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Abstract 

Modern gas detection in commercial, industrial, and medical applications all necessitate 

the use of precise and accurate sensors. Nanowire gas sensor arrays engineered by 

dielectrophoresis potentially offer highly sensitive gas detection with massively parallel 

fabrication. TiCVTiOx nanowires were synthesized by the Vapor-Liquid-Solid (VLS) 

growth mechanism. SEM images revealed nanowire dimensions of 80-100 nm in 

diameter and several microns in length. Elemental composition and crystal lattice 

structure were confirmed by XPS and AES, and XRD and TEM, respectively. 

Dielectrophoresis was performed on gold and zinc oxide (ZnO) nanowires. Both 

materials were successfully assembled onto electrode arrays, with the single nanowire 

assembly of gold nanowires and multiple nanowire assembly of zinc oxide. 



Acknowledgements 

Firstly, I would like to Dr. Stephane Evoy for providing me with the opportunity 

to perform this M.Sc. project under his guidance. The gift of a higher education cannot be 

understated. I would also like to thank the other members of my defense committee, Dr. 

Mark McDermott and Dr. Vien Van, for giving me a chance to present my work. 

Secondly, further acknowledgements go out to the University of Alberta, the 

Department of Electrical and Computer Engineering, and the National Institute of 

Nanotechnology for their institutional presence. Added thanks must be given to NINT, as 

they have provided a desk, lab space, and — most importantly - funding for this project. 

Facilities acknowledgements go out to the University of Alberta Nanofabrication 

Facility, as 90% of this project would not be possible without their equipment and 

training. Countless thanks go toward Dr. Mark McDermott lending me the use of his lab 

and 3-Zone RF furnace. The NINT Electron Microscopy lab and the X-Ray 

characterization lab are also acknowledged for their invaluable use in characterizing my 

results. The Alberta Center for Surface Engineering and Sciences must also be thanked 

for providing XPS and AES scans. 

The support from family and friends cannot be acknowledged enough, and are too 

numerous to count. In particular, my twin brother Billy by inspiring me with his 

unlimited genius and ambition that I can never hope to match. 

Lastly, I would like to thank the one thing that has kept me going through the past 

seven years of school: coffee. Infinitely dependable and tastes great! © Well, not really, 

but at least my sense of humor is still intact! 



Table of Contents 

1 Introduction 1 

2 Literature Review 5 

2.1. Volatile Gas Sensing 5 

2.2. VLS Nanowire Synthesis 9 

2.2. Properties of Ti02/TiOx 11 

2.3. Ti02 VLS Nanowire Synthesis 12 

2.4. Dielectrophoresis 14 

2.4.1. Dielectrophoretic Manipulation of a Nanowire 17 

3 Synthesis and Characterization of Ti02/TiOx Nanowires 20 

3.1. Experimental Goals 20 

3.2. Experimental Design 21 

3.2. Experimental Results 23 

3.2.1. Initial Optimization of Nanowire Growth Parameters 23 

3.2.2. Refinement Towards Rutile and Further Characterization 26 

3.2.3. Improvement of Yield 29 

3.3. Discussion of Results 34 

3.4. Summary 37 

4 Dielectrophoretic Assembly of Nanowires 38 

4.1. Experimental Goals 38 

4.2. Types of Nanowires 39 

4.3. Experimental Design 40 



4.4.1. Iteration 1: Nanowire Assembly Under Vibrational Environments 42 

4.4.2. Iteration 2: Nanowire Assembly Under Quiet Environments 46 

4.4.3. Iteration 3: Assembly of ZnO Nanowires 48 

4.5. Discussion of Results 51 

4.5.1. Dielectrophoresis and Electrorotation 52 

4.5.2. Other Frequency Response Issues 54 

4.5. Summary 55 

5 Conclusion 56 

References 60 



List of Figures 

Figure 1 Grain size dependence of conductivity 7 

Figure 2: Illustration of the Vapor-Liquid-Solid nanowire growth mechanism 10 

Figure 3: A general diagram of the experimental setup 21 

Figure 4: Successful nanowire growth using a mechanical grade wafer 24 

Figure 5: XRD Scan of mechanical grade wafer experiment 25 

Figure 6: Successful nanowire growth using prime grade wafer 26 

Figure 7: XRD scan of prime grade wafer experiment 27 

Figure 8: Surface characterization of prime grade wafer experiment 28 

Figure 9: Effect of oxide thickness 30 

Figure 10: Effect of surface roughness with a 65 nm oxide layer 30 

Figure 11: Effect of influx pressure 32 

Figure 12: XRD scan of 65nm oxide sample 33 

Figure 13: TEM image and electron diffraction analysis 33 

Figure 14: STEM images of nanowire and nucleus 34 

Figure 15: Decomposition of thin oxides 35 

Figure 16: Illustration of the proposed growth process 36 

Figure 17: Decomposition of thick oxides 36 

Figure 18: Gold nanowires synthesized through template electroplating 39 

Figure 19: ZnO oxide nanowires synthesized by PVD methods 40 

Figure 20: Dielectrophoretic assembly process 41 



Figure 21: Process flow for the creation of dielectrophoretic assembly finger electrodes 

with capacitve coupling (Mask design 1) 43 

Figure 22: Single electrode pads with finger electrodes (Mask design 2) 44 

Figure 23: Single layer assembly electrodes (Mask design 3) 45 

Figure 24: Nanowire assembly with third mask 46 

Figure 25: Vibrational effects on a gold nanowire solution 46 

Figure 26: Assembly of nanowires at 35 Vpp and 1 MHz 47 

Figure 27: Single nanowire assembly of gold nanowires 48 

Figure 28: Overview of second-generation single layer assembly electrodes (Mask 

Design 4) 49 

Figure 29: Dielectrophoretic assembly of ZnO nanowires 50 

Figure 30: Dielectrophoretic assembly of a segmented nanowire 58 



List of Abbreviations and Elemental Names 

AES 

Au 

BOE 

CMOS 

DI 

FIB 

KI 

Auger Electron Spectroscopy 

Gold 

Buffered Oxide Etch 

Complementary Metal-Oxide 

De-Ionized 

Focused Ion Beam 

Potassium-Iodine 

I Iodine 

PEDOT/PSS poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) 

ppm parts per million 

SEM Scanning Electron Microscopy 

SiC Silicon Carbide 

SLS Solid-Liquid-Solid 

TEM Transmission Electron Microscopy 

Ti Titanium 

TiN 

TiO 

Ti02 

TiOx 

uv 

Titanium Nitride 

Titanium Oxide 

Titanium Dioxide 

Titanium Oxide of different oxygen content 

Ultraviolet 

VLS Vapor-Liquid-Solid 



VS Vapor-Solid 

XPS X-Ray Photoelectron Spectroscopy 

XRD X-Ray Diffraction 

ZnO Zinc Oxide 



Introduction 

Modern instrumentation necessitates the use of precise sensors in order to retrieve 

information from the surrounding environment. The usage of gas sensors in industrial, 

commercial, and medical industries all require the specific detection of certain molecules 

in order to maintain efficient device operation or to provide accurate diagnoses. For 

instance, gaseous hydrocarbons and hydrogen sulfide are compounds whose presence and 

absence are critical to throughput and safety in the oil industry. Gas sensors are also 

important for detecting carbon monoxide in households and monitoring oxygen 

concentrations in an automobile engine. Medical applications suffer from balancing 

expensive and cumbersome devices with accurate detection of disease markers. For 

example, patients with diabetic ketoacidosis exhale acetone in parts-per-million 



concentrations [1], of which current detection methods involve the utilization of 

cumbersome gas chromatographers. 

Engineering gas sensors often involves a set of trade-offs including cost, size, 

sensitivity, and specificity. For instance, acetone shares a conduction response with 

ethanol and thus raises the need for specificity. The problem of false positives can be 

addressed by using multiple sensors that are 'tuned' to particular analytes for the purpose 

of generating a fingerprint. However, the cost of this approach quickly becomes 

prohibitive with additional sensors and electronics. Non-obvious supporting technologies 

such as heating elements and power sources now become significant factors, adding both 

cost and complexity to the system. These drawbacks therefore necessitate the 

development of integrated and inexpensive gas detection technologies. 

Nanoscale gas sensors, and in particular nanowire gas sensor arrays, have become 

a potential platform that can provide sensitive and accurate detection while 

simultaneously providing cost and size advantages in the form of massively parallel 

fabrication. Nanoscale control of grain sizes and doping levels offer significantly higher 

levels of sensitivity unavailable to conventional technologies. Nanowire gas sensors offer 

additional surface area to volume ratio advantages as compared to competing nanoscale 

technologies, allowing even highly dilute analytes to produce large changes within the 

nanowire's structure. However, the assembly of nanowires often requires direct physical 

manipulation at nanometer scales, of which the technology is as of yet relatively 

undeveloped. Bottom-up fabrication techniques are time consuming and require the 

precise orientation of a nanowire beforehand. Non-mechanical techniques such as 

functionalization and DNA scaffolding can assemble nanostructures at the cost of 
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complex surface chemistries and interactions [2]. Magnetophoresis offers macroscale 

manipulation of nanowires through magnetic fields, though limited to a specific range of 

materials [3-5]. Dielectrophoresis is the favored option as it can manipulate neutral 

particles by using electric field gradients [6]. Top-down parallel assembly of nanowires 

on top of several pre-fabricated electrodes can be generated by the application of an 

electric potential. Highly dense nanoscale sensor arrays can thus be potentially made 

quickly and efficiently. 

