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In a sub-wavelength scale, even approaching to the atomic scale, nanoscale physics 

shows various novel phenomena. Since it has been named, nanoscience and nanotechnology has 

been employed to explore and exploit this small scale world. For example, with various 

functionalized features, nanowire (NW) has been making its leading position in the researches of 

physics, chemistry, biology, and engineering as a miniaturized building block. Its individual 

characteristic shows superior and unique features compared with its bulk counterpart. As one 

part of these research efforts and progresses, and with a part of the fulfillment of degree study, 

novel methodologies and device structures in nanoscale were devised and developed to show the 

abilities of high performing thermoelectrical, biological, and optical applications. A single β-SiC 

NW was characterized for its thermoelectric properties (thermal conductivity, Seebeck 

coefficient, and figure of merit) to compare with its bulk counterpart. The combined structure of 

Ag NW and ND was made to exhibit its ability of clear imaging of a fluorescent cell. And a 

plasmonic nanosture of silver (Ag) nanodot array and a β-SiC NW was fabricated to show a high 

efficient light harvesting device that allows us to make a better efficient solar cell. Novel 

nanomanipulation techniques were developed and employed in order to fabricate all of these 

measurement platforms. Additionally, one of these methodological approaches was used to 

successfully isolate a few layer graphene. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

We do not know exactly when it started, where it came from, and by whom it was 

created. However, now we are indeed engaged and immersed in it. It is “nanoscience and 

technology.” With much smaller scales than the wavelength of light, a few to hundreds of 

nanometers, matter begins to exhibit different characteristics. For example, induced by the 

scaling issue, gravity would become less important and surface tension and van der Waals force 

would become increasingly more significant. This means that at the nanoscale, physical devices 

must be based on different principles. This makes nanoscale devices more flexible in their 

properties. That means that the existing dominant material, silicon, can be replaced by other 

materials, such as C (carbon) or III-VI semiconductors. Even biological materials such as DNA 

and proteins can be integrated with electronic materials to create novel nanostructure devices. 

This is plausible because typical physical dimensions of DNA and proteins can fall into 

nanoscale lengths.  

With the emergence of nanoscale materials, the development of relevant instrumentation 

must also be addressed. The atomic force microscope (AFM), the scanning tunneling microscope 

(STM), and the scanning near-field optical microscope (SNOM) have played a key role for 

imaging nanostructures, while the focused ion beam (FIB) has successfully patterned them. Now 

nanoscience and technology has demonstrated its success on manipulation of individual atoms, 

molecules, or molecular clusters to devise novel materials and devices. Because of all these 

developments, there is no reason to hesitate to say that we are now in a new time period when 

many scientific disciplines such as physics, chemistry, biology, and engineering are exploring 
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and exploiting the capabilities in this small scale. And all these combined scientific disciplines 

can be called one single terminology, that is, nanoscience and nanotechnology.    

The basic concept of nanoscience and nanotechnology was suggested in a famous 

remark, "there's plenty of room at the bottom," in a talk at an American Physical Society meeting 

at California Institute of Technology given by physicist Richard Feynman in 1959. But the term 

"nanotechnology" was first defined by Norio Taniguchi, Tokyo University of Science professor, 

in 1974. In modern sense, nanotechnology and nanoscience is believed to have started in the 

early 1980s where two major developments (the birth of cluster science and the invention of the 

scanning tunneling microscope (STM)) were created. Instrumentation such as the atomic force 

microscope (AFM or SFM) was invented in 1986 to provide more clear images of material 

surfaces of a few nanometers scale. More depth exploration was conducted by Dr. K. Eric 

Drexler who promoted the technological significance of nano-scale phenomena and devices 

through speeches and the books and finally the term, nanoscience and nanotechnology, gained its 

current place. Today, due to the billions of dollars spent yearly in this novel field, in 2000, the 

United States National Nanotechnology Initiative was founded to coordinate federal 

nanotechnology research and development. 

A nanowire (NW) is a wire of dimensions of the order of a nanometer. A NW is 

incredibly thin structure that has an incredibly high aspect ratio (length-to-diameter ratio). 

Various types of NWs exist as metallic (e.g., Pt, Au), semiconducting (e.g., Si, ZnO, In2O3, InP, 

GaN), and insulating (e.g., SiO2). There are also molecular forms of NWs such as organic (e.g. 

DNA) or inorganic (e.g. Mo6S9-xIx) composed of repeating molecular units. Many believe that 

the NWs would be miniaturized building blocks for tiny circuits and devices in the near future. 

For example, semiconductors NWs are increasingly used in electronic devices including field-
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effect transistors, sensors, detectors and light-emitting diodes. In this sense, the characterization 

and utilization of a single NW are thought to be critical. In this dissertation, silicon carbide (SiC) 

and silver (Ag) NWs were characterized for their thermal properties (thermal conductivity, 

Seebeck coefficient measurement, and thermoelectric figure of merit) and the development of 

novel sensing platform. For this, FIB was employed to fabricate nanostructures with the aid of a 

nanomanipulator attached to the FIB. A SEM also was utilized to image the nanostructures.   As 

a site specific nanoscale material fabrication tool, FIB is now broadly used in various 

technological fields such as semiconductor and nanotechnology. Controlling at the nanoscale 

makes it possible to modify failed circuits and small areas, and to deposit and etch materials with 

chemical reactions of Ga+ ions and reactants. In this dissertation, FIB played a major role for 

manipulating and fabricating various nanostructures such as NW and nanodot (ND). A 

nanomanipulator whose tip end has sub micron size was also used for help to controll NWs. The 

most remarkable feature with respect to NWs was the “picking and placing” of a single NW. The 

van der Waals force between the nanomanipulator and NW, which becomes strong at the 

nanoscale, strongly attracted each other to make them stick together. Thus, a single NW could be 

taken out from its host bundle when it was pulled out by the nanomanipulator.  

This dissertation is organized in the following manner. In Chapter 2, nanomanipulation 

techniques and newly developed methods related with them are introduced to show how they 

worked on manipulating novel nanostructure devices. Chapter 3 covers the isolation of a few 

layer graphene using the nanomanipulator and FIB. Chapter 4 covers the characterization of 

thermophysical property of NWs as a thermoelectrical application. A single β-SiC NW was 

characterized to show the possibility of its application to a miniaturized thermoelectric device as 

a result of its better thermoelectric performance with respect to its bulk counterpart. In this 
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chapter, a newly developed nanomanipulation technique dealing with the placing a single NW is 

introduced. Chapter 5 is a continuing work from the previous chapeter. Measurement of the 

Seebeck coefficient and thermoelectric figure of merit of a single β-SiC NW are covered. As a 

biological application of nanostructures, a Ag NW and NDs arrayed platform is employed to 

show an enhanced fluorescence cell imaging in Chapter 6. A nanomechanical approach to create 

this novel platform and its biological application for cell imaging are introduced. In Chapter 7, a 

novel plasmonic light harvest device is devised and introduced to show its ability as a novel solar 

cell, and the photocurrent study of a single NW is shown as a part of this optical application. 

Additional information on the measurement setup of the thermoelectical application and E. coli 

bacterium and staining media are added in Appendix. 
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CHAPTER 2 

NANOMANIPULATION TECHNOLOGY 

 

2.1 Introduction 

Controlling a single nanostructure such as NWs, nanotubes, or nanoribbons is 

challenging and has been a major obstacle to many researchers in the field of physical science. 

Therefore, many novel methods have been exploited and studied. One excellent method is 

dielectrophoresis (DEP) which uses the phenomenon that a polarizable particle will move in a 

converging electrical field. If the field is homogeneous, there will be no net force on the particle. 

If the field is however heterogeneous, the particle will have a net force in the direction towards 

higher field strength. If the particle is surrounded by a medium that is more polarisable, the 

medium will have a larger motion in the direction of higher field, hence pushing the particle in 

the direction towards lower field strength. In this way, nanowires can be deposited at desired 

locations. However, there are some limitations of this method. DEP does not have control on 

specific nanostructures and in some cases resort to statistical probability, which greatly reduces 

the deposition yield in desired positions. For example, DEP cannot select and deposit a specific 

single wire that is to be characterized. Thus, there has been high demand to develop and exploit a 

new method to accomplish this goal. Here, a novel manipulation technique combining a focused 

ion beam and a nanomanipulator, is introduced. Being highly selective and reproducible, the 

suggested technical approach, in general, can provide a reliable way to manipulate a single one 

dimensional nanostructure. However, DEP still has benefits. It is a high yield method with well 

optimized condition. Mass production can be also available. Therefore, the two methods are 

compensated each other. For this reason, DEP technique is also covered in this chapter.  
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2.2 Instrumentation 

2.2.1 Dual Beam of Focused Ion Beam and Scanning Electron Beam (FIB)/(SEM) 

The dual beam of the focused ion and electron beam (FIB/SEM) technique was 

developed during the late 1970s and the early 1980s, and the first commercial instruments were 

introduced more than a decade ago [1]. The dual-beam FIB/SEM, equipped with an Omniprobe 

(AutoProbe™ 200)   micromanipulator, combines ion beam etching and deposition, fine probe 

manipulation, and high resolution SEM imaging, to provide an unparalleled capability of in situ, 

localized, nanoscale fabrication and characterization. In addition to some well-developed 

applications, such as mask repair, IC failure diagnosis, and tunneling electron microscope (TEM) 

sample preparation, this combination of techniques in a single instrument opens the door to 

unique and creative applications in nanotechnology.  

The dual-beam FIB/SEM contains both a focused gallium ion beam and a high resolution 

field emission scanning electron column. The utility of the columns is enhanced by the ability to 

selectively deposit Pt and insulator with either of the two beams and rapidly etch many insulating 

materials using XeF2. Further, there is an Omniprobe® micromanipulator within the chamber 

that can measure electrical properties as well as position devices with nanoscale precision.  

As an ion beam source, most widespread are instruments using liquid-metal ion sources 

(LMIS), especially gallium ion sources. Ion sources based on elemental gold and iridium are also 

available. In a gallium LMIS, gallium metal is placed in contact with a tungsten needle and 

heated. Gallium wets the tungsten, and a huge electric field (greater than 108 volts per 

centimeter) causes ionization and field emission of the gallium atoms. Source ions are then 

accelerated to an energy of 5-50 keV, and focused onto the sample by electrostatic lenses. 

Liquid-metal ions produce high current density ion beams with a very small energy spread. A 
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modern FIB can deliver tens of nanoamperes of current to a sample, or can image the sample 

with a spot size on the order of a few nanometers.  

For imaging, secondary electrons or ions produced by the incoming electron or Ga+ 

beams are collected to form an image of the sample. Five different detectors (including a STEM 

detector) give users tremendous flexibility in achieving the proper imaging conditions for their 

sample. Typically, the ion beam column has an accelerating voltage of 10 – 30 kV and resolution 

of 7 nm while the electron beam column has an operating accelerating voltage of 0.2 – 30 kV 

and resolution of 3 nm.  

For milling and etching, the FIB can locally etch the sample surface with submicron 

precision. Many variables and material properties affect the sputtering rate of a sample. These 

include beam current, sample density, sample atomic mass, and the incoming ion mass. The main 

ion species is Ga+. When the gas is introduced near the surface of the sample during milling, the 

sputtering yield can increase depending on the chemistry between the gas and the sample. This 

results in less redeposition and more efficient milling.  

For deposition, conductive or insulator material can also be deposited with the aid of a 

gas in close proximity to the sample surface. Normally Pt is deposited from a metallorganic 

precursor, (CH3)Pt(CpCH3) (methylcyclo-pentadienyl-trimethyl platinum), which is heated to 40 

°C. The Pt deposition can be deposited with either the ion or the electron beam.  

For micromachining, the FIB can be utilized for micro- and nano-structural creation 

and/or modification. This can be accomplished by taking advantage of the FIB's capability to 

very precisely remove material (via physical sputtering or using beam induced chemistry for 

enhancing material removal rate), to deposit material (using beam induced chemistry), to provide 

localized ion implantation, and to locally induce sample structural damage.  
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A FIB can be also used for microchemical analysis, which include element mapping and 

energy dispersive X-ray spectrometry (EDS), and for orientation imaging, which has advanced 

diffraction and crystallographic analysis capabilities, based on electron backscatter diffraction 

(EBSD). Finally, it can utilize manipulators being capable of nanoscale manipulation of TEM 

membranes or other samples. This probe can also be used for localized electronic measurements 

in situ. 

However, there are some restrictions on samples. The sample material must be able to 

withstand a high vacuum environment without outgassing. It must be clean. It may be attached to 

the sample holder using any suitable SEM vacuum-quality adhesive. The sample must be 

electrically grounded to the sample holder to minimize sample charging. If the sample is 

nonconductive (plastic, fiber, polymer, or other substance with an electrical resistance greater 

than 1E10 ohms), the sample may be coated with a 200 – 300 Å layer of carbon or other 

conductor. Rough surfaced samples must be evenly coated from every direction. Biological, 

cloth and powder samples may require carbon or other conductive painting on portions of the 

sample.  
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Figure 2.1. Schematic illustration of a dual-beam FIB–SEM instrument. Expanded view 

shows the electron and ion beam sample interaction. 

