMater, Robbinsiville, NJ) that are to serve as reservoirs to
collect the sorted carbon nanotubes were carefully placed at the desired spots of channel
outlets. After the reservoirs were placed, PDMS liquid precursor mixed with 10 parts of
Sylgard 184 silicone elastomer base and 1 part of Sylgard 184 silicone elastomer curing
agent by weight was poured into the Petri dish as the top layer to seal the reservoirs. It is
important to repeat the step of removing air bubbles in the dessicator and curing the
prepolymer in the oven. The block with flow channels was cut into PDMS with the
desired dimensions using a scalpel and carefully separated and peeled the PDMS block
off from the silicon wafer.
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Figure 4.6 The schematic of fabricating the PDMS flow channels.

76

The reservoirs were then punched through at the back side of PDMS layer using a
punch (Harris Uni-core, Ted Pella, Redding, CA). A double ended blunt head needle (30
Gage, ¼" in diameter, Ellsworth Adhesives) connected with a tubing (Sllastic laboratory
tubing, 30 Gage, Dow Corning) was inserted into the inlet of the flow channels. The
preinstalled PDMS block and the Au electrode were cleaned and rinsed with acetone and
isopropyl alcohol and then blew dry with N2 gas. The cleaned PDMS block and Au
electrode were then oxygen plasma cleaned for 2 minutes. The flow channels were
attached and carefully aligned with the Au electrode by pressing the PDMS block onto
the surface of the glass slide. Finally, the completed flow device as shown in Figure 4.6
was connected with a syringe (10ml, BD).

Figure 4.7 The picture of a typical flow device with PDMS flow channels attached to the
Au electrode. The inlet of flow channels is connected to a syringe.
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Single-walled carbon nanotubes (SWCNTs) purchased from Sigma-Aldrich
(carbon > 90%,  70% carbon as SWCNT) were used in this study. Suspensions were
prepared by mixing 2 mg of raw SWCNTs roots in 20 ml deionized water with 1 wt.% of
the surfactant sodium dodecyl sulfate (SDS) (99.0%, Sigma-Aldrich). The suspension
was ultra-sonicated for 1 hour and then centrifuged at 3000 rpm for 48 hours. The upper
80% of the suspension was used in the experiment. As shown in Figure 4.8, an automated
single syringe pump (Fisher Scientific) was used to push and control the flow rate of the
stream of mixed SWCNTs into the microfluidic channels of the flow device. The flow
rate was ~ 2 PL/min. The stream of mixed SWCNTs was experienced the AC electric
field gradient generated by the BNC function generator (model 835, microwave/ RF
signal generator) with 5 Vp-p at 500 MHz, 5 Vp-p at 100 MHZ. or 5 Vp-p at 10 MHz. Two
separate reservoirs were used to catch different types of nanotubes in each as shown in
Figure 4.9. An ultraviolet-visible near infrared (UV-Vis-NIR) spectroscopy (Shimadzu,
UV-2600 spectrophotometer with extension) measured the absorption spectrum of metals
and semiconductors in the visible to near-infrared region, using a quartz cell with a path
length of 5 mm. The measurements can provide the global measurement of the relative
metallic to semiconducting SWCNTs content.
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Figure 4.8 Image of the typical experimental setup for SWCNTs separation experiments.

Figure 4.9 Image of the two separate reservoirs used to collect nanotubes.
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4.3 Results and Discussion
4.3.1. Static System
Figure 4.3 shows positions where Raman spectra were taken. Raman spectra of
SWCNTs at position 1 and position 4 are shown in Figure 4.10. Comparing the measured
Raman spectra to reference Raman spectra shown in Figure 4.11 generated by
Dresselhaus et al., the spectra of the D and G bands from positions 1 and 4 matches well
with the spectra for purified metallic tubes and purified semiconducting tubes
respectively.
The radial breathing mode (RBM) region usually occurs at the frequencies of 100
to 350 cm-1 for SWCNTs31 and according to Araujo et al. and Dresselhaus et al., the
RBM frequency,