A suitable material for this sensor platform is titanium oxide (TiCh), since it is 

sensitive to both acetone and ethanol, as well as a wide variety of other commercially 

applicable gases such as H2, 02, NO2, and CO [7]. As a nanowire, Ti02 is a relatively 

uninvestigated material when synthesized through physical vapor deposition (PVD) 

vapor-liquid-phase (VLS) methods, with only a small number of groups actively pursuing 

this avenue of research. Previous work in this field done by other groups involved the 

pre-deposition of a critical titanium-based layer [8-13] of which the specific growth 

mechanism is unclear. Therefore, the major contribution of the work presented in this 

thesis is to establish a method whereby such a titanium-based layer is rendered 

unnecessary and to clarify the specific growth mechanism in this process. Various 

synthesis parameters will also be investigated to determine the critical factors affecting 

the yield of nanowire growth. 

Finally, in order to move towards a nanowire gas-sensing platform, this thesis will 

also investigate the use of dielectrophoresis in an effort to assemble single nanowires 

across two electrodes. Assembly of gold and zinc oxide nanowires are investigated 

concurrently with Ti02 nanowire synthesis to provide an experimental basis for the future 
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assembly of Ti02/TiOx nanowires. Different electrode designs are utilized, as well as an 

optimization of voltage and frequency parameters, to obtain a suitable process flow for 

nanowire assembly. 

4 



2 
mmk Literature Review 

2.1. Volatile Gas Sensing 

Gas sensor operation relies on a specific material property change due to a change 

in the ambient environment. For example, a change in resistance within a thin film can be 

directly correlated with the amount of gas analyte within the entire system. The sensing 

mechanism usually involves the donation of an electron by an adsorbed reducing gas 

species and results in an increase in the gas sensor's conductivity. Similarly, an oxidizing 

gas species would remove an electron from the sensor and result in a decrease in 

conductivity. The addition of vacancy sites plays an important role as any newly 

occupying species would greatly change the overall conductivity [7]. 

The majority of gas sensors in the academic and commercial environment are 

based on thin-film technologies. The reasons range from cost-effectiveness to ease of 
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production as thin films can be sputtered or sintered onto a sensing platform [7]. 

Properties such as response time and sensitivity can be altered with thin film technologies 

as compared to their respective bulk counterparts. Metal oxides are the most popular class 

of materials because of their ease of processing, overall stability, and wide range of 

sensitivities. In particular, tin oxide has been widely investigated to detect a variety of 

gases, such as carbon monoxide (CO) and hydrogen (H2) [7]. Other metal oxide materials 

include zinc oxide for the detection of oxygen and volatile organic vapors [7]. 

Thin film technologies, typically on the order of hundreds of nanometers to 

micrometers in thickness, enable critical parameters to be easily manipulated in order to 

alter sensor performance. For instance, the response of a metal-oxide gas sensor is 

dependent on the material's grain size D and the Debye length L (Fig. 1) [14-16]. An 

increase in sensor response and sensitivity can be created by elevated temperatures, 

which increases the characteristic Debye length. Sensor activity can be further enhanced 

by the addition of dopants to further reduce the Debye length [7,15]. A similar response 

can instead be generated by grain size control. Large grain sizes result in the main 

conduction mode being along the grain boundaries, overcoming surface potentials to 

travel from one grain to the next (Fig. la). Reducing D to the same order as 2L results in 

a high resistance channel-based conduction mode between grains, which is constricted by 

the same surface potential as before (Fig. lb). Further reduction in D results to below 2L 

leads to surface conduction over the grain, leading to fast electron conduction and 

increased sensitivity (Fig. lc). 
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Figure 1 Grain size dependence of conductivity 

a) When the grain size diameter is much greater than twice the Debye length, electrons from donated 
gas species mainly conduct through the grain boundary defects, b) As the grain boundary decreases to 
the same order as the Debye length, conduction becomes neck controlled as it is dominated by 
individual molecules, c) Once the grain size is below twice the Debye length, the entire grain becomes 
depleted and any donated electrons will experience fast conduction and will create a surface conduction 
effect [14,15]. 

Integrated gas sensors are advantageous as supporting technologies can be 

supported or enhanced on a single platform. Onboard CMOS circuitry can process and 

condition the obtained sensor information. Heating elements can be directly incorporated 

within the sensor array. Supporting power electronics are minimized due to lower power 

consumption. One such implementation of integrated sensor technology has been 

pioneered by the Semancik group with thin film technologies [17-21]. Microheaters and 

CMOS circuitry were successfully implemented with tin oxide thin films to create a 

completely integrated sensing platform. 

However, there are many drawbacks with metal oxide thin film gas sensors. 

Sensitivity is the most critical issue as current achievable limits are at the parts-per-

million range [7] while researchers would like to move into the parts-per-billion range. 

This level of detection is difficult to achieve with thin-film technologies, due to its bulk 
7 



size and low surface area-to-volume ratio [22]. Integrating multiple sensors onto a single 

platform becomes problematic as the overall complexity increases with multiple masking, 

alignment, and removal steps. Scaling up microheater technologies becomes difficult as 

the process adds even more steps to an already complicated process [17-23,24]. 

These limitations have pushed researchers towards nanowire gas sensors as they 

potentially offer increased sensitivity to gas detection due to their surface-area-to-volume 

ratio. Similar to thin film technologies, control over nanowire diameters enable them to 

be smaller than the Deb ye length and thus increasing their response and sensitivity [14-

15]. Both tin oxide [22,25] and zinc oxide [26-27] nanowire gas sensors can detect H2, 

CO, and volatile organics at tens of ppm ranges. 

The scale of the nanowires also enables them to be incorporated within novel 

sensor platforms. Highly-dense nanowire sensor arrays of different material compositions 

can be assembled to allow room for additional integrated circuitry [28]. Other 

possibilities include operating a nanowire similar to a transistor as demonstrated by Li et 

al with ZnO [29] by monitoring any changes in current caused by the presence of oxygen 

affecting the depletion region. 

A variety of growth methods ranging from templated electroplating to vapor-

liquid-solid (VLS) catalytic synthesis are available for nanowire synthesis [30]. Zinc 

oxide nanowires and other nanostructures have been synthesized through the VLS growth 

mechanism several times and their responses to oxygen and hydrogen have been 

measured [26-27,29,31]. Tin oxide nanowire sensors have also been synthesized by 

electroplating and their responses to H2 and CO have been reported [22-25]. More 
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recently, Dan et al have used templated electroplating to produce segmented nanowires of 

gold and PEDOT/PSS [32]. 

2.2. VLS Nanowire Synthesis 

The science behind the vapor-liquid-solid (VLS) growth of nanowires owes itself 

to Wagner and Ellis' landmark publication in 1964 on the synthesis of silicon whiskers 

[33]. Research has since progressed into various other material compositions and 

nanostructures as reviewed by Law et al [30]. The mechanism involves the use of a 

catalyst particle serving as a growth seed and chosen for properties such as solubility and 

eutectic points. Temperatures are elevated to bring the catalyst into a liquid phase while 

source vapors flow diffuse into the particle and saturate it with the source material. The 

catalyst quickly becomes supersaturated and starts to crystallize the excess material 

outside of the particle. Further precipitation occurs to form a 1 -D nanowire, of which the 

diameter is dependent on the nanoparticle's size (Fig. 2). 
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Figure 2: Illustration of the Vapor-Liquid-Solid nanowire growth mechanism. 

Source vapors flow towards the liquid catalyst droplet. The particle quickly saturates and precipitates 
the excess material as a 1-D structure. The nanowire structure can push the catalyst away from the 
substrate depending on the existence of any expitaxial growth mechanisms in the system. 

A eutectic point between the source material and catalyst renders high 

temperatures unnecessary and makes the process solely dependent on the availability of 

source vapors. Alternative catalytic pathways are possible through a Solid-Liquid-Solid 

(SLS) growth mechanism whereby the primary source for material is diffusion from a 

supporting layer. Vapor-Solid mechanisms are another possibility, whereby nanowires 

and similar structures form from spontaneous nucleation and hence do not a need catalyst 

particle [8-11,30]. 

Many indirect factors can influence nanowire synthesis. Surface roughness is one 

such example, as hillocking and defects on the growth surface may serve as local 

nucleation sites. The growth of zinc oxide (ZnO) nanowires has been shown to grow on 

such sites [34-35]. Melting point depression is another factor since all materials exhibit a 

lower melting point as the diameter of the particle decreases [36]. Lowering the reaction 

temperature may help to avoid unwanted high temperature reactions but also alters 
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critical properties such as diffusion and reactivity. Catalyst poisoning may occur or even 

the formation of amorphous SiC>2 nanowires [37-38]. 