 

Figure 2.1 shows the most modern FIB instruments which supplements the FIB column 

with an additional SEM column so that the instrument becomes a versatile “dual-beam” platform 

(FIB–SEM) for imaging, material removal, and deposition at length scales of a few nanometers 

to hundreds of microns.  

 

2.2.1.1 Focused Electron Beam  

Figure 2.2 shows the dual beam schematics of E-beam and ion-beam columns. A typical 

FIB consists of a vacuum chamber, an electron/ion source, a column and various detectors. The 
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vacuum system consists of one or more separately pumped regions. Electrons in E-beam column 

are produced thermionically or by field emission. 

 

Figure 2.2. Schematic presentation of SEM and FIB and the many similarities of the instruments. 

 

Thermionic emission occurs when a current is applied to a cathode under vacuum so that 

the electrons of the cathode can overcome the work function by thermionic excitation. For field 

emission, a negative potential is applied resulting in a high electric field at the tip which lowers 

the potential barrier allowing electrons to tunnel through and leave the tip. Field emission 

cathodes consists of fine wire tips (<100 nm) typically made from tungsten which can be heated 

to avoid gas adsorption and increase stability or can be operated at room temperature. Their main 

advantages are:  

Higher gun brightness, smaller spot size and a small energy spread.  
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Thus, currently field emission is becoming more popular source for a focused electron 

beam. In the E-beam mode, dose can be defined as the total number of electrons or charge 

deposited in the irradiated area and written by [2] 

 

where i
b 

is the probe current usually expressed in the range of pA to nA and t is the total time 

during which the beam is exposed to the defined area (A). The unit is normally given as electrons 

per square nanometer [e
-
/nm

2
] or more generally as microcoulombs per square centimeter 

[μC/cm
2
].  

If primary energetic electrons in the microscope strike the sample, various reactions can 

occur. In elastic scattering case, the backscattered electrons (BSE) are caused by an incident 

electron colliding nearly head-on with an atom in the specimen. Since BSE depends on the 

average atomic number (Z) of the material, this can be used for Z contrast image. Heavy 

elements strongly backscatter electrons, hence those areas appear brighter. Lighter elements tend 

to absorb electrons and thus appear darker. The BSE image is therefore also called material 

contrast image (Z-contrast) and allows to draw conclusions about the distribution of chemical 

materials in the sample. In figure 2.3, two SEM modes which are SE (secondary electron) and 

BSE (backscatterd electron) are shown. Depending on the atomic numbers of chemical 

components, in the BSE mode, a Au tip at the end of a ZnO NW is clearly discernable from 

surrounding background.   

 



12 
 

 

Figure 2.3. Contrast comparison between two SEM modes for SE (secondary electron) and BSE 

(backscattered electron) images for ZnO NW with Au capped tip. In the BSE image, the 

brightest hemispherical part is from a high atomic number material (Au in this case).    

 

The probability of the BSE event can be written as the elastic scattering cross section Q, 

and can be calculated using the following equation [2] 

 

1.62 10
2

 

 

This equation gives the probability of an elastic scattering event occurring at angles 

greater than the specified angle φ
o 

for electrons with energy E [eV] impinging on a sample of 

atomic number Z.  
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In inelastic scattering, the incident primary beam electron loses energy to the specimen 

atoms or electrons. This type of scattering creates the forward and lateral spreading of electron 

trajectory resulting in a large interaction volume inside of the specimen. This volume can extend 

to several microns. Secondary electrons, x-rays, phonons, and auger electrons can be produced in 

this scattering event. Figure 2.4 shows the interaction volume of a primary electron beam with 

matter. A diagram showing the generation depths of various interactions is also available. 

 

 

 

 

Figure 2.4. Interaction volume of primary incident electrons with a matter. 
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2.2.1.2 Focused Ion Beam 

 

Figure 2.5. Schematic diagram of a FIB ion column. 

 

A schematic diagram of a FIB ion column is shown in figure 2.5. The structure of the 

column is similar to that of a scanning electron microscope, the major difference being the use of 

a gallium ion (Ga+) beam instead of an electron beam. A vacuum of about 7.5 × 10−8 torr is 

maintained inside the column. 
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Figure 2.6. Principle of FIB (a) imaging, (b) milling and (c) deposition.  

 

As illustrated in figure 2.6(a), during FIB imaging the finely focused ion beam is raster 

scanned over a substrate, and secondary particles (neutral atoms, ions and electrons) are 

generated in the sample. As they leave the sample, the electrons or ions are collected on a biased 

detector (a multichannel plate, MCP). The detector bias is a positive or a negative voltage, 

respectively, for collecting secondary electrons or secondary ions. The secondary ions that are 

emitted can be used for secondary ion mass spectroscopy (SIMS) of the target material in a mass 

spectrometer attached to the system. [3] The removal of sample material is achieved using a high 
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ion current beam. The result is a physical sputtering of sample material, as illustrated 

schematically in figure 2.6(b). By scanning the beam over the substrate, an arbitrary shape can be 

etched. The deposition process is illustrated in figure 2.6(c). The precursor gases are sprayed on 

the surface by a fine needle (nozzle), where they adsorb. In a second step, the incedent ion beam 

decomposes the adsorbed precursor gases. Then the volatile reaction products desorb from the 

surface and are removed through the vacuum system, while the desired reaction products (W or 

Pt) remain fixed on the surface as a thin film. The deposited material is not fully pure however, 

because organic contaminants as well as Ga+ ions (from the ion beam) are inevitably included. 

 

 

 

Figure 2.7. The FEI Nova 200 NanoLab in Discovery Park at UNT. 
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Figure 2.7 shows the FEI Nova 200 NanoLab (a dual column ultra-high resolution field 

emission scanning electron microscope (SEM) and focused ion beam (FIB)) which was installed 

in January 2005 in Discovery Park at UNT under CART (Center for Advanced Research and 

Technology) management. Etching with an accelerated Ga ion beam and deposition using Pt are 

available for nanoscale prototyping, machining, 2-D and 3-D characterization, and analysis. The 

system is expandable, making additional gas injection systems available for deposition and 

etching in the future. Nanoscale chemical analysis may be performed with an EDAX energy 

dispersive X-ray spectroscopy (EDS) system with spectrum imaging control. The secondary 

electron image resolution at the dual beam coincidence point is 1.5 nm at 15 kV. The FIB optics 

have better than 7 nm resolution at 30 kV. A high resolution digital patterning system controlled 

from the User Interface is also available. Predefined device structures in Bitmap format can be 

directly imported to the patterning system for nanoscale fabrication. The FEI Nova 200 is also 

equipped with an Omniprobe Autoprobe nano-manipulator, with 10 nm positioning resolution. 

The manipulator can be fit with either sharp whisker probes for electrically probing samples or 

standard probes for mechanical testing. Additionally, the manipulator allows for extraction of a 

milled, site-specific region for transmission electron microscopy examination. The instrument is 

also outfitted with an electron backscattered diffraction (EBSD) system, which allows for 

crystallographic determination on the nanoscale, and, along with imaging capabilities, 3-D 

reconstructions of the material and crystallography.  
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2.2.1.3 Nanomanipulator 

As a nano-manipulator system, AutoProbe™ 200 (Omniprobe, Inc.) was employed.  It is 

a fully automated, multi-purpose nano-positioning system capable of in-situ lift-out, electrical 

measurements, nano-mechanical testing and charge neutralization in the FIB, Auger or SEM. 

The computer controlled system offers high throughput, high accuracy (100nm standard, 10nm 

optional) and a field-proven excellent success rate for all tasks. The system includes a dedicated 

PC, a flat panel display with desk-mount display arm, a precise 3-axis linear motion sub-system 

incorporating stage-mounted linear encoders, a motion control interface, and an instruction 

manual including a detailed installation procedure. The AutoProbe™ 200 motion control system 

is extremely accurate and repeatable to within 100nm of stage displacement (10nm available) 

over the entire range of motion available within the vacuum chamber. Other features include the 

ability to save and return to specific XYZ coordinates corresponding to locations of interest, 

switch the coordinate frame of reference back and forth from the probe port XYZ to that of the 

sample stage, surface contact warning and detection, and user-selectable fixed incremental 

movement with 100nm resolution and continuous movement of the probe tip. The standard 

software package is capable of controlling four AutoProbes simultaneously. However, at CART 

(Center of Advanced Research and Technology) in UNT, only one AutoProbe is available. The 

AutoProbe™ 200 is chamber mounted so it is compatible with whole-wafer analysis as well as 

discreet sample manipulation. Accessories include a strain gage probe tip holder for precise 

touchdown detection and nano-mechanical testing, a servo controlled 4th axis for rotation. A 

custom tip is designed from tungsten. Tip radius is < 0.5µm with 6º taper angle. Figure 2.8 

shows the Omniprobe Autoprobe™ 200 Nano-manipulator. The W tip is show in the inset of the 

figure.   
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Figure 2.8. Nano-manipulator main controlling shaft. Inset shows its tungsten tip whose tip end 

has less than 500nm size. 

2.2.2 Dielectrophoresis (DEP) 

Combining of nanotechnology and electrodynamics, an alignment of a single nanowire 

can be placed on a desired position. Dielectrophoresis (DEP) is commonly used in manipulating 

nanostructures such as nanoparticle, nanowire, and nanotube and biosubstances using non 

uniform electric field and polarizability of particles and medium. For a homogeneous cylindrical 

shape and a long rod (in my case nanowire) with its major axis parallel to an inhomogeneous 

alternating electric field, the DEP force is given by [4-6] 

 

FDEP = (v/2) εmK(ω)  E2
rms =(πr 2l/2) εm K(ω)  E2

rms 
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where v is the volume of the nanowires, K(ω) is the real part of the Clausius–Mosotti factor, r is 

the radius of the nanowires, and l is the length of the nanowires. K(ω) is related to the nanowire 

dielectric constant εn and liquid medium dielectric constant εm by 

 

K (ω) ≡ Re[(ε*n – ε*m)/ε*m] 

 

Non uniform electric field can be created using round shaped electrodes and the 

composite of AC and DC field is used to align a single nanowire.  In this section, the DEP based 

electrodynamical nanomanipulation of depositing a single NW is introduced.  

 

2.2.2.1 Basic Concept 

The subject of separating microsize particles with different properties is always of great 

interest. Among those methods, dielectrophoretic separation devices are most commonly used as 

trap-and-release filters or particle sorters. 

Dielectrophoresis is the phenomenon that a polarizable particle will move in a converging 

electrical field. If the field is homogeneous, there will be no net force on the particle. If the field 

is however heterogeneous, the particle will have net force in the direction towards higher field 

strength. If the particle is surrounded by a medium that is more polarisable, the medium will 

have a larger motion in the direction of higher field, hence pushing the particle in the direction 

towards lower field strength. If the motion is in the direction towards higher field strength, it is 

referred to as positive dielectrophoresis (pDEP), while the case of motion towards lower field 

strength is called negative dielectrophoresis (nDEP). Figure 2.9 and 2.10 shows nDEP and both 

cases of nDEP and pDEP. 
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Figure 2.9. Positive DEP in inhomogeneous electric field. 

 

 

 

Figure 2.10. Positive DEP and negative DEP for dielectric cells in inhomogeneous electric field  
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 Main features of dielectrophoresis are (1) the DEP force is possible only when particles 

are in the nonuniform electric fields; (2) because the DEP  force does not depend on the polarity 

of the electric field, the phenomenon is also possible either with AC or DC excitation; (3) 

particles can be attracted to regions of stronger electric field when their permittivity exceeds that 

of the suspension medium (pDEP); and finally (4) when permittivity of medium is greater than 

that of particles, this give rise to the motion of particles to lesser electric field (nDEP).  

 

2.2.2.2 Theoretical Background 

The dielectrophoretic force can be approximated by the first dipole moment contribution. 

[4] 

 

 F ~ λε0εmVpRe(fCM)  |E2
rms| 

 

where E is the electric field; ε0  and εm  are, respectively, the dielectric constant of free space and 

the relative dielectric constant of the suspending liquid, Vp is the volume of the particle, λ is a 

numerical coefficient on the order of unity, and Re(fCM) is the real part of the relative particle 

polarization ~i.e., the Clausius–Mossotti factor. Both λ and fCM depend on the geometry of the 

particle. For example, in the case of a spherical particle λ=3/2 and fCM 
= (εp *-εm*)/(εp * + 2εm*)   

where εp *and εm* are the complex permittivities of the particle and of the medium, respectively;  

ε* = ε - i σ/ω ; and σ is the electric conductivity. The dipole moment approximation is valid only 

when the dimensions of the particle are much smaller than the characteristic length scale of the 

electric field. Unfortunately, this is not the case in our application where the size of the tube is 

comparable to the gap size between the electrodes. Instead, we must calculate the DEP forces by 
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evaluating the Maxwell stress tensor. Now we are interested in 1-dimensional case, i.e. a 

nanowire. For this case, DEP force should be [5] 

 

1
2

  | |  

 

 

 

 

 

For assembly, the dielectrophoretic force should be greater than other component forces 

acting on the particle. Other groups have calculated the velocity of a nanowire under the 

influence of dielectrophoretic and viscous drag forces. Similarly, fluid flow, static frictional 

forces, the rate of particle precipitation and nanowire–surface interactions will influence 

assembly. As mentioned previously, in order to get the exact calculation for DEP force, we need 

to get it from Maxwell stress tensor.  