RBM,

is depended on the reciprocal of the carbon nanotube diameter,

dt.10,32-34 The wavenumbers of RBM peaks also provide information on chirality, which is
related to the electronic properties of SWCNTs. Li et al. summarized this reciprocal
dependence between RBM frequency and carbon nanotube diameter is valid when the
tube diameter is larger than 0.7 nm.38 However, when the diameter of a SWCNT becomes
smaller, the reciprocal dependence will become invalid due to the induced curvature
effect.38-39
In Figure 4.10, for laser excitation energy of 2.41 eV (514 nm), the Raman spectra
of SWCNTs near the semicircular outer electrode (position 4) show a sharp peak at 267
cm-1. This peak indicates the possible presence of some metallic SWCNTs around the
area despite the dominant semiconducting signal. The Raman profiles of SWCNTs near
the circular inner electrode (position 1) do not show any peaks in the RBM region.
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Instead, a flat and broad curve is revealed in this region. This may be due to a high local
concentration of SDS surfactant that affects the Raman spectra at the RBM
wavenumbers.
G-band mode is related to vibrations in all sp2 carbon materials. The characteristic
Raman peak of the G-band mode corresponds to the electronic properties
(semiconducting or metallic) of SWCNTs.24 In general, as shown in the reference Raman
spectra in Figure 4.11, the Raman spectra of semiconducting SWCNTs show a sharp
peak at 1592 cm-1 for the G-band mode, while metallic SWCNTs generate a broad peak
at 1582 cm-1 for the G-band mode.16,29,31,37,40-41 The G-band mode signal of the tubes near
the semicircular outer electrode (position 4) shows a sharp peak at 1591 cm-1. The Gband mode signal of the tubes near the circular inner electrode area (position 1) shows a
sharp peak at 1585 cm-1. The SWCNTs at position 1 are metallic after the separation
experiment. At position 4, the SWCNTs show semiconducting behavior, although with
some possible metallic contamination in that region.
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Figure 4.10 Raman spectra of SWCNTs at position 1 and 4.
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Figure 4.11 Full Raman spectra of metallic and semiconducting carbon nanotubes
generated by Dresselhaus et al. Figure reprinted from Raman Scattering in Carbon
Nanotubes.URL: nanotube.msu.edu/nt05/abstracts/NT05tutor-Dresselhaus.pdf. Copyright
2005, M. S. Dresselhaus.
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Figure 4.12 shows normalized Raman spectra of RBM frequencies of SWCNTs
that are about 5 Pm away from the circular inner electrode (position 2), and about 300
Pm away from the circular inner electrode (position 3). We distinguish between the
metallic and semiconducting SWCNTs by their corresponding RBM frequencies.
According to the Katauru plot shown in Figure 4.13, for the laser excitation energy of
2.41 eV (514 nm), the RBM frequencies of semiconducting SWCNTs are in the range of
about 175 to 213 cm-1, and the RBM frequencies of the metallic SWCNTs are at about
120 to 150 cm-1 and 218 to 280 cm-1.4,29,37,45
Shown in Figure 4.12, two peaks at 127 cm-1 and 208 cm-1 and a double peak at
263 cm-1 and 271 cm-1 are shown in the RBM spectra. These peaks indicate the mixed
metallic and semiconducting electronic types of SWCNTs in the reference sample before
the separation. A peak at 249 cm-1 and a dominant double peak at 264 cm-1 and 275 cm-1
appear in the RBM spectra for the tubes at position 2. A peak at 249 cm-1 and a sharp
double peak at 265 cm-1 and 273 cm-1 appear in the RBM spectra for the tubes at position
3. With the peak information in the RBM range compared to the Katauru plot with
respect to a linear Raman shift axis shown in Figure 4.12, the strongly dominant intensity
of RBM frequency in the range between 218 to 280 cm-1 shows that SWCNTs at position
2 and position 3 are dominantly purified metallic behaviors. Because a single excitation
energy was used in the experiment, only nanotubes resonant with this laser energy will
display peaks at corresponding frequencies.
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Figure 4.12 Raman spectra of radial breathing mode (RBM) frequencies of SWCNTs
using the laser excitation energy of 2.41 eV (514 nm) after the separation by AC
dielectrophoresis. The red dot line represents the RBM profile of the CNTs at position 2.
The green line shows the RBM profile of the CNTs at position 3. The black line indicates
the control sample of mixed SWCNTs before the separating experimentation.
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2.41eV