2.2. Properties of Ti02/TiOx 

Titanium Dioxide (Ti02) is a common material with many applications, from 

commercial usage as a white pigment to industrial applications as a photocatalyst [39]. 

Modern solar research incorporates organic dyes into Ti02 solar cell technologies to 

boost their efficiency [39-40]. Additionally, its photocatalytic properties create a super-

oxidative effect when exposed to UV light. This property has allowed for the design of 

passive water treatment plants in third-world countries. However, this design has proven 

to be ineffective since natural UV content in sunlight is only around 3% [39]. 

Ethanol and acetone are both detectable by TiC>2 gas sensors, as well as oxygen, 

hydrogen, carbon monoxide [7]. Similar to other metal oxide sensors, altering the grain 

size greatly reduces its operating temperature. Out of the three possible phases for TiC>2, 

the rutile phase is favored for gas sensing applications over anatase and brookite due to 

its overall stability [7]. However, the main drawback is the high synthesis temperature 

and can lead to unwanted high temperature reactions. 

One uncommon form of titanium oxide is TiO/TiOx. Unlike rutile or anatase, 

TiO/TiOx exhibits a rock salt or monoclinic FCC-like structure instead of a tetrahedral 

one [41-43]. This crystal structure also has regular oxygen vacancies occuring uncommon 

to Ti02 [41]. Additionally, TiO/TiOx is a purely synthetic material and is often made by 

sintering rutile Ti02 and titanium together [42]. Rutile phases can also be produced by 
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heat treatments under the presence of oxygen [43]. Lastly, unlike TiCh, TiO/TiOx is 

conductive and puts it in a unique class of metal oxides [42]. 

2.3. Ti02 VLS Nanowire Synthesis 

The existing base of literature for TiC>2 nanowire synthesis using VLS growth 

mechanisms is sparse at best. Wu et al reported on the growth of Ti02 nanowires by 

several different methods [8-11]. Metallic vapors were produced from titanium powders 

inside a two-zone furnace with 1050 °C at the high temperature zone and were carried to 

the low temperature substrate zone at 850 °C. Their initial experiments focused on a two 

step process where titanium powders were pre-oxidized on top of a silicon substrate 

before re-exposing the sample to titanium vapors [8]. Subsequent experiments employed 

a sputtered titanium layer with and without gold, both of which resulted in successful 

growth of near-identical nanostructures [9-11]. The resulting nanowires for all 

experiments were identified as single crystal rutile structures. 

However, the growth processes described seemed closer to a VS rather than a 

VLS mechanism. Titanium vapors are unlikely to enter a gold catalyst particle at a 

temperature lower than its melting point and thus the gold-titanium binary formation 

point [44]. Condensation effects are more likely due to the low temperature zone and 

would result in spontaneous nucleation onto the polycrystalline TiC>2 layer. Indeed, all of 

Wu et aV% work taken together does not produce a clear correlation between gold and 

nanowire formation since no clear difference can be made to their non-catalytic 

experiments. 
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Concurrent attempts at single crystal rutile nanowires were made by Xiang et al 

and Zhang et al (same group) by using bare wafers and Ti vapors evaporated in one zone 

at 850 °C [45-46]. Their growth mechanism is described to be the formation of TiSix 

islands which served as a catalyst for the nanowire growth process. The growth 

mechanism is similar to Wu et al in that it is most likely a vapor-solid mechanism of 

some sort. However, their process raises many questions such as the lack of titanium 

vapors at low temperatures. Additionally, their own analyses do not agree with their 

hypothesis since their EDS line scans do not match the suggested TiSix stoichiometry. 

Furthermore, they do they have any diffractive analyses with either XRD or TEM that 

points toward the formation of TiSix crystallites. 

Further work was done by Lee et al on the growth of TiC>2 nanowires at high 

temperatures [12]. Similar to Wu et al [10-11], a titanium buffer layer with gold on top 

was used in a single zone RF furnace at 1050 °C. In contrast, the VLS mechanism is 

likely here since the reaction temperature is comparable to the melting point of gold. The 

possibility of VS growth is also reduced because of the lack of low temperature 

condensation effects. Interestingly, the substrate may play an indirect role as TiC>2 

nanowires grown on quartz exhibited higher orders of crystallinity than ones grown on 

sapphire. 

In 2006, Dupuis et al successfully synthesized rutile Ti02 nanowires by using a 

Ni/TiN/SiCh system at 900 °C [13]. The experiments were novel since they used the 

decomposition of the TiN layer as the titanium source rather than the influx of metallic 

vapors. Their growth mechanism was facilitated by the existence of trace oxygen 

occurring within the system and by the reduction effects of hydrogen. Extensive controls 
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and analyses were made to confirm the unique mechanism, complete with HRTEM 

images of the catalyst nickel catalyst particle. However, the nanowires were extremely 

short compared to other groups because of the limited amount of titanium available 

through the TiN layer. 

Additional work was performed using the evaporation of metal-organic titanium 

powders. Wu and Yu successfully created TiC>2 nanorod and nanowall structures by 

evaporating titanium acetylacetonate onto non-catalyzed silicon and silica [47]. The 

experiments were performed in a two-zone furnace by evaporating the metal-organic 

powder at 200 °C and carrying the vapors to a high temperature zone at 500-700 °C. The 

resulting nanorod structures lacked a favorable aspect ratio and oddly resembled the 

columnar structure of a sputtered film. Other groups, such as Pradhan et al [48] and 

Plugaru et al [49], had also demonstrated Ti02 nanorod growth by using metal-oxide 

sources, but of lower quality compared to all work presented so far. 

2.4. Dielectrophoresis 

Due to their nanoscale dimensions, nanowires are more efficiently assembled 

using a macroscale technique rather than through their individual manipulation. As 

reviewed by Pohl [6], dielectrophoresis is the manipulation of neutral particles using 

electric field gradients, as opposed to electrophoresis and the manipulation of charged 

particles by any electric field. Applying an electric potential between two co-planar 

electrodes induces attractive forces that can be used to assemble a bridging nanowire. 

Single nanowire assembly is advantageous since it would offer increased sensitivity 
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through one nanowire that would otherwise be decreased with additional assembled 

nano wires. 

Dielectrophoresis is derived from the fundamental dipole force equation by 

expressing the force in terms of an effective dipole moment and a gradient in electric 

field [50]: 

FDEP=Peff-^ - 0 ) 

The effective dipole moment peff can be expressed in different ways depending on the 

geometry of the manipulated object. For example, the classic equation for the 

dielectrophoretic force on a spherical particle is [50]: 

FDEP = 2xe/j^-VE* ...(2) 

£ — £ 

where the factor — —is known as the Clausius-Mossotti factor K [6,50], r is the 
£2 + 2E{ 

radius of the sphere, and ei and 82 are the permittivity of the medium and particle, 

respectively. The equation can be further expanded for greater accuracy at the expense of 

greater computational complexity. For instance, higher-order terms can be included to 

account for highly non-uniform fields due to multipoles and complex geometries [50]. 

Additionally, the effective dipole moment for certain structures differs depending on the 

geometrical approximation used. For example, Boote and Evans used an exact cylindrical 

factor of nr2l for the effective dipole of a gold nanowire [51]. On the other hand, Jones 

reported on the use of prolate ellipsoids for approximating needle-like structures, 
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resulting in higher degrees of accuracy for both higher order differentiation terms and 

alignment towards the field [50]. 

Dielectrophoretic force can be attractive or repulsive depending on whether the 

permittivity of the object or medium is greater or smaller. Conductivity, along with 

frequency, can be considered by absorbing it into a complex term e + ja/co where a is the 

conductivity of the material and co is the radial frequency. Since the dielectrophoretic 

force would only be dependent on the real part of the equation, the Clausius-Mossotti 

factor K can then be expanded into [50]: 

Re[K] = — - + ' 2 2 ' ' — (3) 
£2+2et TMW (a2 + 2<x,) (1 + a2T2

MW ) 

where TMW is the Maxwell-Wagner charge relaxation time constant: 

1MW 0-2+2(7, - " W 

Similarly, attractive or repulsive forces are generated depending on whether the 

conductivity of the object or medium is greater or smaller. The Maxwell-Wagner time 

constant defines the regions at which either conduction or permittivity dominates Re[K]. 

Conduction dominates at frequencies where COTMW « 1» whereas permittivity dominates 

at OOTMW» 1. [50]. 

A common misconception is that these properties are linear with applied 

frequency for any material. This assumed linearity is often not the case, as biological 

materials is one such example of a non-linear material [6,50]. Furthermore, many 

inorganic materials are anisotrophic and have properties dependent on the axis of 

alignment [50]. Another misconception is that dielectrophoresis is solely dependent on 
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field gradients. However, V£2 states that dielectrophoresis is dependent on both field 

strength and gradients. Higher applied voltages lead to higher field magnitudes which 

lead to larger changes in field gradients. 

One phenomenon which occurs at low frequencies is the formation of an ionic 

bilayer caused by the buildup of ions or polar molecules at the electrode surface. This 

layer serves as capacitive impedance against the applied voltage and reduces the effective 

field intensity [6,52-53]. Like a capacitor, the layer can be bypassed by operating at 

frequencies higher than the relaxation time constant of the medium x =e/a [53]. 