 

2.2.2.3 Application 

DEP is particularly well suited for microfluidic applications and nanoassembly. One can 

readily control the direction of the electric field by the judicious patterning of the electrodes on 

the substrate, and high intensity electric fields can be obtained with relatively low potential 

differences given the small gaps among the actuating electrodes. DEP has been used for the 

separation of heterogeneous populations of biological cells and particles into homogeneous 
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subgroups and for the trapping of nanoparticles, nanorods, nanofibers, deoxyribonucleic acid, 

and macromolecules. More recently, DEP was used to separate metallic and semiconducting 

single-walled nanotubes. One of recent successful achievement in biological field using DEP is 

depositing bacteria cells on a specific site using DEP. Bacteria are often classified according to 

the results of the Gram-staining procedure. Gram-positive bacteria typically have cell walls 

composed of open networks of teichoic acid in a peptidoglycan matrix, whereas Gram-negative 

bacteria have a more complicated cell wall structure which includes lipids and proteins. Thus, by 

and large (but not in every case) the outer walls of Gram-positive bacteria are more conducting 

than Gram-negative bacteria, and this allows for their mixtures to be separated by DEP. [7] DEP 

is the one of powerful methods dealing with nanosized materials, for example, nanoparticles, 

biological cells, or nanowires. It has been very hard to manipulate these invisible materials. With 

the aid of nanosized manipulating tools, such as nanoprobes, electron microscopes, and self 

assembly, people have more effectively manipulated nanostructures. However, it is still difficult 

to deal with a single structure. Depositing a single nanotube or nanowire is very difficult and 

laborious. DEP does not have control on specific nanostructures and in some cases resort to 

statistical probability, which greatly reduces the deposition yield in desired positions. For 

example, DEP cannot select and deposit a specific single wire that is to be characterized. 

Therefore, previously introduced, a novel manipulation technique combining a focused ion beam 

and a nanomanipulator is employed for this reason. However, DEP still has benefits. It is a high 

yield producing way with well optimized condition. Mass production can be also available. In 

figure 2.11, well aligned two NWs are shown to be bridged across the electrodes. Thus, both 

techniques can share their technological partnerships to compensate for each other. 
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Figure 2.11. Aligned two β-SiC NWs across the electrodes made by DEP. 
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CHAPTER 3 

APPLICATION OF NANOMANIPULATION TECHNOLOGY: CONTROLLING OF A FEW 

LAYER GRAPHENE* 

 

A focused ion beam (FIB) and a nanomanipulator provide a novel way to selectively 

control and obtain a few layers of graphenes in this chapter. Because of its weak van der Waals 

force in the interlayer of graphite, a thin graphite film was easily extracted from a highly oriented 

pyrolytic graphite (HOPG) with no wrinkles and folding on the surface. Subsequently, a few-

layers was successfully obtained by applying a uniform shear force on the detached thin graphite 

film transferred to a pre-patterned site on an oxide wafer. Raman scattering analysis confirmed 

the placed few graphene layers was indeed n-graphene which has less than 5 atomic layers. This 

novel technique can be extended for obtaining a single or double layer graphene selectively on a 

desired location.  

 

3.1 Introduction 

Graphene has recently attracted much attention because of its unique and remarkable 

physical properties for potential nanoelectronic devices. [1-3] However, the difficulty in 

controlling the size of graphene, and even selectively placing it onto a desired location, has been 

a major barrier in making a useful device. Existing methods to obtain a graphene are patterning  

 

* Text in sections 3.2 and 3.3 in this chapter are reproduced from K. M. Lee, A. Neogi, J. M. 

Perez and T. Y. Choi, Nanotechnology 21, 205303 (2010), with permission from IOP Publishing. 
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of epitaxially grown graphene [4-5] and mechanical isolation in which mechanical exfoliating 

and transferring is involved. [6-9] The number of layers and morphology is hard to control using 

these conventional technologies, but Seyller et al. has succeeded in controlling them in graphene 

grown on SiC. [10] They successfully fabricated a few layers of graphene on SiC(0001) which 

was highly aligned with respect to the substrate compared to other epitaxial graphenes. In 

graphene, the sp2 carbon bond on the intralayer is much stronger than the weak van der Waals 

force of the interlayer, which results in strong anisotropic bonding characteristics. Thus, an 

external mechanical shear force will be enough to break this weak bonding between interlayers 

and multiple atomic layers of graphene can be easily detached from its host material, HOPG.  In 

previous research [11, 12] similar approaches were used. They used oxygen plasma etching to 

make pre-patterned graphite pillars on HOPG and then used an AFM tip to obtain thin graphitic 

layers giving the applied combination of normal and shear forces. These approaches share 

similar techniques with respect to usage of a pre-patterned graphite structure on HOPG and the 

sliding process with a manipulating tip. However, the current approach is simpler because it 

utilizes a single serial process with a FIB and manipulating tip.       

A focused ion beam (FIB) is a site-specific machining and milling tool in nanometer 

scale. It utilizes gallium ion (Ga+) from a liquid metal ion source and field emitted electrons for 

analysis, deposition, and ablation of materials. Because the operating scale of FIB is sub-micron 

to a nanometer, it has been a useful tool for semiconductor processing and nanotechnology. 

Additionally, because it is attached to FIB, a nanomanipulator with a submicron-sized tip can 

manipulate a nanoscale object in both the transverse and vertical direction. Selecting, picking 

and placing a nano-sized thin graphite film are possible in obtaining the few layers of graphene 

in a pre-defined location. Combining a focused ion beam (FIB) with a nanomanipulator allowed 
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us to obtain a few layers of graphene with a lateral dimension of a few microns, and it could be 

placed in a desired position. This novel technique will offer a new way of controlling the size 

and placement of graphitic thin film.  

 

3.2 Experiment and Method 

Three mm thick bulk graphite (HOPG, 1cm × 1cm) was used as the host material from 

which graphitic thin layers can be extracted.  FIB (FEI Nova 200 Nanolab) was used for 

selective patterning of graphene. The nanomanipulator (Omniprobe Autoprobe 200) was utilized 

for picking up and placing graphene as shown in figure 3.1.  

Rectangle-shaped Pt deposition (with a size of a few microns and a height of 1μm) on the 

bulk graphite was first made by FIB and is called a Pt top layer. The Pt top layer is necessary to 

make a shear force evenly distributed when the nanomanipulator is applied to it. The Pt top layer 

also plays a role as the protecting layer, for the graphite which is underneath it, from ion beam 

damage during FIB manipulation. The Ga+ damage on the graphite during making the Pt top 

layer is not be problematic since the Ga+ penetration depth within matter was only ~20nm. [13, 

14] It was found that the average thickness of the detached graphitic thin layer from the graphite 

was ~700nm. As a result, the few layers of graphene, which would be obtained from the bottom 

of the detached graphitic thin layer, should have no Ga+ damage.  

The next step, ion beam milling, was done to create 2~3 μm deep trenches surrounding 

the Pt top layer and bottomed graphite. On one side the trench was wider. The shear force was 

applied to that direction so that a sliced Pt-graphite segment wouldn’t be hit by a wall of HOPG. 

For all these steps, an ion beam was used only in making a Pt top layer on HOPG and milling for 
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a Pt top layer and bottomed graphitic thin layer (now we call it a Pt-graphite segment) since Ga 

ion damage was a concern. Figure 2 shows the completed ion beam milling of the trenches.  

   

 

 

Figure 3.1. A schematic view of picking up and placing a few layers of graphene: (a) picking up 

process and (b) placing and obtaining a few layers of graphene.  
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Bonds between interlayers are broken by the mechanical shear force that is created by 

rubbing the patterned portion of graphite with a nanomanipulator tip that is in contact with the 

top of the rectangle pattern. Hereafter this rubbing process is called a ‘sliding-out’ process. It 

should be noted that the tip should barely touch the contact area because the normal force 

stemming from the nanomanipulator causes a strong localized pressure on the Pt top layer when 

the tip is pushed down vertically. 

 

 

Figure 3.2. Ion beam milled trenches. Brightest parts of both SEM images are the Pt top layers. 

 

This, in turn, can give rise to an uneven shear force in the ‘sliding-out’ process. Thus, the 

tip was lifted from the surface of the Pt top layer by ~100nm to avoid direct contact on the Pt top 

layer, which would cause a concentrated local pressure. Then additional Pt deposition (a few 

hundred nm in size), for adhesion between the tip and the Pt top layer which is now called Pt-



32 
 

adhesion, was made in the low ion beam intensity (30kV/10pA) such that it could ensure an even 

shear force throughout the selected area. It was also found that this Pt-adhesion should be aligned 

in the slipping-out direction to prevent undesired rotational motion of the Pt-graphite segment in 

the sliding-out process. Figure 3.3 shows the SEM images and schematics of the tip contact and 

‘sliding-out’ process.  

 

Figure 3.3. Tip contact on the patterned Pt-graphite segment and ‘sliding-out’ process. 
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Failure of any of these delicate processes would result in wrinkles and folding on the 

detached surface as shown in figure 3.4(b). Figure 3.4(a) shows successful detachment of the Pt-

graphite segment from the host material (HOPG). The yield for obtaining wrinkle free layers was 

around 90% out of substantial trials if all the conditions, which are mentioned on the manuscript, 

are properly met. 

 

 

Figure 3.4. Comparison between good and bad exfoliation of a Pt-graphite segment: (a) clean 

and smooth surface on detached graphite area; (b) folded surface on a detached graphite area as a 

result of failed process. 

 

The Pt-graphite segment with a well-defined size and obtained by the sliding-out step 

was then transferred and placed on a pre-determined location. Then, by applying a controllable 

mechanical shear force from the manipulator tip, the placed Pt-graphite segment was rubbed in 

the same way. From this procedure, a few layers of graphene could be obtained from the bottom 
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of Pt-graphite segment. An appropriate shear force will further ensure a good control of the 

number of graphene layers (one, two or multiple). The detailed relationship between the force 

and the number of layers needs further study. A pre-determined location for placing a few layers 

of graphene was on a silicon oxide wafer (300nm oxide thickness).  The few layers of graphene 

supported on the silicon oxide wafer was first inspected visually under an optical microscope. 

Furthermore, the graphene layer was subsequently characterized by an atomic force microscope 

(AFM, Veeco Nanoscope III) and Raman spectroscopy (Thermo Electron Almega XR) at 532nm 

excitation wavelength.  

 

3.3 Results and Discussion 

After being located on the SiO2 substrate, a few layers of graphene generates an 

interference-like contrast between the layer and bare oxide surface, which makes the graphene 

layer visible under an optical microscope. The reported result showed that only a 5% deviation of 

oxide layer thickness could prohibit this optical interference, hence, making it invisible. [15] 

However, more recent works have reported that using substrates and thicknesses other than SiO2 

and 300nm, they could observe a few layers of graphene with optical imaging methods. [16-18] 

An optical image of a few layers of graphene placed on a SiO2 substrate is shown in figure 3.5. 

Non uniform features on the edge of graphene layers can be attributed to uneven pressure created 

during the placing step. For precise control, the quantitative relationship between the number of 

obtained layers and applied pressure should be studied further. AFM image of one edges of a 

placed few layers of graphene showed its height was around 2nm, which in turn indicated ~5 

atomic layers. For confirmation of a few layers of graphene, a Raman scattering spectrum can 

serve as a fingerprint to measure the number of thin graphene layers. [19-23]  
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Figure 3.5. Optical image for the placed few layers of graphene: Step-like shapes in the optical 

image might be created by uneven force distribution during the placing process.  

 

The Raman spectrum of graphite (HOPG) is composed of a strong band at 1582 cm-1, 

which has been assigned to the in-plane E2g zone center mode (G band). If the number of 

graphene layers decreases, the up-shifted G band structure can be clearly seen with the 

relationship, ( ) ( ) /G Gn n     , where β ≈ 5.5 cm-1 , ( )G n  is the Raman G band of a few 

layers of graphene, ( )G   is the Raman G band of HOPG, and n  is the number of graphene 

layers. [24] From this relationship, it can be understood that a single layer of graphene (n=1) 

should have an up-shifted G band from 1582 cm-1 by 5~6 cm-1. In our measurements, the few 

layers of graphene in region 3 have shown G band up-shifts from 1582 cm-1 to 1585 cm-1, which 

indicates a few layers of graphene (see figure 3.6(a)). This possibility of forming a few layers of 

graphene was further confirmed by the shift of the second order Raman scattering of the D band 
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(2D band) spectrum. In the 2D band scattering for a few layers of graphene, the peak should be 

down-shifted toward 2700 cm-1 from that of HOPG as the number of layers are fewer. [24, 25] In 

figure 3.6(b), a down-shifted 2D band scattering of the placed few layers of graphene is clearly 

seen while the 2D band scattering of HOPG has a peak of 2713 cm-1.  