Figure 4.13 Katauru plot with respect to a linear Raman shift axis for the laser excitation
energy of 2.41 eV (514 nm).22 Figure reprinted from URL: http://www.photon.t.utokyo.ac.jp/~maruyama/kataura/kataura2n.pdf. Copyright 2002, Dr. S. Maruyama,
University of Tokyo.
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Owing to the DEP force, the metallic SWCNTs were separated from the mixture
and drawn towards the circular inner electrode, while the semiconducting ones were
driven toward the semicircular outer electrode under the action of an AC field. This
indicated that the metallic SWCNTs experienced positive DEP force and were attracted
to the high field density area when the dielectric constant of the medium (1 wt.% SDS
solution) is ~ 80.6 On the other hand, the low dielectric constant of semiconducting
SWCNTs (< 5)6 experienced a negative DEP force, causing them to move toward the low
electric field density region. In this case, the higher electric field density occurs at the
region of circular inner electrode, and the lower one happens at the region of semicircular
outer electrode.
A physical interpretation of the results just discussed will now be given. Figure
4.14 shows the magnitude and direction of DEP force and coulombic attraction from the
Au electrodes at the four measured positions. The SWCNTs within the suspension still
form bundles or clusters after the ultra-sonication and centrifugation steps. Within the
bundles or clusters, the metallic and semiconducting SWCNTs are randomly distributed.
When the electric field is applied, the SWCNT bundles or clusters near the Au electrode
are instantaneously attracted by the coulombic attraction toward the electrode, which, at
this point, the coulombic attraction dominates the DEP force. Although the region is full
of metallic SWCNTs, semiconducting SWCNTs can be detected by a Raman
spectrometer near the circular inner electrode region. On the other hand, SWCNTs
composed of semiconducting tubes with a trace amount of metallic tubes are near the
semicircular outer electrode. At position (laser spot 2), although the coulombic attraction
becomes weaker, the trace of semiconducting SWCNTs still appears around the region.
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Separated SWCNTs around the position 3 are unique compare to other three spots.
SWCNTs around position 3 experienced very little coulombic attractions from both
electrodes.

Figure 4.14 DEP force and electric field attraction at the four Raman measured positions.

4.3.2 Continuous Flow System
Adapting the initial successful results on separating two types of SWCNTs, the
gradient of the electric field in the dynamic flow experiments is going to be generated by
the non-uniform shape of the electrodes as shown in Figure 4.15. The work now focused
on fabricating a dielectrophoretic (DEP) force utilized microfluidic lab-on-a-chip device
that can continuously separate and collect a large quantity (at mg level) of metallic and
semiconducting SWCNTs into two reservoirs. The high electric field region is generated
at the circular shaped electrode, which has a diameter of 5 mm. The low electric field
region is generated at the rectangular shaped electrode, which has a length of 10 mm and
the width of 2 mm. The distance between the edge of the circular electrode to the edge of
the rectangular electrode is about 0.23 mm. With the geometries and the applied AC
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voltage of 5 Vp-p at 10 MHz, the system can generate the electric field gradient of 4.7 x
104 V/m as shown in Figure 4.16 simulated by ANSYS Ansoft Maxwell V12.1 software.

Figure 4.15 Schematic of the Au electrodes with their dimensions in the continuous flow
experiments.