2.4.1. Dielectrophoretic Manipulation of a Nanowire 

Using the geometrical approximation of a prolate ellipsoid, the behavior of a 

nanowire with respect to the applied force differs depending on the rotational axis. As 

described by Jones, the relationship is described to be [50]: 

F = 
1 DEP 

2ml f i\ 

\ t ) 

£2 £x 

1 + 
O - , C i 

V " l J 
h 

dE2 

dz 
• ••(5) 

rre ~ \m f i\ 

\LJ 

eEE ( g 2-£ , ) ' 
11 l [ex+{e2-e{)L\e2+ey) 

• ••(6) 

3 3 
where Lp =[\ + -(l-y~2) + -(\-y~2)2 +...]/(3y~2), y = l/2r, I and r are the length and 

radius of the nanowire respectively, and || and _L are the longitudinal and perpendicular 
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axis respectively. As before, all instances of permittivity have both real and complex 

components 8 + jc/co. 

The electrorotation caused by dielectrophoresis is unique for this geometry. 

Similar to how spherical particles undergo positive to negative dielectrophoretic force 

with increasing frequency, the nanowire will experience positive force on each of its axes 

before moving into the negative regime. 

Numerical studies had also shown that the nanowire length must match the size of 

the gap between two electrodes in order to assemble correctly. According to Liu et al, the 

assembly gap must be between 85% to 100% of the nanowire's length [53]. This size 

specificity can also be used for other applications such as filtering of bacteria [54]. 

Dielectrophoresis had been used to assemble conductive particles across two 

electrodes. Chains of gold nanoparticles and nanorods were successfully assembled to 

create an electrical connection between two electrodes [55-56]. Boote and Evans 

produced a well-rounded work on the assembly parameters of gold nanowires [51]. Fan et 

al investigated the efficiencies of gold nanowire assembly and established a direct 

relationship between voltage and frequency to assembly speed and alignment [57]. 

Additional work was conducted by Hamers et al to investigate the electrical 

characteristics of gold nanowire assembly inside an ionic medium [58] Multiple groups 

corroborated the positive relationship between frequency and alignment through the 

bypass of the capacitive ionic bilayer [47,58-61,65]. Smith et al also accomplished major 

work in this field by developing capacitively coupled arrays for the assembly of gold 

nanowires [61]. The assembly of zinc oxide, silicon, and gallium nitride nanostructures 

have all been successfully demonstrated [58,62-66]. Additionally, dielectrophoresis was 
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shown to be compatible with VLSI processes, opening up a new avenue of circuit 

integration [28]. Extensive work was also done to investigate dielectrophoretic assembly 

of carbon nanotubes in both numerical and experimental studies [67-70]. However, a 

reoccurring problem with all dielectrophoretic assembly processes is the local heating of 

the nanowire since their maximum current tolerance is very low [51,62]. 

A nanowire gas sensor requires the assembly of a single nanowire between two 

electrodes. Single nanowire assembly can achieved through conductive nanowires by 

causing the voltage between the electrodes to drop drastically after assembly. The drop in 

voltage causes the electric field to drop as well, hence decreasing the dielectrophoretic 

force and terminating the process. However, the assembly of a non-conductive nanowire 

would not be self terminating and would lead to the assembly of additional nanowires. 

While human interaction can stop the assembly from progressing any further, the ideal 

process should be fully automated without external intervention. 
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3 Synthesis and Characterization 
of Ti02/TiOx Nanowires 

3.1. Experimental Goals 

A suitable synthesis technique for T1O2 nanowires must be developed beforehand 

in order to move towards a nanowire gas sensing platform. The synthesis of Ti02/TiOx 

nanowires through PVD VLS methods remains relatively uncommon as the processes 

still remain unclear. The use of a thin oxide layer instead of a titanium support layer as 

previously reported is the major innovation of these experiments. The growth mechanism 

can thus be isolated towards VLS rather than the VS mechanism. Using an oxide layer 

has other less obvious advantages such as reducing costs and processing time. 
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3.2. Experimental Design 

The experiments were carried out using a 10cm diameter quartz tube inside a 

Lindberg Blue/M STF55346C 3-Zone RF furnace capable of reaching a maximum 

temperature of 1100 °C. The inert environment was created through the influx of Ar or a 

5% Ar/C>2 gas mixture. The gas flow was fed into the system through approximately 3 m 

of 0.25" carbon steel tubing. The cylinder regulator used was a Praxair 109 Regulator and 

the flow rate was controlled near the furnace with a Praxair 65 mm variable area (series 

65) flowmeter. Successful experiments were performed with a flow rate of 100 seem or 

lower at pressures of 5 psi or lower. 

A titanium source of 100 mesh powder was chosen to be the evaporation source to 

supply the metallic vapors. Approximately 1.5 g of titanium powder was placed in a 

ceramic boat at the center T2 of the furnace (Fig. 3). 

i , . ' • •• • • - ' • ; , ; I Ar or Ar/02 

Figure 3: A general diagram of the experimental setup. 

A quartz tube is inserted into the three-zone RF furnace, into which Ar or Ar/02 is flowed. The 
sample and source boat are placed in the middle T2 temperature zone. 

Silicon substrates thinly-oxidized to 65-120 nm were used successful 

experiments. Gold was used as the catalyst of choice in order to provide a good basis of 

comparison towards existing work and because of its binary phase interactions with 
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titanium [44]. A custom sputter recipe with a forward power of 25 W and high spin speed 

for 20-40 seconds was used to deposit ultra-thin layers of gold. 

The effect of surface roughness was also investigated using surface abrasion. The 

first sample was gently abraded using the application of grit zero SiC sandpaper. The 

second sample was lightly scratched using a diamond-tip scribing pen. The last sample 

was left untouched. All wafers were then oxidized after their surface abrasion treatments. 

The sample and source boat were initially loaded into the center of the tube 

furnace. The tube was then sealed and purged with >250 seem of Ar for 5 min before 

reducing the flow rate to less than 100 seem. Temperature was ramped up to the reacting 

temperature in 2.5-3 h under an inert environment to prevent premature oxidation of the 

source material. The temperature was then was held for an hour under an Ar/02 

environment. Afterwards, the temperature was ramped down for 2.5-3 h under Ar until 

room temperature was reached. 

Scanning Electron Microscopy (SEM) was used after the growth process to 

confirm nanowire synthesis. X-Ray Diffraction (XRD) determined the lattice structure of 

the material. X-ray Photoelectron Spectroscopy (XPS) further confirmed the presence of 

titanium, while Auger Electron Spectroscopy (AES) provided surface information of the 

nanowires. Transmission Electron Microscopy (TEM) provided higher resolution images 

and electron diffraction to confirm the lattice structure of the nanowires. 
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3.2. Experimental Results 

3.2.1. Initial Optimization of Nanowire Growth Parameters 

Several experiments were performed to optimize nanowire synthesis and were 

found to be contingent on temperature, flow rate, and substrate placement. 

Temperature directly affected the titanium vapor pressure within the system and 

facilitated the melting of gold. The vapor pressure of titanium was only significant at 

temperatures above 927 °C at around 9.69xl0"9 Pa [71]. At 1100 °C, the titanium vapor 

pressure was [72]: 

log P/Pa = 5.006 + A + BT l + ClogT 

A = 11.925, B = -24991, C = -1.3376 ...(7) 

P = 3.42x10"6Pa 

This partial pressure was small compared to the background Ar pressure of 5 psi or 34 

kPa, leading to significant scattering or dilution of the source vapors. 

The required Au-Ti binary compound only formed at 1064 °C when gold 

transitioned into a liquid phase [44,73]. However, a reduction in particle size could 

significantly reduce its melting point. For example, a diameter of 2.5 nm could reduce the 

melt of the gold nanoparticle to less than 50% of its bulk value [36]. While previous 

experiments demonstrated that gold did form their own individual nanoparticles at 

moderate temperatures, SEM images indicated that they did not melt into liquid gold 

droplets. Instead, they formed tetrahedronal/trianglar shapes possibly due to their 

relatively large size and thermodynamic forces [74-75]. Therefore, the reaction 

temperature was required to be at the melting point or higher to facilitate liquid gold 

droplet formation. 
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The flow rate of Ar/Ch was kept at 100 seem and lower to provide sufficient O2 

for titanium oxidation but not high enough to carry the source vapors away from the 

substrate. High flow rates were found to greatly suppress nanowire growth. 

The sample was placed on top of the crucible in an inverted position similar to 

experiments performed by Lee et al and Zhang et al [12,46]. Similar to a covered pot, the 

local vapor pressure of titanium underneath the sample increased as the vapors had 

limited room to escape. 

The recipe was successful on a mechanical grade Si (111) wafer with 120 nm 

layer of oxide. A grayish-white patch of approximately 3-4 cm in size was formed on top 

of the sample. The SEM images (Fig. 4) show large masses of nanowires approximately 

80-100 nm in diameter. Nanowire density was so high that it was difficult to provide an 

accurate numerical assessment. No nanowires were grown on areas of exposed silicon 

and heavily decomposed oxide, confirming that the oxide support layer was suitable for 

nanowire growth. 