 

Figure 3.6. Raman G and 2D band signals for HOPG and a few layers of graphene in region 3: 

(a) up-shifted a few layers of graphene G band (b) down-shifted a few layers of graphene 2D 

band; the spectrum of HOPG is lifted from that of few layers of graphene for the purpose of clear 

viewing.  
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In figure. 3.7, the whole spectral range of Raman signal from region 3 shows that the 

relative intensity ratio of the G band and 2D band, IG/I2D is ~1. This also signifies that the 

number layer of graphene in this region is only a few, which is deduced from a result found in 

ref. 22. The current method showed almost identical behaviors of (IG/I2D) to a conventional 

mechanical exfoliating method done by others. [24, 26] The Raman spectrum in region 2 has a 

higher intensity ratio (IG/I2D) than that of region 3; this indicates that the number of layers in 

region 2 is higher than in region 3. The region in between region 1 and 3 shows an orange-like 

colour, which is different from other regions. However, the Raman signal was not discernable 

from that of region 1. As an alternative way to confirm the number of graphene layers, use of a 

full width at half maximum (FWHM) of 2D band has been recently suggested. [22, 27] 

Multilayer graphene exhibits about 60 cm-1 of FWHM for 2D band. A variation of 10 cm-1 was 

found in various literatures. [22, 27] Only single layer of graphene was reported to show ~30 cm-

1 of FWHM. Our few layers of graphene had a FWHM of around 50 cm-1 for 2D spectrum. Thus, 

this indicates the placed graphene is not a single layer. Considering these results, it is inferred 

that the placed few layers of graphene approximately has 5 layers.  
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Figure 3.7. (a) Raman spectra for the placed few layers of graphene of region 1, 2, and 3 in 

figure 5; (b) the raman spectrum of HOPG for comparison. The Raman signal of the region 1 is 

almost identical to that of HOPG.  

 

There could be possible concerns about the Raman G and 2D peak positions due to other 

factors. For example, the peak positions of both the G and 2D peaks for graphene are now known 

to shift by a few wave numbers due to doping depending on the preparation and substrate. 

Substrate dependency on Raman shift also has been reported. However, only sapphire can 

strongly interact with carbon atoms (5 cm-1 shift). Glass, GaAs, and SiO2 have the same peak 

positions at the same excitation. [19] Calizo et al observed consistent 5 cm-1 shift of the G band. 

It is concluded that the strong carbon-sapphire substrate interaction resulted in the shift. [19] 

As for the doping case, the Fermi level of graphene in the substrate can be shifted by 

charging the surface. However, a large number of layers are less sensitive to this doping effect 
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because of the very short screening length (almost the same as interlayer distance). Therefore, a 

charge carrier concentration can only affect Raman peak shift for a single layer, but since the 

sample has more than one layer, we can neglect the doping effect. 

An appropriate shear force, Fs, to slip out the Pt-graphite segment from HOPG should 

exceed the resistance force, Fr, which consists of static interlayer shear force attributed to the van 

der Waals force and edge interlayer dangling bond interaction force. [28] We found that the 

shear force meeting this requirement can be easily obtained through appropriate controlled 

manipulation of a nanomanipulator. The applied shear force can be controlled by the velocity of 

the tip during the movement of a nanomanipulator whose range is from 0.1 to 20 μm/sec 

(working distances in x and y directions are a few mm). Only small range of velocity that is from 

0.1 to 0.5 μm/sec was used for making the nanomanipulator tip contact the pre-patterned Pt top 

layer for precise control. The range from 1 to 20 μm/sec was used for the sliding-out process. 

Increasing the velocity of the tip in a given time will increase the applied shear force so that the 

resistance force can be easily overcome in the given time of the sliding out process. We 

estimated the applied shear force using a simple relationship between velocity and constant 

acceleration, 2 2fv as , where vf is the velocity of the tip, a is the acceleration, and s is the travel 

distance which is the same as the length of one side of the rectangular pattern of the Pt-graphite 

segment. Subsequently, It was assumed the inertia is the dominant applied force due to the large 

mass of the tip. Therefore, the applied shear force, F, can be written by 2 / 2fF Mv s , where M

(1.58kg) is the mass of the movable part of the nanomanipulator.  

The static interlayer shear strength of graphite is the mean value of ~0.48 MPa. [29] 

Thus, for the side length of 3μm, i.e. s=3μm, the static interlayer shear force will be around 4.32 

μN. In order to overcome the static interlayer shear force, the velocity of 5μm/s is needed. The 
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velocity of 4μm/s produces the shear force of ~4.12μN only, which is slightly less than 4.32μN. 

Therefore, the sliding velocity of less than 5μm/s may not create the clean cleavage of graphitic 

thin film from HOPG. The estimation of the static interlayer shear strength as the value of ~0.48 

MPa is not exact since the static interlayer shear strength of graphite was taken as a mean value 

(ranges are 0.25MPa to 1.2MPa depending on graphite samples [29]). Based on this estimation, 

around 80% successful yield for clean cleavages was obtained. Thus, it was assumed that HOPG 

had the mean value of ~0.48 MPa as the static interlayer shear strength.  

Figure 3.8 shows the results of exfoliation of graphitic thin layer supported under the Pt 

top layer (i.e. Pt-graphite segment), which has the side length of 3μm, from HOPG for various 

sliding velocities. Clean cleavage could be accomplished by larger applied forces than the static 

interlayer shear force (4.32μN). The force due to the edge interlayer dangling bond strength can 

be one part of the resistance force. However, the estimated value of the force is only 85 nN [30] 

and is far less than the interlayer shear force. Thus it is inferred that most of the resistance force 

is due to the interlayer shear force. For all the cases of side lengths in figure 3.9, we observed the 

clean cleavage of the Pt-graphite segment was as expected between the estimated applied force 

and the velocity: All of them were produced by excessive force higher than the static interlayer 

shear force. From the experiments, the force estimation using the simple Newtonian mechanics 

could be validated. 
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Figure 3.8. Relation between the estimated shear force for fixed side length (s=3μm). In each 

figure, dot horizontal lines are the calculated static interlayer shear forces based upon each side 

length. The dot line splits two regions of successful and failed cleavages of a Pt-graphite 

segment.   

 

Figure 3.9. Relation between the applied velocity for various side lengths (s=2, 3, and 4μm).  
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3.4 Conclusion 

Using a focused ion beam (FIB) and a nanomanipulator, well-defined graphene layers 

with a size of a few microns have been successfully fabricated after which they could be placed 

in a desired position. A novel technique proposed herein allows easy controlling the size and 

placement of graphitic thin film while the conventional methods failed to do so. As another 

beneficial advantage, this new method is applicable to control the number of graphene layers by 

adjusting the normal force of the nanomanipulator tip. Thus, picking and placing well-defined 

graphene layers onto a desired location in which pre-patterned electrodes or structures are 

fabricated opens up a novel way to measure unique and remarkable physical properties of 

graphene. Placement on the desired position can also have many advantages for better 

characterizing the physical properties of graphene. This can be considered as a better technical 

way to obtain well-defined graphene layers as well as a single-layer graphene. Mechanical 

relationship between the number of layers of placed graphene and applied force should be further 

investigated.  
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CHAPTER 4  

THERMOELECTRICAL APPLICATION OF NANOSTRUCTURE WITH 

NANOMANIPULATION TECHNIQUES I: THEMRAL CONDUCTIVITY MEASUREMENT 

OF SINGLE AND DOUBLE β-SiC NANOWIRE BY THE FOUR-POINT-PROBE 3-ω 

METHOD* 

 

Control of one-dimensional (1D) nanostructures is demonstrated in this paper by 

selectively placing and aligning silicon carbide (β-SiC) nanowires (NWs). A reliable and highly 

reproducible way of placing a single or double SiC NW on pre-patterned electrodes was 

developed by using a focused ion beam and a nanomanipulator. 3-ω signals obtained by the four-

point-probe method were used in measuring the thermal conductivity of the NWs. The thermal 

conductivities of the single and double β-SiC NWs were obtained at 82 6 W/mK and 73 5 

W/mK, respectively. The proposed technique offers new possibilities in manipulating and 

evaluating 1D nanoscale materials.  

 

4.1 Introduction 

Silicon Carbide (SiC) is known as a material having superior thermoelectric, mechanical, 

and optoelectronic properties such as high thermal conductivity, high mechanical strength and  

 

 

 

* Text in sections 4.2 and 4.3 in this chapter are reproduced from K M Lee, T Y Choi, S K Lee 

and D Poulikakos, Nanotechnology 21, 125301 (2010), with permission from by IOP Publishing. 
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wide band-gap structure, which allow for applications in many important areas including 

microelectronics, thermoelectric device and optoelectronics. [1-4] Furthermore, its physically 

and chemically durable and stable features under harsh environmental conditions such as high 

temperature, high power, and high frequency, make it a promising substitute candidate for silicon.  

Nanoscale materials such as NWs, nanotubes, or nanoribbons have attracted great 

attention due to their excellent fundamental physical properties and potential technological 

applications. SiC NWs combine one-dimensional (1D) features with the aforementioned superior 

characteristics of bulk SiC. Therefore, electronic devices based on SiC NWs are expected to 

provide advantages in terms of dissipated power, stability and high voltage operation. For this 

reason, SiC NWs have been considered as building blocks in the miniaturization of electric 

devices. [5-6] Recently, electronic transport measurements of SiC NW field-effect transistors 

(FETs) with a theoretical ballistic and diffusive approach were reported. [7] Both simulation and 

experimental transport results in Ref. 7 show that SiC NWs can be a promising candidate for an 

electronic device for high power and high temperature applications. The doping level and the 

NW/dielectric interface are also critical parameters for device performance. [7] However, 

controlling a single nanostructure such as NWs, nanotubes, or nanoribbons is challenging and 

has been a major obstacle to many researchers. Here, a novel manipulation technique combining 

a focused ion beam and a nanomanipulator is presented, with which free standing single and 

double SiC NWs were isolated and placed on a desired location to be characterized. Being highly 

selective and reproducible, the suggested technical approach, in general, can provide a reliable 

way to manipulate a single one dimensional nanostructure. In this manner, it was possible to 

align a double wire, which consists of two entangled identical single NWs and compare its 

thermal properties to those of a single NW.  
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Unlike other conventional methods including dispersing a solution of NWs on pre-

patterned electrodes or dielectrophoresis (DEP) [8-11], selecting and controlling a single stand-

alone nanowire with geometrically specific features was possible. Utilizing this direct method, it 

is possible to select nanowires of various diameters and shapes from a host of bundled NWs. 

Figure 4.1 shows a schematic view of selecting a single SiC NW. Monitoring with a scanning 

electron microscope (SEM) in-situ, it could be determined which NW needs to be pulled out 

from a bundle. A summary of the superior aspects of this methodology is as follows: (i) high 

selectiveness: we can choose any size and shape of nanowire; (ii) exact positioning; and (iii) no 

chemical residue (contamination) on the pre-patterned structure in aligning a single nanowire.   

 

Figure 4.1. Schematic view of picking and placing a single β-SiC NW. 
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4.2 Experiment and Method 

Single-crystalline β-SiC NWs were grown by using a horizontal conventional hot-wall 

chemical vapor deposition (CVD) furnace. Oxidized Si/SiO2 wafers were used as substrates for 

SiC NW growth. Methyltrichlorosilane (MTS, CH3SiCl3) was used as a source precursor because 

it has the same ratio of Si–C and can easily decompose at low temperature. Hydrogen was used 

as both the carrier gas that transfers the source precursor through a bubbler to the quartz reactor 

and as a diluent gas that regulates the concentration of the mixture containing MTS vapor and 

carrier gas. The diameter of the fabricated SiC NWs varied from 60 up to 100 nm and they were 

a few tens of micrometers long. The structural characterization has been reported in the previous 

paper. [12] Selected area electron diffraction (SAED) analysis and X-ray powder diffraction 

(XRD) pattern of the SiC NWs was indexed to a zinc blend structure 3C–SiC. 

    For direct placement of a single nanowire, a focused ion beam and a nanomanipulator 

whose tip diameter is in the submicron range were used in order to pull out a single nanowire 

from a host of bundled SiC NWs (see Fig. 1(2)-(3)). This process requires precise pre-alignment, 

e.g., highly tuned Eucentric height and precise focusing of the e-beam and ion-beam. This 

process has an advantage of selecting specific nanowires of various sizes and shapes. This 

implies that one can select a nanowire with rectangular cross section or tangled multiple 

nanowires. The selection and control of two different nanostructures are demonstrated, a single 

NW (~60 nm) and an entangled double NW (two identical NWs with ~60 nm) as shown in figure. 

4.2.  
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Figure 4.2. SEM images of placed single and double β-SiC NW on the four-point-probe 

electrodes pattern: (a) a double wire system and magnified SEM image of the double nanowires; 

(b) single wire system.     

 

    In order to pull out a desired NW from the hosting bundle, the NW should be free-

standing with one end attached to the bundle. The nanomanipulator tip is made of tungsten. Thus, 

van der Waals force at the metal tip can attract a semiconducting NW when it is close to the tip. 