Figure 4.16 The plot of software simulated electric field gradient in the continuous flow
experiments generated by the non-uniform shape of the electrodes using ANSYS Ansoft
Maxwell V12.1 software.
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With the flow rate of 0.12 mL/hr (0.12 mg/hr) and the generated electric field
gradient of 4.7 x 104 V/m, the ultraviolet visible near infrared (UV-Vis-NIR) absorption
spectra of aqueous suspended SWCNTs as shown in Figure 4.17 shows that purified
SWCNTs are collected in the reservoir 1 and impurities such as metallic catalyst or
amorphous carbon from the synthesizing process of carbon nanotubes in the reservoir 2.
The UV-Vis-NIR absorption spectrum of as-received SWCNTs is also shown in the
Figure 4.17 as the reference. The UV-Vis-NIR spectra provide a global measurement of
the relative metal/semiconductor content compared to a local measurement from the
Raman spectroscopy. In addition, all types of SWCNTs are active in UV-Vis-NIR region.
The small spot size of the laser used in a Raman spectroscopy required statistical
averaging over numerous measurements in order to get confident results.46 Therefore, one
cannot be sure that a truly representative result is obtained. Figure 4.18 shows the
extension of UV-Vis-NIR spectra of the purified SWCNTs to confirm the existence of
both metallic and semiconducting nanotubes by identifying their corresponding peak
positions. The SWCNT absorption spectra exhibits sharp peaks around 900 - 1350 nm
indicated the optical transition from the first valance band to the first conduction band
associated with van Hove singularities of semiconducting SWCNTs.47 The absorption
peaks around 525 - 750 nm represent the first optical transition of metallic
SWCNTs.15,48,49 The presence of both types of absorption peaks indicates the existence of
both metallic and semiconducting nanotubes collected in the reservoir 1 with the DEP
separation happened in 5 Vp-p at 10 MHz DEP conditions.
Current SWCNTs growth process leads different side products of amorphous and
crystalline impurities such as catalyst particles from arc-discharge technique. Certain
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amount of impurities such as amorphous carbon will appear even with the cleanest
chemical vapor deposition (CVD) growth process. The presence these impurities can lead
the ultimate failure of SWCNT-based field-effect transistor (SWCNT-FET) devices,
since the highest level of the same grade of SWCNTs is required.46 Therefore, the
demonstration of this one flow path purification from the as-received or as-grown
SWCNTs is not only the first critical step before refined SWCNT sorting but also a
potential scale-up process that can be adapted by the industry.

Figure 4.17 UV-Vis spectra showing purification of SWCNTs in the reservoir 1 at 5 Vp-p
and 10 MHz DEP conditions.
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Figure 4.18 UV-Vis-NIR spectra showing the extension of purified SWCNTs in the
reservoir 1 at 5 Vp-p and 10 MHz DEP conditions.

Furthermore, with the same electrode geometries and dimensions but applied DEP
force at 500 MHz with 5 Vp-p, the UV-Vis-NIR spectrum (solid line plotted in red) as
shown in Figure 4.19 indicates the ~ 7% increase in the purity of semiconducting
SWCNTs comparing to the spectrum of the unsorted sample (dash line plotted in black).
On the other hand, the UV-Vis-NIR spectrum (solid line plotted in green) of DEP
condition at 100 MHz with 5 Vp-p displayed the ~ 3% increase in the purity of
semiconducting SWCNTs comparing to the spectrum of the unsorted sample. The purity
of metallic or semiconducting tubes is quantified by integrating the area under the
corresponding peaks of metallic and semiconducting tubes from the UV-Vis-NIR spectra.
In the mean time, there is a ~ 7% decrease in purity of metallic tubes at the DEP
condition of 500 MHz with 5 Vp-p. This result may indicate that the possibility of ~ 7% of
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metallic nanotubes trapped and attracted on the Au electrode by the stronger DEP force
due to the larger electric field gradient while much pure semiconducting nanotubes are
pushed into the reservoir by the flow. The absorptivities of as-received and unsorted
SWCNTs are tested by the in-house UV-Vis-NIR spectroscopy to ensure the accuracy of
the purity measurement. The absorptivities of unsorted tubes were 27.8% and 72.2%,
respectively. The theoretical concentrations of metallic and semiconducting SWCNTs are
about 33% and 67%, respectively.47 Therefore, the good match between the measured
data and the theoretical prediction indicates the reliability of the SWCNT purity
measurement.