Figure 4: Successful nanowire growth using a mechanical grade wafer 

From left to right: SEM images with increasing zoom on areas of nanowire growth. The nanowires 
are shown to be densely packed. Last scan c) indicates that the nanowire diameter is around 80-
100 nm. 
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The nanowire's structure was revealed to be non-rutile TiO through XRD analysis 

(Fig. 5). Obtaining a relatively clear signal required a long scan time since the interaction 

volume of the XRD scan was large compared to the surface coverage of the nanowires. 
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Figure 5: XRD Scan of mechanical grade wafer experiment 

XRD scan of mechanical grade wafer experiment. TiO peaks were found as denoted by the red markers. 
No gold signal was found within the sample. Blue markers indicate the reference gold peaks. 

Negative control experiments were performed on gold-deposited thickly oxidized 

samples to test for oxide dependence, and evaporated sapphire on silicon to test for the 

possible spontaneous VS formation of Ti02 nanowires. No TiO nanowires were found, 

hence confirming the viability of the nanowire synthesis process. 
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3.2.2. Refinement Towards Rutile and Further Characterization 

While the previous generation of nanowire synthesis was successful, defects and 

impurities cannot be easily controlled in a lower quality mechanical grade wafer. The 

recipe must move towards compatibility with a standard prime grade 110-orientation 

wafer to control for these factors. Furthermore, progression must be made towards rutile 

Ti02 nanowires instead of the previously synthesized TiO since rutile structures required 

for gas sensing applications. 

A prime grade wafer with 120 nm of oxide was used. The gold deposition was 

increased to 40 s to obtain a slightly thicker layer. Parameters for the rest of the 

experiment were left unchanged. The result was a mass of nanowires branching out in 

orthogonal lines approximately 2-3 nm thick across the substrate. The nanowires 

produced were of similar dimensions to the mechanical grade sample. However, the 

density was decreased as evidenced by the SEM images (Fig. 6). 

Figure 6: Successful nanowire growth using prime grade wafer. 

a) A zoomed out view of the nanowire mass, b) Zoomed in image of nanowires. The nanowire patches 
are noticeably less dense as compared to previous experiments. Additionally, nuclei are clearly visible. 

Negative control experiments, performed on gold-deposited non-oxidized silicon 

and thin oxide without any gold, produced no nanowires. 
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Further XRD analysis (Fig. 8) revealed the synthesis of rutile T1O2 nanowires as 

opposed to the TiO nanowires previously obtained. Little to no change was made to the 

process parameters aside from the increased gold deposition and wafer quality, both of 

which should have no effect on oxygen content. The difference in oxygen content could 

therefore be due to a slight error in adjusting the flow rate and/or the gas pressure from 

the regulator. A glancing angle XRD scan helped confirm the weak rutile signals of the 

extended scan by producing significantly larger peaks. The resultant peaks were slightly 

shifted as expected but still correlated well with the reference rutile peaks. 
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Figure 7: XRD scan of prime grade wafer experiment 

The XRD scan reveals rutile Ti0 2 and gold on the surface of the sample. Glancing angle scans, denoted by 
the black scan line, reveal additional rutile peaks to confirm its presence. 
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Elemental composition analysis was characterized by XPS and AES to further 

confirm the presence of titanium (Fig. 9). A weak titanium signal was revealed by XPS at 

approximately 462 eV despite good nanowire surface coverage. Similar titanium signals 

were found through AES by performing spot scans on the surface of the nanowire. 

Interestingly, AES also revealed the presence of a strong amorphous non-stoichiometric 

silicon oxide signal on the nanowire surface. Since AES is a surface characterization tool, 

a layer of amorphous silicon oxide was thought to be on the surface of the nanowire. This 

hypothesis corresponds well to the previous XRD data as an amorphous layer would not 

influence the data. 
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Figure 8: Surface characterization of prime grade wafer experiment 

a,b) XPS data confirming the presence of titanium at 462 eV. c) AES data showing predominantly 
non-stoichiometric SixOy on nanowire structures. A weak titanium signal is also found from the 
nanowires. 
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3.2.3. Improvement of Yield 

Despite the relatively high yield, the amount of nanowires was still too small 

compared to the XRD interaction volume in order to generate a clear signal. Further 

characterization through TEM and any future sensor integration steps would be hindered 

as well, since small amounts of solution would rapidly dilute the dispersed nanowires. 

Therefore, the growth process must be optimized for high yields to allow for better 

characterization. Several experiments were performed to focus on the effect of oxide 

thickness, surface abrasion, and gas pressure on yield. 

Oxide thickness: Two samples were prepared with oxide thicknesses of 200 nm and 65 

nm respectively. The 200 nm oxide sample (Fig. 9a), using a slightly longer 60 second 

gold deposition time, did not produce any significant amount of nanowires. However, a 

possible VS growth pathway was demonstrated as scattered areas did exhibit hillocked 

growth of nanowires. The 65nm oxide sample, performed at 1.5-2.5 psi as reflected later, 

showed a dramatic increase in nanowire growth as the nanowire coverage extended along 

the entire titanium vapor-exposed surface. 
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Figure 9: Effect of oxide thickness 

a) 200 nm oxide sample exhibiting hillocked growth of nanowires. b) 65 nm oxide showing dramatic 
increase in nanowire coverage. 

Surface Abrasion: No variance in nanowire growth could be observed with different 

surface abrasion treatments and identical oxide thicknesses of approximately 65 nm, 

especially between sandpapered and prime wafer samples of near-identical oxide 

thicknesses (Fig. 10). In fact, VLS nanowire growth seemed to ignore surface abrasion 

altogether as evidenced by nanowires growing over a mechanical scratch. The lack of 

effect could be due to the high reaction that dominates any benefit surface abrasion could 

have offered. Another possibility is that the surface was smoothed by the oxidation 

process and limited the effects of surface abrasion. 

Figure 10: Effect of surface roughness with a 65 nm oxide layer 

Left to right: Prime wafer to sandpaper treatment to mechanical scratching. All three wafers seem to 
show no substantial difference in growth density, c) Nanowires grow over a trench, as indicated by the 
dashed line. 
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Gas Pressure: Pressures were adjusted from the regulator to 10, 7, 3.5, and ~2.5-l .5 psi in 

separate experiments. The images indicated that higher pressures tended to produce more 

chaotic nanostructures. At 10 psi, protrusions grew from the nanowire surface, indicating 

that a high number of defects may have existed on the surface. At 7 psi, the nanowires 

were visibly jagged. Decreasing pressures correlated with higher orders of quality, with 

pressures of 3.5 psi and lower having no significant difference. Furthermore, XRD scans 

and TEM electron diffraction analysis done on the 2.5 psi sample indicated that the 

oxygen content was dramatically lowered and reverted back to the TiO lattice structure of 

previous recipes (Fig. 12 and 13). The two rings (Fig. 13) corresponded to the (111) and 

(311) faces of TiO instead of the expected (111) and (200) faces as indicated by the XRD 

scan. However, since the XRD (200) face is quite small, it is possible that a peak 

corresponding to the (311) phase exists at much higher angles. Additionally, the ring-like 

diffraction pattern indicated a poly-crystalline rather than a single crystal structure. 
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Figure 11: Effect of influx pressure 

From top left to bottom right: a) lOpsi, b) 7psi, c) 3.5psi, and d) 2.5-1.5psi. At high pressure (a-b), the 
nanowire structures are shown to be highly irregular and jagged. Nanowires grown at 3.5 psi and lower 
(c-d) exhibit relatively improved straightness and quality. 
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Figure 12: XRD scan of 65nm oxide sample 

XRD scan shows two peaks corresponding with TiO and one peak corresponding to gold. 

50 

Figure 13: TEM image and electron diffraction analysis 

a) Inner TiO core surrounded by amorphous SixOy shell, b) Two polycrystalline rings corresponding to the 
(lll)and(311)facesofTiO. 
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For completeness, Scanning Transmission Electron Microscopy (STEM) images were 

taken and gave direct evidence of VLS nanowire growth. The images (Fig. 15) revealed a 

circle of a different contrast within the nanowire's nucleus, which indicated that the 

spherical particle within was gold. 

Figure 14: STEM images of nanowire and nucleus 

a) STEM image of nanowire growth with a dark circle inside the nucleus, which indicates a gold 
nanoparticle. b) SEM image of the same nanowire and nucleus. 