Once the tip touches the end of NW, a platinum (Pt) deposition (from organic metal precursor) is 
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made between the tip and the NW for adhesion by using an electron beam (5kV/98pA e-beam 

intensity). A strong ‘pull-out force’ should apply to extract a NW from the bundle. SiC has a 

strong Young’s modulus (YM) of 224 – 600 GPa depending on crystallographic directions. [13] 

In the form of a nanostructure, 660 GPa of YM can be attained theoretically, depending on 

diameters. [14] The tensile strength of β-SiC NW is known to be 52GPa. [15] We estimated the 

actually applied tensile stress for a single β-SiC NW at a value of ~100 GPa, which is large 

enough to break the NW when it is pulled out in the axial direction of NW. Due to its high 

stiffness, the pulled-out SiC NW has a shape of a straight line (figure. 4.3). In addition, an as-

obtained single β-SiC NW will be highly strained due to the high residual tensile stress, which 

reduces the required pulling force.    

 

 

Figure 4.3. SEM images of a single β-SiC NW extracted from the hosting bundle, being pulled 

out by the mechanical tensile stress induced by the nanomanipulator.   
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    Placing the ‘pulled’ NW on pre-patterned four-point-probe electrodes (figure. 4. 4a) is 

subsequently conducted by the manipulator (see figure. 4.1(4)-(5)). After one end of the NW has 

a contact with the SiO2 substrate between the electrodes, the NW is stretched toward the opposite 

electrode. After the NW lands in a desired position, the ion beam is used to cut the linkage 

between the tip and NW made by Pt deposition. During cutting with a focused ion beam, 

unavoidable damage to the NW can occur. However, this part of the NW is not important 

because it is located outside the test section. (see figure. 4.1(6)) 

    After successfully deposited, each contact between the NW and the probe electrode (Au) is 

fully covered by an electron beam-induced Pt deposition (Fig. 4.4b). This step is necessary for 

reducing the contact resistance between the NW and a probe electrode which will increase the 

experimental uncertainties by changing the boundary conditions established by theory (see more 

details in results). The nanowire sample was annealed at 600 °C under a high vacuum (10-6 Torr) 

after the e-beam Pt deposition step. The annealing process was carried out in order to further 

minimize the electrical contact resistance. Another physical reason for this annealing step is to 

remove the voids between the nanowire and metal substrate. [16] We also found that ultrahigh 

vacuum prevented the diffusion of Au in the probe electrodes.    



53 
 

 

Figure 4.4. SEM images of a four-point-probe 3-ω experiment: (a) pre patterned four-point-probe 

and a single β-SiC NW placed by the nanomanipulator; (b) the e-beam induced Pt deposition. 

 

   The contact resistance was measured to provide evidence toward this end by applying 

the known dc current between the contacts 1 and 4 and measuring the voltage drop across 2 and 

3 (see figure. 4.4a). The total resistance of the two-point probe configuration is expressed as 

R2point = Rlead + 2Rcont + Rnw. The resistances of R2point and Rnw were measured by using the two- 

and four-point probes and Rlead (~10 Ω) was neglected to obtain the contact resistance as Rcont = 

(R2point – Rnw) / 2. The result was about 6% of Rnw. Thus, the resultant contact resistance does not 

affect the third harmonic signal since the power dissipation at the contacts is much smaller than 

the minimum power for the 3-ω signal. Additionally, the contact metal pads play a role as large 

thermal reservoirs where the temperature is kept constant at the initial temperature during the 

experiment.  
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    The thermal conductivities of a single and a double SiC NWs were measured by the 3-

ω method. The 3-ω method were utilized by the four-point-probe third-harmonic method, based 

on the fact that the third harmonic amplitude as a response to applied AC current at fundamental 

frequency, ω, can be expressed in terms of thermal conductivity. With this method, the effect of 

contact resistance which is normally present in the conventional two-point-probing method, can 

be eliminated. For the thermal conductivity measurement, a pre-patterned metal structure was 

made by a standard photolithography process. To establish the four-point-probing structure, a 

FIB (focused ion beam) milling process was introduced to obtain a measurement platform, which 

is tailored by FIB machining. A deep trench that was created between two probing electrodes (2 

and 3 in figure. 4.4a) will prevent the heat flow to the substrate, making a nanowire freely 

suspended. The distance between two probing electrodes is 1.5μm, which makes it possible to 

measure a small voltage signal up to a few μV. Figure 4.5 shows the whole process diagram for 

making the 4 point probe structure.  
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Figure 4.5. Process flow of making the 4 point probe structure. 

 

    Figure 4.6 shows a schematic diagram of the experimental setup for measuring the 

thermal conductivity. A lock-in amplifier (Stanford Research System SR850) was used for 

obtaining 3-ω signals. An alternate current (AC) source (Keithley 6221) was used to provide a 

stable current supply. Additionally, this current source prevents overshooting, hence any 

unwanted high current density, which can damage the SiC NW.  In figure 4.7, the digital camera 
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image of the device structure for measuring the thermal conductivity. The Au wire bonded 

structure can be seen in the schematic. Figure 4.8 shows the image of the measurement block 

diagram for the thermal conductivity and temperature coefficient of resistance. 

 

 

 

Figure 4.6. Schematic diagram of measurement setup. The third harmonic signal of β-SiC NW is 

measured by using a lock-in amplifier and an AC current source.   
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Figure 4.7. The digital camera image of the device structure for the thermal conductivity 

measurement. The schematic is the Au wire bonded device in the side view. 
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Figure 4.8. The measurement block for the thermal conductivity and temperature coefficient of 

resistance. 

 

4.3 Results and Discussion 

The one-dimensional transient conduction equation was found to have a closed form 

solution of the third harmonic response as Equation (1) since it constitutes a one-dimensional 

diffusive heat conducting path along the SiC NW suspended between two metal electrodes 

[17,18]. 

 

′                 1  
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Temperature and resistance changes due to Joule heating induced by AC current that is applied 

through the NW fluctuates at the second harmonic. Since the product of resistance and the input 

current has the 3rd harmonic component that provides a signature of thermal response, the 3-ω 

signals can be used for measuring thermal conductivity of individual single NWs. The 3-ω signal 

correlates with thermal conductivity through Eq. (2).  

 

, ,
√2 ′

                         2  

 

Where, L, R '
0 0( )R R T T     , and S are length, electrical resistance, and cross sectional area of 

the SiC nanowire, respectively. 'R  is the temperature gradient of the resistance at room 

temperature defined as 
0

( / )TdR dT and k is the thermal conductivity of the SiC nanowire. In order 

to obtain the accurate third harmonic response of the system (within 1.2 %), the condition of 

2 ' 2 2
0 /I R L n kS  << 1 should be met. [19] The initial and boundary conditions for the temperature 

are room temperature (T0) at time = 0 and at the contacts between the SiC NW and the metal 

electrodes.  

     In order to obtain the thermal conductivity, based on Eq. (2), the temperature 

coefficient of the resistance should be measured. For this purpose, the resistance of the sample 

and its temperature dependency for the single and double SiC NW was measured at the small 

temperature ranges of 28.6 – 30.2 °C and 27 – 32.8 °C, respectively. The measured resistance at 

the room temperature and the temperature coefficient are 7.64 kΩ and -9.6 Ω / °C for the double 

SiC nanowire and 17.6 kΩ and -21.9 Ω / °C for the single SiC nanowire (figure 4.9).   
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Figure 4.9. Temperature coefficient measurement for double β-SiC NW, which has -10 Ω / °C 

and single β-SiC NW, which has -22 Ω / °C. Both were measured at 10uA applied DC current. 

 

   The third-harmonic voltage measurement data for the single and double wire system is 

shown in Figure 4.10. By fitting these results based on Eq. (2), the resultant exponents for the 

current amplitude I0 were 2.7 for both single and double NWs, which is very close to the third 

power dependency from the theoretical prediction. Based on the Eq. (2), the resultant thermal 

conductivities of double and single NWs are 73 5 W/mK and 82 6 W/mK, respectively.  

At room temperature, the heat conductivity is dominated by phonons in a semiconducting 

material, which has a low carrier concentration with no doping condition. Thus, phonon-electron 

scattering and electron heat conductivity can be neglected. The heat conductivity due to phonon 

is (1/ 3)Cvl  , where C, v, l are the heat capacity, phonon velocity, and phonon mean free path 
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(MFP), respectively. In a nanowire, MFP is expected to be close to its diameter although C and v 

are similar to those of a bulk structure. And defects such as vacancies, intistitials, dislocations, 

and stacking faults can degrade the thermal conductivity due to their roles as scattering centers. 

[20] In a nanostructure, a higher concentration of defect states than in a bulk counterpart is 

expected. Therefore, boundary scattering attributed to the size confinement and phonon-defect 

scattering may contribute to reducing the thermal conductivity of SiC in a nanoscale as compared 

to a bulk SiC, whose thermal conductivity is ~300 W/mK. The thermal conductivities of single 

and double SiC NW were estimated based upon the results of the third harmonic voltage, the 

temperature coefficient, and its geometric features (see Eq. 2). With the aid of high resolution 

SEM, it was found out that the diameters of SiC NWs in the single and double system were 

practically the same, ~60 nm. In this manner, the thermal conductivities were measured at 73 5 

W/mK and 82 6 W/mK for the double and single wire systems, respectively, which are close to 

the reported value of a single β-SiC NW (~100 W/mK). [21] The errors involved in the 

measurement consist of 0.03% for resistance, 2% for length, 6% for diameter, and 2% for 3-ω 

voltage. Within ±7% falls the total estimated error.      

 

4.4 Conclusion 

As an alternative method for controlling a single NW, a nanomanipulator combined with 

focused ion beam were used to place a single β-SiC NW at a desired position. A double SiC NW 

system that has two practically identical single nanowires entangled with each other was 

specifically selected and fabricated using the same approach. This approach can be extended to 

control other one dimensional nanosystems such as nanotubes and nanoribbons.  
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Figure 4.10. 3-ω amplitude as a function of current for single and double β-SiC NW. Exponents 

are 2.7 for both double and single NWs, which are close to the predicted third power.  

 

For the placed single and double β-SiC nanowire systems, the 3-ω signals were measured 

by the four-point-probe method and the thermal conductivities obtained were 73 5 W/mK and 

82  6 W/mK for the double and single wire system, respectively. The measured thermal 

conductivities of β-SiC NWs are less than that of bulk material. This can be attributed to the size 

confinement and enhanced boundary scattering due to their nanostructured features. 
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CHAPTER 5 

THERMOELECTRICAL APPLICATION OF NANOSTRUCTURE WITH 

NANOMANIPULATION TECHNIQUES II: MEASUREMENT OF THERMOELECTRIC 

FIGURE OF MERIT OF β-SiC NANOWIRE 

 

A novel manipulation technique combining a focused ion beam and a nanomanipulator 

successfully placed a free standing single SiC NW on a desired location to be characterized for 

its thermoelectrical properties. 3-ω signals obtained by the four-point-probe method were used in 

measuring the thermal and electrical conductivity of the NWs. Subsequently, Seebeck coefficient 

was measured by using additional nanoelectrodes including a nanoheater. The thermal 

conductivity of 86.5  3.5 W/mK for the single β-SiC NWs were obtained. The Seebeck 

coefficient of -1.21mV/K was obtained by using the same measurement platform. Thus, the 

figure of merit, ZT=σS2T/k, was measured to be ~0.12. This value is 60 times higher than the 

reported maximum value of a bulk β-SiC. 

 

5.1 Introduction 

 Because of its physically and chemically durable and stable features under harsh 

environmental conditions, Silicon Carbide (SiC) is known as a material promising substitute 

candidate for silicon. And also it is expected to present some advantages in terms of dissipated 

power, stability and high voltage operation. For this reason, a SiC NW may be used for a high 

performing thermoelectric device. Thus, it is essential to evaluate and hence measure ZT, the 

dimensionless thermoelectric figure of merit. β-SiC NWs were used for the measurements.  
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    In order to do this, the 3-ω method in which the third harmonic amplitude as a 

response to an applied AC current at fundamental frequency, ω, can be expressed in terms of 

thermal conductivity, was employed. Electrical conductivity was evaluated by using the four-

point probe method. To measure the Seebeck coefficient, a nanoscale heater prepared by 

electron-beam deposition in a dual beam FIB chamber was used for generating a temperature 

gradient across the nanowire. The placement of a single β-SiC NW was accomplished by the 

direct-pulling-out method, in which FIB with a nanomanipulator was utilized to place a single β-

SiC NW on the platform.  