Figure 4.19 UV-Vis-NIR spectrum showing indicates the ~ 7% increase in purity of
semiconducting SWCNTs in both reservoirs at the DEP of (5 Vp-p, 500 MHz) and (5 Vp-p,
100 MHz) conditions.
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4.4 Conclusions
The method to separate metallic from semiconducting SWCNTs in suspension
containing both types based on AC dielectrophoresis (DEP), was reported. Applying this
technique in a static system, metallic SWCNTs were effectively separated from
semiconducting ones due the different magnitude of dielectrophoretic forces experienced
in the suspension between these two types. The significant force difference comes from a
very large absolute dielectric constant of metallic SWCNTs and the low value of a finite
dielectric constant of semiconducting nanotubes. It was discovered that the repulsive
effect between positive and negative DEP forces is the strongest in the center portion
between the circular inner electrode and semicircular outer electrode. Resonant Raman
spectroscopy was used to confirm the observed results. In the dynamic flow system, the
feasibility of continuously collecting purified SWCNTs with the designed flow device at
10 MHz and 5 Vp-p DEP conditions is demonstrated by confirming the UV-Vis-NIR
spectra. Moreover, the experiment also demonstrates the feasibility of continuously
collecting refined semiconducting SWCNTs with the same flow device at (500 MHz, 5
Vp-p) and (100 MHz, 5 Vp-p) DEP conditions.
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4.5 Future Work
With these successful initial results, we have demonstrated that SWCNTs
purification and sorting in a single pass flow system is possible. Some avenues to
enhance the refinement of metallic or semiconducting SWCNTs are to optimize the flow
and separation parameters. For collecting more refined semiconducting SWCNTs, the
geometry of electrode could be optimized in order to create a greater electric field
gradient and therefore greater DEP force. A tip shaped electrode could be substituted for
the circular shaped electrode, thus enhancing the DEP force acting on the metallic tubes.
As a result, more metallic nanotubes would be attracted towards the tip-shaped
electrode. Therefore, a significantly greater quantity of more refined semiconducting
SWCNTs could be collected in the reservoirs. Another possibility is to collect refined
metallic nanotubes by adding a channel of buffer (SWCNT-free) solution at the same
constant flow rate as the mixed SWCNTs suspension in order to flush the metallic
SWCNTs attached on the electrode, thus improve the purity of metallic SWCNTs
collected in the reservoirs. The image of an extra buffer channeled prototype was built
and is shown in Figure 4.20.
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Figure 4.20 Image of an extra buffer channeled flow device used to flush the metallic
SWCNTs attached on the electrode.
In addition, the geometry of flow channels may be modified to minimize the
occurrence of turbulent flows inside the channels resulting in better hydrodynamic flow
in order to prevent any possible remixing of already separated SWCNTs. It may be
possible to improve the location of the channels with respect to the Au electrodes in order
to produce better alignment during the construction of flow devices. It also may be
possible to optimize the flow rate of the SWCNT suspension to allow the mixed
SWCNTs sufficient time to interact with the AC electric field gradient in order to have
more effective separation due to the DEP forces. The medium could be changed to adjust
the permittivity and conductivity of the SWCNT suspension resulting in different
magnitudes of positive and negative DEP forces compared to the current distilled water
with SDS surfactant.
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It would also be worthwhile to attempt multiple feeding the separated SWCNTs
back to the flow system to determine the repeatability of the device and also to further
purify both electronic types of SWCNTs. In addition, constructing and running a
multistage flow system using multiple linked flow devices in series would be of interest
as shown schematically in Figure 4.21.

Figure 4.21 Schematic of potential future direction of the invited one-pass DEP derived
flow device for sorting SWCNTs.