3.3. Discussion of Results 

The previous results and negative controls demonstrated that the VLS growth 

mechanism is responsible for TiCVTiOx nanowire synthesis in this setup. However, the 

role of the thin oxide is still unclear as its effect seems to be thickness dependent. Studies 

had shown that thin silicon oxide layers will decompose at high temperatures in an inert 

or vacuum environment by undergoing the following reaction [37-38,76-78]: 

Si(s)+Si02(s)-^L^2SiO(g) ...(8) 

The breakdown of thinner oxides near the growth sites (Fig. 15) suggests that some kind 

of decomposition effect aids the growth of nanowires. The hypothesis is that the 

decomposition of Si and Si02 releases SiO, which redeposits onto the oxide layer and 
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results in the creation of a vitreous metastable layer of amorphous oxide [38]. Gold is 

then more readily able to coalesce on top of this metastable layer, which aids in the 

growth of a nanowire. Since this reaction is an interfacial reaction, a thicker oxide would 

prevent its upward diffusion while a thinner layer would allow the SiO species to diffuse 

through [37]. While this process can result in amorphous SixOy nanowires, a thin oxide 

layer may be enough to suppress their growth while simultaneously allowing for the 

formation of the metastable layer. Further evidence for the presence of SiO can be found 

with the amorphous SixOy sheath, as any excess SiO would crystallize on the nanowire. 

Figure 15: Decomposition of thin oxides 

Nanowires are shown to grow on the darkened partially decomposed oxide area, whereas it does not 
grow on the heavily decomposed oxide surface to the right. 
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Figure 16: Illustration of the proposed growth process. 

Gold film initially undergoes island formation and forms individual solid particles. The thin layer of 
oxide reacts with Si in high temperature inert environment, and decomposes into vitreous metastable 
layer. Subsequently, the gold particles melt into liquid droplets and coalesces on top of the SixOy layer. 
Nanowire formation results from these liquid droplets, which are then covered by SixOy due to any 
excess SiO in the system. 

Some degree of composition did occur with thicker oxides as evidenced by dark 

circular patterns on the surface (Fig. 16a). High quality crystalline nanowire growth did 

occur in these spots (Fig 16c), but was rare and cannot be consistently produced. 

Additionally, these nanostructures seemed to show a higher degree of crystallinity 

compared to previous samples, but their composition could not be determined as their 

quantity is too small. Despite the low yield, the oxide layer was still highly active and 

demonstrated that nanowire growth continued to be possible even with increasing oxide 

thickness. 

Figure 17: Decomposition of thick oxides 

From left to right: Decompositional effect of thicker oxide layers. Some type of nanowire structure is 
present, but their growth is limited. 
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3.4. Summary 

Two distinct types of titanium-based nanowires with amorphous SixOy sheaths were 

synthesized on a thin layer of oxide through the VLS growth mechanism. Control 

between TiC^ and TiO formation was done by controlling the influx pressure of Ar/02. 

Elemental compositional analysis was performed through XPS and AES and the crystal 

structure was confirmed through XRD and TEM. A direct relationship between oxide 

thickness and nanowire growth was found, as a thinner layer seemed to mediate nanowire 

growth by forming a metastable layer of oxide. Surface abrasion had no effect on 

nanowire growth, either due to the high temperature process or a smoothening effect due 

to the thermal oxide growth step. 
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4 Dielectrophoretic Assembly of 
Nanowires 

4.1. Experimental Goals 

Dielectrophoresis offers the ability to assemble multiple nanowires over many 

electrodes rapidly and efficiently. Furthermore, dielectrophoresis enables top-down 

design approaches by assembling nanowires over existing electrodes rather fabricating 

electrodes on top of individual nanowires. A single nanowire is favorable for nanowire 

gas sensors as multiple resistive elements in either parallel or series would decrease the 

overall sensitivity of the device. This chapter will focus on the experimental setup and 

design of the dielectrophoretic process. Following that will be an exploration of optimal 

parameters in the assembly of different nanowire materials. 
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4.2. Types of Nanowires 

Attempts at dielectrophoretic assembly of other nanowire materials concurrently occurred 

with TiCVTiOx nanowire synthesis to provide a basis for their future assembly. The 

nanowires thus attempted were gold and zinc oxide (ZnO) nanowires. 

Gold nanowires synthesized by templated electroplating were provided by Brian 

Edwards of University of Pennsylvania using a process first developed by the Moskovits, 

Martin, and Mallouk groups [79-81]. The nanowires were suspended in DI water and had 

to be diluted before use. They were found to be approximately 4-6 urn in length and 200 

nm in diameter (Fig. 17). Many nanowires showed rough edges and branching along the 

ends, but ultimately did not interfere with the dielectrophoretic process. 

Figure 18: Gold nanowires synthesized through template electroplating 

The gold nanowires supposed by University of Pennsylvania were shown to have a diameter of 
approximately 200 nm and a length of 4-6 u.m. Rough edges can be seen on the edges of the 
nanowires. 

The ZnO nanowires were provided by Dr. Jyh-Ming Ting of the National Cheng 

Kung University of Taiwan [82]. These single crystal nanowires were grown by a RF 

sputtering process and were observed to be approximately 200 nm in diameter with most 

lengths restricted to 2-4 um (Fig. 18). The nanowires were initially suspended in ethanol 

and had to be transferred to DI water before use. Additionally, many of the zinc oxide 

39 



nanowires tended to aggregate (Fig. 18b). Whether this was due to the existence of a 

polar face on the nanowire or the growth methods was unknown. In any case, nanowire 

aggregatation was solved by placing the solution into a sonication bath prior to nanowire 

assembly. 

Figure 19: ZnO oxide nanowires synthesized by PVD methods 

ZnO nanowires provided by Dr. Jyh-Ming Ting of the National Cheng Kung University of Taiwan. 
Thicknesses were again approximately 200 nm in diameter with a variety of lengths, mostly in the 2 |im 
range. The nanowires tended to clump up with each other, as seen on the right. 

4.3. Experimental Design 

The experiment was performed by adding a drop of sonication-dispersed 

nanowire-suspended DI water solution on top of an electrode array. Voltages ranging 

from 10-35 Vpp were applied through the electrodes for about a minute or until visual 

confirmation of nanowire assembly is found. The solution and voltage were then removed 

and optically inspected for confirmation of assembly (Fig. 19). 
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Figure 20: Dielectrophoretic assembly process 

A drop of nanowire solution is placed on top of the electrode array, shown in yellow. Probers are used 
to make electrical contact with the electrodes, through which voltage is applied. 

The experiments were conducted at two separate facilities. The first iteration of the work 

was performed inside the 10k area of the University of Alberta Nanofabrication facility 

(Nanofab), while the second took place inside the 10k area at the National Institute of 

Nanotechnology (NINT). The 10k area of the Nanofab was equipped with a Wentworth 

Probe Station with four manual probers. A BK Precision 4017A function generator was 

used to provide the necessary voltage and frequencies. The 10k area of NINT was 

equipped with an Ultracision Inc 680E Semi-Automatic wafer prober. A Leica GZ7 

stereoscope and four manual probers were attached. Voltages and frequencies were 

supplied from a HP 3245a Universal Source equipped with a lOx voltage booster current 

limited to 100 mA. 

Various electrode designs were used in the course of these experiments. Each 

experimental section will highlight and discuss the electrode design(s) used. 
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4.4.1. Iteration 1: Nanowire Assembly Under Vibrational Environments 

The first round of experiments focused on developing an overall theory and 

technique in the design and construction of the assembly electrodes. Based off previous 

work at Virginia Tech [28], the design provided a pair of thin finger-like electrodes for a 

nanowire to assemble between, and capacitive coupling between multiple electrodes to 

actuate them all simultaneously. 

A three mask-layer approach was used to create a buried electrode layer, a 

dielectric layer, and a top electrode layer. The top and buried electrodes through the 

dielectric layer formed a capacitive link which passes the voltage to the top electrodes 

(Fig. 20). A capping layer to clamp down the nanowires after assembly would be ideal, 

but limitations such as keeping the nanowire in place during processing made it 

unfeasible. 

The first and third electrode layers were composed of sputtered gold on top of 

Si02 and a chrome adhesion layer (Fig. 20b,f). The metallic layers were patterned, 

exposed, and developed using HPR 504 photoresist, four seconds of UV light, and 

aqueous 354 developer. KI/I gold etch and commercial chrome etch were used to remove 

the exposed metallic layer and define the electrodes (Fig. 20c,g). The buried electrode 

layer was approximately 250 nm thick while the top electrode layer was about 90 nm. 

The insulating dielectric layer was grown using plasma-enhanced chemical vapor 

deposition (PECVD) of a tri-ethyl oxy-silane precursor grown to approximately 250nm as 

verified by optical filmetric measurements (Fig. 20d). The VIA holes were defined with 

the above method, and etched with Buffered Oxide Etch (BOE) (Fig. 20e). 
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Figure 21: Process flow for the creation of dielectrophoretic assembly finger electrodes with 
capacitve coupling (Mask design 1) 

A simplified process flow is described through these images. First, a bare wafer is oxidized (a), on top 
of which gold is deposited (b). The gold layer is then patterned and etched away (c-d) and covered with 
an insulating layer of PECVD oxide. The oxide is etched through and deposited again with gold to form 
VIAs to the bottom layer (e-f). The gold layer is patterened and etched again to form the finger 
electrodes on top (g). A short top-down view of the process is shown on the bottom set of images, 
showing one set of finger electrodes. 

The assembly of gold nanowires was attempted by using a 1 mL drop of 

nanowire-suspended DI water solution and the application of 10 Vpp and 1 MHz. The 

assembly process occasionally worked and resulted in nanowires bridging the electrodes. 