    To avoid wasting heat, high-performing thermoelectric materials are desirable. Good 

thermoelectric devices require the reasonable efficiency of converting heat directly into electrical 

energy. The dimensionless thermoelectric figure of merit that is expressed as ZT is a quantitative 

way to reveal this efficiency, where T is the temperature and Z = S2σ/κ. Here, S is the Seebeck 

coefficient, σ is the electrical conductivity, and κ is the thermal conductivity. Most efforts have 

been made on improving ZT at room temperature during last few decades. Nanowire (NW) could 

be one of the best candidate materials since it have shown superior thermoelctrical properties 

than its bulk counterpart. For n-type semiconducting NWs, the thermal conductivity along one 

direction can be remarkably lowered mostly due to the increased quantum confinement and 

boundary scattering. In addition, the thermal power factor, S2σ, can be fairly enhanced since the 

density of states (DOS) near the Fermi level that is close to the band edge, is greatly increased. A 

number of theoretical studies on various NW materials have shown this fact. [1-5] Therefore, the 

characterization of thermoelectric properties of NWs should be essential to understand their 

possible applications in thermoelectric devices.    
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   To this end, a novel way of nanomanufacturing a one-stop measurement platform for 

in-situ characterization of three fundamental properties (the thermal conductivity, electrical 

conductivity, and Seebeck coefficient) was employed for the thermoelectric figure of merit of a 

SiC NW. Measuring the thermal conductivity of nanowires or nanotubes was reported with 

various methods. [6-10] In this chapter, the 3-ω method was employed to study the 

thermoelectric properties of a single β-SiC NW.  As a novel technique, it has proven useful to 

various applications. [11-13] The 3-ω method as a time-independent frequency domain 

technique has an advantage of eliminating spurious signals, employing a narrow-band detection 

technique. Therefore, it provides a better signal-to noise ratio. A four-point probe technique is a 

fundamental basis for the 3-ω method, in which the third harmonic response to alternating 

current (AC) excitation at fundamental frequency is detected. The measured third harmonic 

voltage is correlated with the temperature response of an isolated thermal system, and thus to the 

thermal transport properties such as thermal conductivity.         Assuming that electrons move 

freely in the x-direction and bounded in both y- and z-directions, the electronic dispersion 

relation for a one-dimensional (1D) conductor having a side of length a can be written: 

 

2 2 2
                1  

 

 In Eq. (1), mx, my, and mz are the effective mass components and  is the Planck constant. Eq. (1) 

can be used to obtain the Seebeck coefficient, [1,14] which is given by  
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where η* = (EF - εe
(0))/kBT  is the reduced chemical potential (EF  is the Fermi energy and εe

(0) is 

the band edge for electrons) and Fi’s (i = 1/2, -1/2) are the Fermi-Dirac distribution functions. 

For a quasi 1D conductor such as SiC NW, η can be defined by [15]  

 

1
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                           3  

                                                                                       

where  and   is the 1D and 3D chemical potentials and d is the diameter of a NW and 

  / 12 . Inserting Eq. (3) into Eq. (2), we can rewrite Eq. (2) as  

 

3 /

/

1   
12 2 2

3 /

/
          4  

 

Since the Fermi energy is given by EF = (1/2) Eg + (3/4)kBT ln(mh/me) in a semiconductor where 

mh and me are the effective masses of hole and electron, Eq. (4) can be simplified as 

 

.              5  

 

where Ec is the conduction band energy. This implies that the Seebeck coefficient is large when 

the Fermi level is inside the band-gap. However, locating the Fermi level inside the band-gap 



69 
 

leads to a low electrical conductivity. Thus, the optimal Fermi level for large Seebeck coefficient 

in NW is usually close to the band edge in case of n-type semiconductor. Furthermore, in 

contrast to bulk materials, one dimensional NWs have higher DOS near the Fermi level. 

Therefore, nanowires are more advantageous than bulk structures in terms of thermoelectric 

coefficient, which implies increase of the power factor, S2σ.  

   AC current excitation will induce Joule heating along the wire, which can be 

considered as a one-dimensional system. The one-dimensional transient conduction equation 

along a NW suspended between two metal electrodes can be used to obtain a closed form 

solution of the third harmonic response of the β-SiC NW wire suspended in vacuum as in Eq. (6). 

[11,12] 

 

′                   6  

 

where, L, R[=R0+R’(T-T0)], and A are length, electrical resistance and cross sectional area of the 

β-SiC NW, respectively. R is the temperature gradient of the resistance at room temperature 

defined as (dR/dT)T0. Temperature change, induced by Joule heating due to AC current that is 

applied through the NW, fluctuates at the second harmonic. Since the product of resistance and 

the input current has the 3rd harmonic component that provides a signature of thermal response, 

the 3-ω signals can be used for measuring thermal conductivity of an individual single NW. The 

3-ω signal correlates with thermal conductivity through Eq. (7). [16] 

 

, ,
√2 ′

                         7  
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where, k is the thermal conductivity of the β-SiC nanowire. Thus the thermal conductivity is 

found to be √2 ′ / , , . In order to obtain the accurate third harmonic 

response of the system, the condition of ′ /  1 should be met. [11] The initial and 

boundary conditions for the temperature are room temperature (T0) at time = 0 and at the contacts 

between the β-SiC NW and the metal electrodes.  

 

5.2 Experiment and Method 

Single-crystalline β-SiC NWs were grown by using a horizontal conventional hot-wall 

chemical vapor deposition (CVD) furnace. Oxidized Si/SiO2 wafers were used as substrates for 

SiC NW growth. Methyltrichlorosilane (MTS, CH3SiCl3) was used as a source precursor because 

it has the same ratio of Si–C and can easily decompose at a low temperature. H2 was used as both 

the carrier gas that transfers the source precursor through a bubbler to the quartz reactor and as a 

diluent gas that regulates the concentration of the mixture containing MTS vapor and carrier gas. 

The diameter of fabricated SiC NWs varied from 60 up to 100 nm while they were a few tens of 

micrometers long. Its structural characterization was already reported in the previous paper [17] 

which shows cubic zinc blend structure with a <111> growth direction.  

   Measurements were made on a silicon nitride (Si3N4) membrane. A microelectrode 

pattern on top of the membrane was made by sputtering Au/Cr and used for thermoelectric 

measurement. The 6-wired electrodes for an electrical interface were patterned with the standard 

photolithography technique. Potassium hydroxide (KOH) was used for selectively etching Si at 

the center of the substrate to create a thin (500nm) membrane structure which has the dimension 

of 300x300 μm2. The membrane structure also serves as a thermally insulating layer. And then a 
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trench (a through hole) was created by FIB milling for removing a heat loss from the NW when a 

current is applied to the NW. This trench also prevents heat generated in the nanoheater from 

flowing through the membrane. FIB was finally used to tailor a desired four-point probe 

structure by ion beam milling and localized heating source (nanoheater) by an ion beam induced 

Pt deposition (IB-Pt). The nanoheater was made to locally heat the NW, and thus to measure the 

Seebeck coefficient by generating a temperature gradient across the NW. A whole procedure is 

shown in figure 5.1 with their corresponding scanning electron microscope (SEM) images.   

 

 

Figure 5.1. Four-point probes for 3-ω method: schematic view and corresponding SEM images. 

The inset is a localized heating source (a nanoheater) fabricated by IB-Pt deposition.   
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    With a nanomanipulation technique combining FIB and a nanomanipulator, we could 

obtain a free standing single β-SiC NW and place it on a desired location for characterization. 

Being highly selective and reproducible, the applied technical approach, in general, can provide a 

reliable way to manipulate a single one dimensional nanostructure. In this manner, it was able to 

align a double wire, which consists of two entangled identical single NWs and compare its 

thermal properties to those of a single NW. [18] Monitoring NW bundles with an SEM in-situ, 

we could determine which NW needs to be pulled out from the bundles. The van der Waals force 

induced at the manipulator tip can attract a NW when it is close to the tip. Once the tip touches 

the NW, organic platinum (Pt/C) deposition is made between the tip and the NW for adhesion by 

a focused electron beam (5 kV/98 pA intensity). The pulled NW is placed on pre-patterned four-

point probe electrodes. After the NW lands on the desired position, a focused ion beam is used to 

cut the linkage between the tip and the NW. During the cutting process with a focused ion beam, 

unavoidable damage to the NW is plausible. However, this damaged part can be ignored because 

it is outside the test section. More detailed information on placing the NW can be found in the 

previous report. [18] Figure 5.2 shows the schematic of ‘pick and place’ procedure for a single β-

SiC NW. And figure 5.3 shows the SEM image of the placed single NW on the electrodes. 

 

Figure 5.2. Schematic diagram of “pick and place” procedure for a single β-SiC NW. 
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Figure 5.3. Placed NW between the electrodes. Electron beam induced Pt deposition was made 

for reducing the contact resistance.  

 

   Figure 5.4 shows a schematic diagram of the experimental setup for measuring the 

thermal conductivity, electrical conductivity, and the Seebeck coefficient (hence, ZT) in one 

measurement platform. The measurement platform that consists of a four-point probe and 

nanoheater is shown in the SEM image. A lock-in amplifier (Stanford Research System SR850) 

was used for obtaining 3-ω signals for the thermal conductivity measurements. An AC source 

(Keithley 6221) was used to provide a stable current supply. Additionally, this current source 

prevents overshooting, hence any unwanted high current density, which can damage the β-SiC 

NW. 
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Figure 5.4. The measurement block and platform for the electrical and thermal conductivity and 

Seebeck coefficient: The image on the right is an SEM picture showing the nanoscale four-point 

probe. The inset in the left corner is the relevant measurement set up.   

 

 

5.3 Results and Discussion 

The electrical conductivity was measured to be 2.25x102 Ω-1cm-1 and the thermal conductivity 

was evaluated to be 86.5 3.5 W/mK by Eq. (7). Figure 5.5(a) shows the measured 3-ω signals 

as a function of current at 1kHz. The exponent, 2.83, was obtained by best fitting and close to 3 

according to the third power law. By fitting the result according to Eq. (7), the thermal 

conductivity of 86.5 3.5 W/mK was obtained at room temperature. In figure 5.5(b), the 

temperature coefficient of the resistance was found to be −21.9 Ω ◦C−1 in the temperature range 

of 28.6–30.2 ◦C. The measured thermal conductivity was fairly reduced from that of a bulk that is 

around 300 W/mK. [19] At room temperature, the heat conductivity in a semiconducting material 

is dominated by phonons when there is a low carrier concentration with no doping condition. 
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Thus, we only consider the lattice thermal conductivity neglecting the electronic contribution. 

The Klemens-Callaway’s expression for the lattice thermal conductivity is [20] 

 

 
2 1

⁄

                  8  

 

where V is the phonon group velocity, T is temperature,  is the Debye temperature, 

ω⁄ , and  is the combined phonon relaxation time that is given as 

 

1 1 1 1
 
                                                             9   

 

where τU, τI, and τB are the relaxation times due to the three-phonon umklapp processes, impurity 

scattering, and boundary scattering, respectively. Eq. (8) can be used for other low dimensional 

systems such as quantum well, [21] quantum wire, [22] and nanowire [23] with modification of 

the phonon group velocity and combined relaxation time even though the equation was originally 

made for a bulk material. The confinement of acoustic phonons, which is responsible for the 

lattice thermal conductivity, and corresponding change in their group velocity leads to an 

increase in the phonon relaxation rates and, thus to the drop in thermal conductivity. In a 

nanowire, boundary scattering is significant at room temperature compared to the other two 

scattering mechanisms which are dominant only at higher acoustic phonon modes. [21] Therefore, 

we conclude that boundary scattering attributed to the size confinement and impurity scattering 

contribute to reducing the thermal conductivity of the β-SiC NW as compared to a bulk SiC.  
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Figure 5.5. (a) the measured temperature dependency, dR/dT, of the NW resistance, which was 

found to be −21.9 Ω ◦C−1. (b) the measured 3-ω voltage 

 

   The Seebeck coefficient was measured to be -1.21 mV/K by using the same 

measurement platform. The Seebeck coefficient, S, was obtained from S=-(dV/dT)=-(ΔV/ΔT), 

where ΔV = 2.015x10-3 V and ΔT = 1.67 °C were measured, respectively. By definition, a 

thermal gradient established by a localized heating at one side of the trench induces a 

thermoelectric voltage along the NW. We used an IB-Pt thin line (200x100x2300 nm3) as a 

localized heating source (the nanoheater) since its resistance could be easily controlled by 

geometrical configuration. Both the thermoelectric voltage and the temperature difference 

between the two sides of the NW (i.e., the nanoheater and opposite cold side) were measured at 

the steady state heating condition. The steady state temperature of the IB-Pt heating source was 

obtained from its calibrated temperature coefficient as the resistance of the nanoheater was 
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measured. The voltage difference was measured across the NW before and after turning off the 

applied current to the heating source so that the systematic error caused by thermocouple 

contacts (e.g., NW and Au electrodes) could be removed.   

    In order to obtain the temperature coefficient of IB-Pt nanoheater, the temperature 

dependency of the resistance was measured. The resistance of IB-Pt at room temperature was 

found to be 1.72 kΩ.  And the temperature coefficient, [1/R0][ΔR/ΔT], where R0 is the resistance 

in room temperature, was obtained to be 2.1x10-2/°C. The resistance change was revealed to be 

around 36 Ω/°C. One degree change of temperature can cause 2% decrease of the resistance at 

reference (room) temperature. Relatively large variation of the resistance per temperature can be 

used for a good nanoscale heating source that provides a good resolution in temperature 

measurement.  

 

 

Figure 5.6. The Seebeck coefficient measurement with the obtained temperature change f 

resistance, dR/dT, of the nanoheater (36 Ω ◦C−1).  
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Figure 5.6 shows the measurement of the Seebeck coefficient. The electrical resistivity of 

the β-SiC NW was shown to be ~4.45x10-3 Ωcm. Due to the reduction of the thermal 

conductivity, the dimensionless thermoelectric figure of merit ZT was found to be ~0.12. This 

value is 60 times higher than the reported maximum ZT for a bulk SiC. [24]  

 

5.4 Conclusion 

Using a novel measurement platform with the four-point probe 3-ω method, it was able to 

measure the electrical conductivity σ and thermal conductivity κ of individual β-SiC nanowire. 