The discussed flow device may also open up possibilities in terms of biological
material applications. For example, it would be interesting to construct a continuous flow
dielectrophoretic sorting of live and dead yeast cells based on the method of I. Doh and
Y. H. Cho.50 They showed that the viable yeast cells exhibited a positive DEP force,
whereas the non-viable yeast cells exhibited a negative DEP force. Using this similar idea
to separate bio-entities depending on the difference in polarizability between cells and
surrounding medium, our method may be able to provide a system that does not damage
biological cells during separation while obtaining a throughput of tens of thousands of
cells per second.
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Chapter 5
Summary
In this Final chapter, the author would like to summarize the previous discussions.
In the first chapter, the author described the feasibility of electrodepositing pure
lanthanum and lanthanum telluride compounds in ambient conditions are demonstrated.
Scanning electron microscope (SEM) images showed that surface morphologies of the
deposited films varied from needle-like to granular structures depending on the
deposition conditions. Many nanostructured surface features on the electrodeposited
samples may enhance ZT because the appearance of a large numbers of grain boundaries
can scatter phonons more effectively than electrons resulting in a lowering of the thermal
conductivity. The measured Seebeck coefficients and electrical resistivity of the
electrodeposited thin films were closely matched to the state-of-the-art thermoelectric
properties of bulk samples synthesized by mechanical alloying and the hot-press
sintering. The calculated power factor of the deposited films was ranged from 8.1 x 10-5
to 28.5 x 10-5 (W m-1 K-2). The X-ray diffraction pattern and the energy dispersive X-ray
(EDAX) composition analysis of electrodeposited La3-xTe4 films indicated that the
samples are phase pure materials.
In the second chapter, the author has shown using electrodeposition to fabricate
vertically-aligned gold nanowires on a gold substrate. Scanning electron microscope
(SEM) images show the gold nanowire arrays were highly dense and strongly attached to
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the gold substrate after dissolution of the nanoporous anodic aluminum oxide (AAO)
template. Gold nanowire arrays ferromagnetic composite films were synthesized for the
first time by evaporation or electrodeposition to embed gold nanowires in nickel matrices
and by electrodeposition to grow iron matrices around the gold nanowires. The
electrodeposition technique preserved the spacing of the exposed gold nanowires better
than the electron beam evaporation technique does. For both techniques, the density of
gold nanowires across the nickel and iron matrices was homogenous regardless of the
fabrication parameters.
In Chapter 3, the author has presented a novel and relatively simple approach for
the synthesis of nanochanneled metal membranes with different pore sizes and inter-pore
distance. Nickel nanoporous membranes of thickness less than about 0.7 Pm were
produced by physical vapor deposition of nickel overlayers by either electron beam
evaporation or sputtering onto anodic aluminum oxide nanoporous substrates with
vertically aligned nanochannels. The resulting overlayers were nanoporous, with the
nanopores in the form of nanochannels aligned with the nanochannels of the substrate. In
the case of the evaporated membranes, the pores had diameters within a factor of 2.5 of
that of the substrate (100 nm) and a similar planar density, suggesting that the substrate
acted as a template for the nanoporous nickel. The sputtered nickel also was deposited as
a nanoporous material, but with a greater density of pores and smaller pore diameters,
suggesting partial filling and incomplete agglomeration within the initially formed pores.
For sputtered overlayers of thickness 0.7 Pm or greater, the deposited metal became
continuous, and electrochemical etching through the nanoporous anodic aluminum oxide
(AAO) substrate was used to on these samples to produce the nanochannels. For all of
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the samples, the substrate could be completely dissolved, resulting in free-standing
metallic membranes.
In the fourth chapter, the author has reported a patented microfluidic device that
can continuously purify and refine mixed electronic types of single-walled carbon
nanotubes (SWCNTs) into separated reservoirs of metallic SWCNTs and semiconducting
ones, respectively. Based on AC dielectrophoresis (DEP) in a static system, metallic
SWCNTs are effectively separated from semiconducting ones due the different
magnitude of dielectrophoretic forces experienced in the suspension between these two
types. The significant force difference comes from a very large absolute dielectric
constant of metallic CNTs and the low value of a finite dielectric constant of
semiconducting nanotubes. It is discovered that the repulsive effect between positive and
negative DEP forces is the strongest in the center portion between the circular inner
electrode and semicircular outer electrode. Resonant Raman spectroscopy is used to
confirm the observed results. In the dynamic flow system, the feasibility of continuously
collecting purified SWCNTs with the designed flow device at 10 MHz and 5 Vp-p DEP
conditions is demonstrated by confirming the UV-Vis-NIR spectra. Moreover, the
experiment also demonstrates the feasibility of continuously collecting refined
semiconducting SWCNTs with the same flow device at 500 MHz and 2 Vp-p DEP
conditions.
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