However, most cases resulted in zero movement of the nanowires. Moreover, the 

nanowires would float away after assembly once the voltage was removed. 

A lack of voltage through the coupling of several electrodes was suspected so a 

negative control was conducted by creating single sets of electrodes without capacitive 

coupling (Fig. 21a). As expected, nanowire assembly was successful with the identical 

application of 10 Vpp and 1 MHz. However, the nanowire and electrode melted after 

assembly (Fig. 21b), possibly due to exceeding the maximum current capacity of the 
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nanowire. A secondary negative control was performed with DI water to confirm the 

destruction was due to nanowire assembly (Fig. 21c). 

a) 

b) c) 

Figure 22: Single electrode pads with finger electrodes (Mask design 2) 

a) The second mask design provided several electrode pads and finger electrodes without capacitive 
coupling. Optical images of: b) nanowire and electrode destruction after assembly, and c) no electrode 
damage with DI water as a negative control. 

The first mask design experienced many process difficulties, such as alignment 

run-off due to surface stress and sensitivity to surface contamination during the PECVD 

process. A third single-layer process was made to overcome these obstacles (Fig. 22). 

The design offered large features enabling ease of use and processing, and pads allowing 

direct and capacitively-coupled assembly. Additionally, the design allowed the actuation 

of a single electrode with a capacitive link to block high amounts of current, which was 

not possible with the previous design. 
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Figure 23: Single layer assembly electrodes (Mask design 3) 

This versatile mask allowed a variety of parameters to be tested. Assembly pads on each side of the 
finger electrodes allow direct actuation to be tested. Comb tooth capacitors on both sides serves as 
current blocks and only needs one manual prober to be moved between each successive assembly. Inlet 
shows triangular pads tapering off into a set of finger electrodes. 

Using this new mask, assembly was possible with the actuation of a single 

electrode with a capacitive gap using 10 Vpp and 1 MHz. However, the nanowire still did 

not stay assembled and floated away soon after the voltage was removed (Fig. 23). 

Sequential images with no voltage applied were taken and found substantial movement of 

nanowires under solution (Fig. 24). Mechanical vibrations were suspected to be the cause 

as the Nanofab 10k area contained several sources of vibrational noise. 
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Figure 24: Nanowire assembly with third mask 

a) Nanowire assembly was successful with the third mask, b) Nanowire dissembles from the 
electrode after removal of voltage. 

Figure 25: Vibrational effects on a gold nanowire solution 

Consecutive optical images taken of the assembly electrodes with no voltage applied. Circles highlight 
the most visible nanowire movement. 

4.4.2. Iteration 2: Nanowire Assembly Under Quiet Environments 

A drastic measure was taken to mitigate vibrational noise by moving the entire 

process to the NINT 10k area. The HP 3245a universal source was used to supply higher 

voltages. A slight tweak to the assembly process was also made by using a cleanroom 

wipe to absorb the nanowire droplet after assembly had been completed. 

Nanowire assembly was successful with the consistent assembly of nanowires 

across electrodes and remained in place after the removal of the solution and voltage. 
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Surprisingly, single nanowire assembly was successful under lower voltages and 

frequencies rather than higher ones. At one extreme, 35 Vpp and 1 MHz resulted in 

multiple nanowires disorderedly assembled across a gap (Fig. 25). Conversely, highly 

aligned single nanowire assembly was achieved at 15-25 Vpp and 250 kHz (Fig. 26a,b). 

The assembly process seemed to be more ordered with decreased dielectrophoretic force 

and resulted in fewer assembled nanowires over a single site. However, there was a 

threshold for viable assembly as no nanowire assembly was seen below 15 Vpp. This 

difference in voltage compared to the Nanofab setup was likely due to different 

impedance matching between both probe stations and source generators. 

Figure 26: Assembly of nanowires at 35 Vpp and 1 MHz 

Nanowire assembly is successful for these parameters, but the result is disordered with more than one 
nanowire bridging the electrode gap. 

Optical confirmation of nanowire assembly was verified by SEM images (Fig. 

26c,d). Partial assembly of nanowires was also found, resulting in a small gap between 

the assembly electrode and the nanowire. This observation agrees with studies, as 

nanowires would favorably assemble if the nanowire and electrode gap sizes are 

comparable to each other [53]. 
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Figure 27: Single nanowire assembly of gold nanowires 

Single gold nanowires are assembled over electrode gaps. a,c) 15 Vpp and 250 kHz. b,d) 25 Vpp and 
250 kHz. 

4.4.3. Iteration 3: Assembly of ZnO Nanowires 

A fourth mask design was created to facilitate the assembly of the ZnO 

nanowires. The electrode gaps were made smaller as were the electrode widths. Fifteen 

assembly sites in total were made compared to the previous five. Capacitive coupling was 

also possible from both sides of the electrodes. However, process difficulties with 

lithography and UV over-exposure of photoresist (Fig. 27) pushed the assembly process 

back to the third design. 
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Figure 28: Overview of second-generation 
single layer assembly electrodes (Mask 
Design 4) 

Long electrode lines extended from the contact 
pads, which were coupled together through 
another electrode gap. However, process 
difficulties concerning exposure and lithography 
made this design untenable for long-term use. 

The assembly of ZnO nanowires was met with some potential challenges. The 

semiconductive nature of ZnO nanowires would make a self-terminating process 

impossible. Additionally, the ZnO nanowires were initially suspended in methanol 

instead of DI water and did not remain as a droplet when applied to an oxide or nitride 

surface. Replacing methanol with DI water resulted in the formation of nanowire clumps 

and required significant amounts of sonication over gold nanowires. The dispersion lasted 

only for a short period of time and led to an overly time-consuming process. 

Nanowire assembly was obtained at 25-35 Vpp and 100-250 kHz, but as expected, 

multiple nanowires bridged the electrode gaps instead of single nanowires (Fig. 28). 

Leaving the voltage on was not a viable option as the dielectrophoretic force combined 
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with eddy effects would draw excessive numbers of nanowires to the site. Leaving the 

voltage off would result in the detachment of the nanowire from the electrode surface 

when the drop meniscus passed over the nanowire during the droplet removal. Moreover, 

near-identical parameters did not show consistent results with consecutive experiments as 

spontaneous clumping made single nanowires unavailable. 

Figure 29: Dielectrophoretic assembly of ZnO nanowires 

From left to right: a,d) 35 Vpp 100 kHz, b,e) 35 Vpp 250 kHz, c,f) 25 Vpp 250 kHz. Optical images 
reveal several nanowires assembled across each gap, confirmed by SEM images. Strangely, while 
the last set showed something in the optical image, nothing was revealed under SEM. Some 
nanowires seem to be missing from the SEM images as well. 

Strangely, the pull-off speed for the solution droplet was slower for this round of 

experiments than previously done and often left a thin film of solution on the surface. 

While it was initially theorized to be due to trace amounts of methanol, later DI water-

only nanowire solutions did not see an improvement. Switching the base layer from oxide 

to nitride had no significant effect. The only probable cause left was that the cleanroom 

wipes used in the initial round of experiments were different than the later ones, which 

would account for the difference in absorbancy rates. 
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4.5. Discussion of Results 

While literature had stated that higher voltages and frequencies generally aid the 

assembly process for both conductive and non-conductive nanowires [52,57,60-61,65], it 

had not been the case for our current experiments. Contrary to expectations, a lower 

dielectrophoretic force for both nanowire materials helped the assembly process. The 

proposed hypothesis suggested that smaller forces allowed for a less chaotic assembly 

process and thus allowed for the assembly of a single nanowire. While lower voltages did 

guarantee lower DEP forces, the effect of frequency remained unclear. From a qualitative 

point of view, decreased frequency should generate a higher dielectrophoretic force. On 

the other hand, increased frequency should also produce better alignment regardless of 

conductivity of the nanowire, as already stated. None of these effects were observed over 

the course of experimentation. Therefore, a formal numerical analysis needs to be 

performed to further explore the effect of frequency. 

Other frequency-related issues still remain, such as the relationship between high 

frequency operation and local heating effects. Previous work had stated that higher 

frequencies correlate to a decrease in local heating effects [51,62]. However, the 

application of a 10 Vpp and 1 MHz signal still caused the nanowire to melt. A theoretical 

analysis must be performed to explain this discrepancy. 
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4.5.1. Dielectrophoresis and Electrorotation 

Alignment forces can be quantified by examining the electrorotational equations 

due to dielectrophoretic force. The earlier equation (Equation 6) for the prolate ellipsoid 

can be further generalized as [50]: 

2 fl^ 
{Te)a=^7rUYe^Lr-h)^KPKy'\ -(9) 3 v2y 

In this equation, (3 and y represent the different axes of the nanowire with respect to the 

rotational field axis a. The equation can be simplified by assigning the nanowire's axis a 

to be on the same axis as the external electric field, hence turning (3 and y into 

perpendicular and parallel components. The frequency contributions can now be 

evaluated by examining the Kp and KT components [50]: 

K»Siel+
eC-'e,)h\ •••(10, 

Each of the permittivity terms can be expanded to include the complex conductivity 

components. A TMW term similar to earlier approximations can then be extracted out of 

this equation: 

(1-Lgk+L.e. 
T ^ = ( l - L > 1 + V 7 2 - ( U ) 

The significance of the TMW term here is that it defines the torque roll-off 

frequencies and hence the points where the nanowire begins to align itself to the other 

axis [50]. For instance, the nanowire would rotate from a parallel orientation to align 

itself perpendicularly to the field at TMW,|| as the torque rolled off, while the nanowire 

would again align itself to be parallel atTMW ± . 
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By doing some simple calculations, si and CTI being 78.36E0 and 0.0550 u.S/cm for 

DI water, and £2 and 02 being £0 and 45.45x106 S/m for gold [83-85], the result is xMw = 

1.546xl0~17 s for the perpendicular case and corresponds to a frequency of 6.469xl016 Hz. 