And also, a nanoheater as a localized heating source was fabricated with the FIB IB-Pt 

deposition. Therefore, the precise measurement of the Seebeck coefficient was made. Combining 

all the thermoelectrical properties, the thermoelectric figure of merit (ZT) of a single β-SiC NW 

was found to be ~0.12. This value was 60 times higher than the reported maximum value of a 

bulk β-SiC. This was explained by the superior nanostructure properties of the NW. And as an 

additional technical progress in this work, the reported novel nanoelectromechanical approach 

can provide integrated formulation for thermoelectric characterization in one characterization 

platform.  
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CHAPTER 6 

BIOLOGICAL APPLICATION OF NANOSTRUCTURE WITH NANOMANIPULATION 

TECHNIQUES: SILVER NANOSTRUCTURE SENSING PLATFORM OF MAXIMUM-

CONTRAST FLUORESCENCE CELL IMAGING* 

 

 

A nanomanufactured plasmonic sensing platform which consists of a combined structure 

of Ag nanowire (NW) and nanodot (ND) array (NW-NDA) is presented and discussed. Strongly 

enhanced fluorescence from a fluorophore is attributed to an optical near-field interaction 

mediated by surface plasmon coupling between proximately located Ag NW and NDs. We 

succeeded in obtaining enhanced fluorescence intensity of up to 140 fold in contrast to the 

background intensity. This novel platform can be a promising utility for optical imaging and 

labeling of biological systems with enhanced sensitivity.  

 

6.1 Introduction 

Applications of fluorophore–metal interactions such as metal-enhanced fluorescence 

(MEF) have been actively sought through theoretical development since the 1980’s. The 

presence of metallic surfaces or particles in the proximity of fluorophores can dramatically  

 

* Text in sections 6.2 and 6.3 in this chapter are reproduced from Kyung-Min Lee, Arup Neogi, 

Purnima Basu Neogi, Minjung Kim, Bongsoo Kim, Rafal Luchowski, Zygmunt Gryczynski, Nils 

Calander, and Tae-Youl Choi, Journal of Biomedical Optics 16(5), 056008 (2011), with 

permission from SPIE Publication.  
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change the spectral properties of fluorophores. [1-6] Additionally, recent active research in the 

use of nanostructures has enabled favorable modification of photophysical spectroscopies of 

biological systems. 

A noble metal such as silver (Ag) or gold (Au) has been used as a substrate for metal 

enhanced fluorescence (MEF) imaging.  Recently MEF has shown dramatically increased 

fluorescence emission while reducing lifetime, which leads to decreased photobleaching. [7] In 

addition, Ag or Au has a large scattering and absorption cross section in its nanostructure 

formation. Such enhanced cross sections can offer highly sensitive and contrasted imaging. [8] In 

addition, a collective free electron oscillation, known as surface plasmon, on the Ag or Au 

surface can be tuned to be activated in the near-infrared (NIR) region. Therefore, nanorods or 

nanoshells that are triggered by an NIR light source have been used for imaging as well as for 

therapy of in vivo tissues utilizing a large penetration depth of NIR through tissues. [9,10] In this 

work, we introduce a novel nanostructure platform using the near-field interaction, which leads 

to a highly enhanced fluorescence image. For the fluorophore, we used LDS798 dye (1-Ethyl-4-

(4-(p-Dimethylaminophenyl)-1,3-butadienyl)-quinolinium Perchlorate) dissolved in 0.2% 

poly(vinyl) alcohol (PVA) (abbreviated as LDS798-PVA). While MEF is induced by optical 

interaction between a metal structure and dielectric material such as a cell or fluorophore, this 

novel platform, which integrates Ag NW and ND array (NW-NDA), provides resonantly 

enhanced optical coupling between the two metal nanostructures. Hence, a much higher intensity 

of fluorescence in this structure than in a metal-dielectric interface is expected. Employing this 

novel platform, NW-NDA, we have detected remarkably enhanced fluorescence of LDS798-

PVA. A strongly localized field was induced on the surface of Ag ND by light irradiation due to 

“Lightening Rod Effect”. [2,11,12] A highly localized optical coupling between NW and ND 
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array occurred when Ag NW was proximately located to the arrayed NDs. Since the optical 

coupling between the NW and NDs would increase the density of optical mode, this would lead 

to higher radiation pumping and decaying rates.    

 

6.2 Methods and Material 

6.2.1 Preparation of the Measurement Platform 

A glass substrate for backside illumination of excitation light (635nm) was used. Ag thin film 

(50nm thick) was deposited on top of the glass by sputtering. A focused ion beam (FIB-FEI 

Nova 200 Nanolab) was utilized to create a nanodot array by ion beam milling at 30kV/30pA. 

Each nanodot is 100 ~ 200 nm in diameter and 50 nm in height. The array size was 8 × 5 μm2, 

which is comparable to a typical cell dimension. A single Ag NW was placed in the proximity of 

the ND array with an aid of a nanomanipulator (Omniprobe Autoprobe 200). Figure 6.1 shows 

the various type of Ag ND arrays which were made by the FIB milling. The size and shape also 

could be controlled by the milling condition of FIB. This would be applicable to other types of 

Ag ND measurement platform. 
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Figure 6.1. Various types of Ag ND arrays created by FIB milling 

 

6.2.2 Ag NW Growth  

Ag NWs were synthesized in a horizontal hot-wall single-zone furnace. The Ag slug (99.99 %, 

Sigma-Aldrich) was placed in an alumina boat at the center of a heating zone and a c-cut 

sapphire substrate were placed at a few centimeters downstream from the center of the heating 

zone. Ar gas flowed at a rate of 100 sccm, maintaining the chamber pressure at 10 Torr. The Ag 

sulg was heated at 780°C and the Ag vapor was transported to the lower temperature region by 



85 
 

the carrier gas, where Ag NWs were grown on the substrate. The temperature of the substrate 

was maintained at 730 °C. More detailed information is presented in a recent paper. [13] Figure 

6.2 shows the as grown Ag NWs. 

 

 

Figure 6.2. FESEM images of as grown Ag NWs 

 

6.2.3 Placement of a Single Ag NW 

A single Ag NW was transferred from the substrate (SiO2) to the pre-patterned Ag ND 

array using the nanomanipulator. The transferring method is same as in the previous report. [14] 

However, in this study, the electron beam-induced Pt (EB-Pt) deposition for adhesion between 
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the Ag NW and nanomanipulator was not necessary. Since one end of the NW was freestanding 

and the other end was loosely bounded to the substrate, we only needed a mechanical force from 

the nanomanipulator in the translational direction, which is enough to overcome the bonding 

potential between the NW and substrate. We lifted up the nanomanipulator rapidly in the vertical 

direction in order to pull out the NW. Figure 6.3 shows the Ag NW attached to the 

nanomanipulator when it was lifted up from the substrate.  

 

 

Figure 6.3. Ag NW attached to the tip end of nanomanipulator when it was lifted up from the 

substrate. 
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Transferring the NW to the pre-patterned structure and placing it in the ND array were 

sequentially completed. In placing the NW inside the array, mechanical rotation and pressure 

was needed on the nanomanipulator for a correct direction and secure placement of the NW. In 

contrast to the previously reported NW deposition, no ion-beam cut separating nanowire and 

nanomanipulator was needed because the EB-Pt deposition was not performed. Figure 6.4 shows 

the schematic view and SEM image of NW-NDA. To clarify the dependency of the gap between 

NW and NDs on the field enhancement, the NDs array was fabricated with variable vertical gaps. 

 

 

Figure 6.4: Schematic view and SEM image of NW-NDA for a fluorescence imaging platform.  
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6.2.4 Experimental Setup 

A thin layer of LDS798-doped PVA was prepared by spin-coating on the glass surface 

with previously deposited nanowire. A spin-coating system (Special Coating Systems, Inc. 

Model P6700 series) at 3000 rpm for 100s was used. For intensity and time-resolved 

measurements a confocal system MicroTime200 (PicoQuant, GmbH) has been used. The 

detection part equipped with a Micro Photon Devices (MPD) detector, type PD1CTC, has been 

integrated with Olympus IX71 inverted microscope. An excitation source was provided by LDH-

P-C-635B pulsed laser diode at 635 nm and was spectrally pre-cleaned by a bandpass filter 

(z636/10x, Chroma Technology Corp.). A sample composed of NW and NDs deposited on a 

glass cover slip with a layer of spin-coated LDS798-PVA was mounted on a microscope stage in 

an up-side down configuration. A water immersion objective lens (Olympus 60×, 1.2 NA 

UPlanSApo) was used to focus excitation light on the sample. The same objective lens collected 

the fluorescence photons after laser pulses that were synchronized with the PicoHarp 300 time-

correlated single-photon counting module. Fluorescence emission was separated from scattered 

light by using combination of a 640 nm Razor Edge and 650 nm long-wavelength pass filters 

(Semrock). The data analysis of fluorescence decay was performed using SymPhoTime (v. 5.0) 

software package, that also controlled the data acquisition. The fluorescence decay curves were 

analyzed by means of iterative re-convolution with the same software program. A sum of 

exponentials was found,  

 

exp  

                                                   

where αi and τi are pre-exponential factors and fluorescence lifetimes, respectively. 
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6.3 Results and Discussion 

Figure 6.5 shows the fluorescence intensity measurement images. Along the NW, bright 

fluorescence at proximate region between NW and NDA is indicated. Initially, the NDA with 

various gaps from the NW was fabricated in order to clearly see the gap dependency of field 

enhancement. The localized enhancement of the field might be attributed to the optical coupling 

between the localized field in the NDA and in the NW. The former can be described as highly 

dense optical field line at the edge-shaped geometry (in our case, the highly confined corner of 

cylindrical interface). Since two structures are close to each other, in the near field regime, the 

optical coupling between two metallic systems concentrates a local electrical field on the 

fluorophore so that the highly elaborated radiation decay rate is expected. In addition, the excited 

state of the fluorophore remained for a short time as additional photonic modes were introduced 

by the resonantly coupled field, which in turn decreased lifetime. [15] This gave rise to shorter 

lifetime of 0.27 ns and brighter fluorescent emission of up to 140 fold, as compared to the 

measurement without the NW-NDA-based platform that was used for background (control) 

intensity in the current study. 

 



90 
 

 

Figure 6.5: Fluorescence intensity image of LDS798-PVA deposited on NW-NDA; Dashed line 

is the Ag NW. Double headed arrow is a region for analysis, which is shown in figure. 6.7. At 

the sites where NW and ND are closely located (right bottom and right and left top in Ag NW), 

enhanced fluorescence intensities are shown.    

 

In order to confirm the change in lifetime and increase of fluorescence emission, a 

theoretical simulation was conducted using the finite element method (FEM). A program 

package, COMSOL 3.5a with the RF module on a Linux computer cluster with 15 nodes (each 

node having 18 GBytes of internal memory), was used for this simulation. The program solves 

the finite difference time domain (FDTD) electric fields based on the full set of Maxwell’s 

equations by assigning each domain (e.g., Ag NW, Ag ND, glass, air) optical properties such as 

refractive indices with input intensity field of 635 nm. Figure 6.6 shows the simulation result for 

the same structure of the experiment without the fluorophore. Therefore, figure. 6.6 shows only 
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the field enhancement due to ND-NW construct. No enhanced field distribution in the gap of Ag 

NW and ND was found when they are separated by larger than 20nm. However, an enhanced 

field was detected at 20 nm of the gap between the NW and ND as shown in figure. 6.6.  

 

 

Figure 6.6: Simulated result for the local electric field distribution for NW-NDA. Incident light 

was polarized perpendicularly to the NW. The gap between Ag NW and ND array was assigned 

to be 20nm. Fairly enhanced field distribution between NW and ND array was shown.  

 

This field enhancement can be understood by the lightening rod effect. A quasi-

electrostatic condensing of electric field lines at highly confined volume of arbitrary geometry 

can give rise to a magnificently localized field. As long as the effective curvature of the highly 

confined volume is much smaller than the wavelength of light, this effect is more prominent. 

And when Ag NW is proximately located to the arrayed NDs, highly localized optical coupling 
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between NW and ND array would occur since many free electrons in Ag NW would be 

responsible for coulombic interaction with the localized field on NDA.  Thus, increase in the 

emission intensity is expected as a result of optical coupling that increases the local incident field 

on the fluorophore. This will lead to higher radiation pumping and decaying rates and 

subsequently produce enhanced fluorescence intensity and reduced lifetime.    

Figure 6.7(a) shows the enhanced fluorescence intensity at the double-headed arrow 

region in figure. 6.5. It showed 140-fold increased intensity as compared to that of the control 

(background, figure. 6.7(b)). Similar enhancement factor was theoretically obtained with a 

maximum value due to the lightening rod effect. [1] The proximation dependency of field 

enhancement was confirmed by our experimental and simulated results as appeared in figure 6.5 

and 6.6. Therefore, it is concluded that the large enhancement of fluorescence intensity is 

attributable to high quantum yield from optical coupling between Ag NW and NDA.  