A similar calculation can be made for the parallel case, leading to TMW,|| = 2.27xl0"15 s or 

4.403x1014 Hz. While these calculations are for the general case where the DI water 

medium is completely pure, adding even a small conductivity component does not matter 

in this case as the term in dominated by the response time of the conductive nanowire. 

The implication of these numbers is that the experimental frequencies for the gold 

nanowire assembly were nowhere near these limits. Furthermore, operation at MHz and 

lower frequencies forces the system to behave in the low-frequency regime dominated by 

the conductivity of the medium and the nanowire. No significant change from 100 kHz to 

1 MHz can be observed since COTMW remains very small. This numerical analysis agrees 

with the assembly efficiency analysis done by Fan et al, where there was little difference 

between the two frequencies [57]. 

The analysis is slightly convoluted for ZnO. The first turnover frequency from 

parallel to perpendicular is approximately 9.688 kHz using the worst case scenario of 10 

H/crn as the resistivity [86]. The next turnover frequency is substantially higher at 1.937 

MHz. The ZnO must therefore be significantly doped since aligned assembly of multiple 

nanowires was observed in the 100 kHz range. The lack of frequency dependence also 

agrees with the gold nanowire model described above, suggesting that the assembly 

process is again held in the low-frequency regime. 

The conclusion is that the nanowires experienced little to no effect due to the 

frequency range used during the course of experimentation. No significant benefit 
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towards nanowire alignment can be found within the frequency range of 100 kHz to 1 

MHz. The process is instead dominated by the amount of voltage applied. Therefore, 

lowering the voltage would be the only feasible method in generating lower 

dielectrophoretic force. 

4.5.2. Other Frequency Response Issues 

The discrepancy between the results and literature with respect to heating issues 

can be explained through the formation of interfacial capacitance layers between the 

medium and electrode. An ionic double layer forms whenever a voltage is applied to an 

electrode and creates a virtual capacitance layer [52-53]. At low frequencies, this layer is 

insulative and prevents current from escaping the electrode. At higher frequencies, this 

layer can be a conductive path due to its capacitive nature. An increase in solution 

conductivity also makes this path more favorable for electric current [58]. Hamers et al 

had stated that this alternate conduction path can be as much as lOOOx larger than the 

nano-ampere level current passing through the nanowire [58]. In other words, most of the 

current is passed through the nanowire at low frequencies whereas most of the current is 

passed through the solution at higher frequencies. 

The benefits of higher frequencies cannot be seen in our own experiments because 

of the use of non-conductive DI water. The current held by the sink is determined by the 

solution's ionic content [58], thus making DI water a non-favorable conduction path. The 

use of methanol by Boote and Evans may have been conductive enough to sink enough 

current for their application of 2-3.5 Vpp and 150 kHz [51]. In our case, the use of DI 
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water was not enough to protect against 10 Vpp and 1 MHz. Therefore, a capacitive block 

is needed to prevent the draw of excess amounts of current into the nanowire. 

4.5. Summary 

Assembly of individual gold nanowires was successful with the application of 15-

25 Vpp and 250 kHz. Supporting factors such as the mitigation of vibrational noise and 

improved electrode design contributed immensely to this achievement. Additionally, a 

smaller dielectrophoretic force was found to be favorable in the assembly of a single 

nanowire. The assembly results were confirmed through optical and SEM images. 

Assembly of ZnO nanowires were also attempted with partial success as multiple 

nanowires were assembled across the two electrodes. Improvements for future processes 

still need to be made, such as improving the consistency of ZnO assembly. 

An analytical investigation into the effect of frequency was conducted and found 

that the experimental frequencies used had no significant effect on nanowire assembly. 

Additionally, higher frequencies were found to not protect against the local heating of 

nanowires contrary to reported data because of the differences in solution conductivity. 
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i^M Conclusion 

The successful growth of Ti02/TiOx nanowires and the single nanowire assembly 

of gold nanowires were completed. Nanowires composed of Ti02 and TiO were 

successfully synthesized using the VLS growth mechanism and the absence of a titanium-

based support layer. Yields were significantly improved during the course of 

experimentation. Elemental composition was confirmed through XPS and AES studies. 

Crystal analysis from XRD and TEM confirmed the nanowire's structure. Additionally, 

AES and TEM scans revealed an outer coating of amorphous SixOy. Single gold nanowire 

assembly bridging two electrodes was achieved using dielectrophoresis. Experimental 

results revealed a direct dependence of the size of dielectrophoretic force and the number 

of nanowires assembled. Assembly results were verified through optical microscopy and 

SEM. 
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Both of these successes are significant milestones towards creating a nanowire gas 

sensing platform. Thermally grown Ti02 nanowires through the VLS growth mechanism 

are still relatively uncommon and this study greatly contributes to the overall 

understanding of the growth process. The assembly of gold nanowires, while reported 

several times, provides a new set of parameters for use in the project's future. 

There are several factors to consider for the future evolution of this project. 

Conductive nanowires must be used to create a reliable assembly process as demonstrated 

by the work done on the zinc oxide nanowires. The use of segmented nanowires whereby 

an inner region of semiconductive material is capped with conductive ends is one way 

around this problem. The dielectrophoretic force from the conductive portions dominates 

and forces the nanowire to assemble as if it was entirely conductive (Fig. 29). However, 

single nanowire assembly still requires the conductivity of the entire nanowire, which can 

be overcome by applying enough voltage to overcome the schottky barrier between the 

conductive and semiconductive segments. Associated group work with Y. Dan et al and 

the assembly of segmented gold and PEDOT/PSS nanowires has already been 

accomplished [32]. 
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Figure 30: Dielectrophoretic assembly of a segmented nanowire 

A segmented nanowire is assembled onto a pair of electrodes. The dielectrophoretic 
force exerted on the nanowire is dominated by the conductive segments of the 
nanowire rather than the central semiconductive region. 

Coincidentally, TiO nanowires are a prime candidate for the assembly process due 

to its conductivity. However, the layer of amorphous SixOy covering the nanowire may 

block any conductive effects. One solution is to directly remove the sheath by HF 

treatment. However, it is unknown whether HF would directly attack the TiO core. 

Another method is to use a non-silicon substrate such as sapphire or fused silica. 

However, the current process is optimized for the use of thin oxides and may not be 

compatible with other substrates. Furthermore, Lee et al demonstrated that the nanowire 

crystal quality is dependent on the substrate used [12]. Additional work will be needed to 

convert the process for different substrate materials. 

Additionally, Ti02 must be reemphasized as the gas-sensing material of choice. 

However, the semiconductive nature of Ti02, like ZnO, makes it an unsuitable candidate 

for single nanowire assembly. A simple post-assembly heat treatment under oxygen can 

possibly force an assembled TiO nanowire to transistion into rutile Ti02. The only 

complication with this process is the possible inter-diffusion of the chrome adhesion layer 
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and the gold electrode at elevated temperatures. This complication can be avoided simply 

by selecting a different adhesion layer or substrate. 

One step that should have been perfomed post-assembly was the clamping of the 

nanowire to the electrode surface. Practical considerations limited the feasibility of this 

step as mechanical vibrations under solution were already to cause significant nanowire 

movement. Spinning resists for the lift-off processes were therefore unlikely to work. 

Different approaches such as the pre-deposition of the clamping layer still creates 

problems with sub-micron alignment and precise etching requirements. Focused Ion 

Beam (FIB) deposition may be the favored technique since it can specifically deposit 

small amounts of gold to clamp down a nanowire. Nanowire assembly can survive the 

vacuum environments necessary for FIB and is a completely dry process compared to the 

numerous wet-processing steps by other methods. However, water adsorption from the 

assembly process may interfere with the deposition. Additionally, the process is 

expensive and particularly time-consuming with the clamping of several nanowires 

individually. Still, the tradeoffs favor FIB as compared to the other methods. 

The growth of nanowires must also be improved in order to reduce its sensitivity 

to gas flow rate and pressure. A slight decrease in Ar/02 pressure can cause the oxygen 

content of the nanowire to drop significantly. A vacuum pump is one possible method to 

control the pressure inside the tube furnace. Separate Ar and O2 sources can also be used 

to give a higher degree control over the oxygen content of the nanowire. 
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