In figure 6.8, three different imaging systems such as LDS-PVA alone, LDS-PVA on Ag 

NDA, and LDS-PVA on Ag NDA and NW for fluorescence intensity measurement are shown 

for clear comparison with their schematics and spatial intensities. Due to MEF from two Ag NDs, 

fluorescence was fairly increased from the structure with fluorophore alone (figure 6.8(a)). On 

the other hand, the highest intensity was found on the NW-NDA (figure 6.8(c)).   
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Figure 6.7: Fluorescence intensity comparison of LDS 798-PVA on NW-NDA between (a) the 

field enhanced region (double headed arrow in figure 6.5) and (b) background. 140-fold 

increased intensity from the background was seen, which is close to a maximum theoretically 

predicted value.  

 

Figure 6.8: Fluorescence intensity studies for three different types: (a) LDS-PVA alone, (b) 

LDS-PVA with two Ag NDs, and (c) LDS-PVS with Ag NDs and NW.  
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 Decay of measured fluorescence intensity is presented in figure. 6.9. A fitting parameter 

for fluorescence decay of the LDS 798 was obtained using a single exponential (χ2) value equal 

to 1.347. Analysis of intensity decay revealed a single fluorescence lifetime of 0.27 ns. The 

fluorescence lifetime drops significantly from 2.17ns which has been reported previously for the 

same material. [16] This quenched lifetime can be explained by modifying the total radiative 

decay rate (Γtotal = Γ + ΓNW-NDA) incorporating the NW-NDA-induced radiative decay rate, ΓNW-

NDA, in addition to normal radiative decay rate, Γ. It should be clarified that the first fast 

component is due to the small amount of post pulse after a main excitation pulse.  

 

 

Figure 6.9: Fluorescence intensity decay of LDS 798-PVA on NW-NDA. Excitation was 635mm. 

The fitting result for fluorescence lifetime was 0.27ns.  
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Based on our results in this work, it is envisioned that NW-NDA can function as a 

surface-enhanced fluorescence-active platform where very high fluorescence signal enhancement 

is expected. With this, E. coli (Escherichia coli) was used to demonstrate our technology for 

biological imaging applications. E. coli-suspended solutions of 1µl were dropped on glass, Ag 

thin film (60nm thickness), and NW-NDA. After the solutions were totally dried, DAPI (4',6-

diamidino-2-phenylindole) was used to stain each sample. DAPI is commonly used for staining 

DNA inside a cell as a fluorescent dye. Since E. coli is relatively small size in our experiment 

(1~2 µm), DAPI can work for imaging the whole topological feature of E. coli. Zeiss Axiovert 

200M confocal optical microscope with 405nm excitation was used to image E.coli. Figure 6.10 

shows the images of E. coli on glass, Ag thin film, and NW-NDA with their fluorescence 

intensities. It is clearly found that the brightest image, hence highest fluorescence intensity is 

obtained from NW-NDA. Our observation on greatly enhanced field in the Ag nanostructure-

assisted (NW-NDA) sensing platform could be extended to monitor exocytotic activities 

occurring at the surface of a cell membrane due to the surface-enhanced near-field interaction. 

[17] Thus, in the vicinity of a cell membrane in contact with the enhanced field, the exocytotic 

events and vesicle release to the extracellular space can be indicated by great sensitivity with 

high fluorescence signal amplification.  
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Figure 6.10. Fluorescence images of E. coli placed on the three different structures such as NW-

NDA, Ag thin film (60nm thickness), and glass. The clearest image of E. coli with highest 

fluorescence intensity was obtained from NW-NDA arrangement. The gray bars in the 

fluorescence images indicate 1μm size. 
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6.4 Conclusion 

A nanostructure platform composed of a Ag NW and ND array by using a 

nanolithography approach was fabricated. An array of NDs and proximately located NW induced 

a fairly enhanced field of up to 140 folds along the NW, as contrasted from background intensity. 

When the incident light irradiates from the bottom of a glass substrate, an enhanced field due to 

the plasmonic near-field interaction leads to brighter fluorescence image, giving rise to shortened 

lifetime, with a great sensitivity. This novel nanoengineered plasmonic platform opens up a new 

horizon for a more efficient and direct way to image a cell and biological system. The proposed 

instrument can provide a non-invasive approach for studying membrane-proximal molecular 

events in cancer cells, which may lead to a clue for diagnosis of cancer. 
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CHAPTER 7 

OPTICAL APPLICATION OF NANOSTRUCTURE WITH NANOMANIPULATION 

TECHNIQUES: PHOTOCURRENT STUDY OF A β-SiC NANOWIRE AND A NOVEL 

LIGHT HARVESTING DEVICE BASED ON A PLASMONIC NANOSTRUCTURE 

 

 

A single β-SiC nanowire (NW) was successfully placed on a measurement platform by 

the Dielectrophoresis (DEP) method to study its photocurrent behavior. Measurement of 

photocurrent spectroscopy revealed that its band edge absorption was around 2.43 eV. Higher 

photon energy illumination (350nm) than the bandgap induced photocurrent which was 

theoretically estimated to be in the few tens of nA range and experimentally investigated.  

And a novel photoconductive device structure for a solar cell application was designed 

and studied for its light harvesting behavior. A β-SiC NW was placed in between a Ag nanodot 

(ND) array. With much shorter size than an incoming photon wavelength, the Ag NDs created 

plasmonic oscillations, mainly attributed to dipole oscillations. Because of more optical modes in 

the higher refractive index material, the radiation pattern from the dipole oscillation was 

expanded onto the β-SiC NW rather than free space. It was found that Ag ND array played the 

role as collecting and concentrating light to create denser optical paths into the semiconducting 

β-SiC NW, which in turn provided higher quantum yield for photoconductivity. Since the 

structure is in the nanoscale (i.e. NW and ND), this novel device structure can be a miniaturized 

building block for high demanding solar cell applications. 
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7.1 Introduction 

Silicon Carbide (SiC) is one of the wide bandgap semiconductors, which has 2.2~3.0 eV 

gap energy depending on its crystallographic structure. [1,2] This indirect wide band gap 

material has attracted much attention for its optical comparability with Gallium Nitride (GaN) 

and optoelectronic counterpart to Silicon (Si). Since the mid 80’s, as one of emerging 

technologies, SiC technology induced the commercialization of SiC wafers, power electronics, 

and optoelectronic devices. Thus, it will be an active substitute for Si in near future. One of 

advantages of SiC is the thermal conductivity. Its superior thermal conductivity is suitable for 

high power, high temperature operation because the rapid heat dissipation is needed as the heat 

generated on a device. Table 7.1 shows the physical properties of SiC polytypes and Si. 

 

 

Table 7.1. Physical properties of the polytypes of SiC and Si 
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Presently, there are three most popular polytypes of SiC in research: 6H-, 4H-, and β-SiC. 

4H and 6H have stacking sequences as ABAC and ABCACB while, β-SiC is cubic-like structure 

having ABC stacking sequence. Here, β-SiC in a lengthy nanostructure form, i.e. NW was used, 

which were grown with 10~30 μm lengths and 50~150nm diameters. The nanowire structure 

should be characterized in comparison with its bulk counterpart because of its superior physical 

properties than bulk structure. We employed a photocurrent set up for measuring the 

photocurrent and sub micron size electrode patterns fabricated by photo- and nano-lithographical 

method.         

Dielectrophoresis has been used for manipulating nanostructures such as nanoparticle, 

nanowire, and biosubstances employing non uniform electric field and polarizability of particles 

and suspending medium. For a homogeneous cylindrical shape or a rod, such as a nanowire in 

this manuscript, with its major axis parallel to an inhomogeneous alternating electric field, the 

DEP force is given by [5-7] 

 

                                FDEP = (v/2) εmK(ω)  E2
rms = (πr 2l/2) εm K(ω)  E2

rms 

 

where v is the volume of the nanowires, K(ω) is the real part of the Clausius–Mosotti factor, r is 

the radius of the nanowires, and l is the length of the nanowires. K(ω) is related to the nanowire 

dielectric constant εn and liquid medium dielectric constant εm by 

 

                                                       K (ω) ≡ Re[ε*n – ε*m /ε*m] 
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Direct picking and placing method with a nanomanipulator and FIB milling were employed for 

making a plasmonic light harvesting device. The method of direct nanomanipulation was already 

introduced in the previous chapters in this dissertation.   

 

7.2 Theory 

7.2.1 Theoretical Background I:  

7.2.1.1 Surface Plasmon  

A surface plasmon is a collective electron oscillation in near surface of metal.  Historically, 

Richie found the surface collective oscillations. [8] In the non-retarded regime (classical limit, 

phase velocity of ω/k << c), the surface plasmon condition is 

 

 

 

where ε1 is the dielectric function of the particle, ε2 is the dielectric function of the embedding 

medium. Thus, the frequency of the surface plasmon in free space is written as 

 

1
 

 

If the host medium is air, the frequency of the surface plasmon is given as  

 

√2
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This is matched to the theoretical estimation on cylindrical geometric shape for p-polarized 

incident E-field.  

 

7.2.1.2 Localized Surface Plasmon 

The localized surface plasmon (LSP) can exist due to its confined structure. LSP can be found in 

bounded geometries such as, metallic particles, or voids of various topologies. The frequency of 

LSP can be determined in the non-retarded (electrostatic) approximation by solving Laplace’s 

equation. Inside of the sphere which has radius R, the electrostatic potential can be written as [9] 

 

 , ,  

∞

, ,     0  

 

Where ,  is a spherical harmonic. 

Similarly, the solution of Laplace’s equation for the electrostatic potential outside the sphere can 

be written as 

 , ,  

∞
1

, ,      

 

Applying the boundary conditions at the surface of the sphere, namely the continuity of  and of 

⁄ , yields the dispersion relation for the frequencies of the LSPs, 

 

1

/

,    1,2,3, … 
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As the size of the sphere increases, the contributions of higher mulitpoles become more 

and more significant. For a very large sphere, the LSP frequency approaches that of a surface 

plasmon at a planar interface. And for small spheres, only dipole-active excitation (  =1) is 

important. In our structure, multipole attribution should be concerned. In this case, the frequency 

of LSP approaches to that of SP on the NW. And the fabricated ND structure was not a perfect 

sphere. Since the characteristics of FIB milling, the FIB made ND shape is closer to cylindrical 

one. In the case of a cylindrical shape, the surface plasmon frequency is slightly deviated from 

spherical case ( /√3 ). Namely, /√2 . 

Up to now, two main basic mechanisms have been proposed to explain photocurrent 

enhancement by metal particles, which are incorporated into or on solar cells. Those are the light 

scattering and near-field concentration of light. The contribution of each mechanism depends 

mostly on the particle size, how strongly the semiconductor absorbs, and the electrical design of 

the solar cell. Therefore, a device designer should consider the above three factors to increase the 

efficiency of a solar cell. From the physics point of view, enhancing light trapping into a 

semiconducting nanowire due to metal nanoparticles is one of the major concerns for a solar cell 

application. Thus, in this dissertation, light trapping related with scattering and plasmon 

resonance was studied.  

 

7.2.2 Theoretical Background II 

7.2.2.1 Scattering Cross Section 

At the resonant condition, the scattering cross section is substantially increased.  

The scattering cross section Csca is given by  
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6

| |  

 

Where α is the polarizability which is written as 

  

4
2

 

 

and ε1 is the dielectric function of the particle, ε2 is the dielectric function of the embedding 

medium, k the wave vector, and s0 the energy density. In order to derive the scattering cross 

section, starting with the energy density of the external field, the time average of the energy flow 

is written as (in spherical coordinates) 

 

1
2

1
2  ̂   ̂   

 

where the external field is E0.  This can be simplified with 

 

 
6

 

 

Therefore, the total radiation power is given by 

 

| | sin  
| |

12 12
| |  
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From this, the scattering cross section is  

 
6

| |  

 

Meanwhile, the absorption cross section is given by 

 

  

 

Metal nanoparticles are strong scatterers of light at wavelengths near the plasmon 

resonance, which is due to a collective oscillation of the conduction electrons in the metal. For 

particles whose diameters are well below the wavelength of light, a point dipole model can give 

the good description of the absorption and scattering of light. When the condition of the surface 

plasmon resonance is matched, the scattering cross-section can substantially exceed the 

geometrical cross section of the particle. For a silver nanoparticle, the resonance in air has a 

larger scattering cross-section that is around ten times higher than its geometrical cross section. 

This means that if a substrate is covered with a 10% areal density of particles, it could fully 

absorb and scatter the incident light. [10]  

 

7.3 Experiment 

It is possible to create non uniform electric field, using round shaped electrodes and ac field, to 

place a single β-SiC NW. The DEP force exerted by a non uniform ac electric field selectively 

attracted and oriented a single NW from a mixture of NWs and other particles. Figure 7.1 shows 

a schematic and digital camera image of a circuit of ac electric fields in a controllable way.  
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Figure 7.1. Digital camera image of the DEP setup. Equivalent circuit is shown in upper left in 

the image. 

 

Photo-lithographically patterned gold electrodes on a silicon nitride (Si3N4) wafer were 

used. FIB machining was employed to tailor sub micron structures. β-SiC NWs have an average 

diameter of 60nm and length of 30μm, which was determined by scanning electron microscopy 

(SEM) observation  (figure 7.2). The β-SiC NWs were sonicated in an ethanol solution for 1min. 

An aliquot of this solution (~3μL) was dropped on the gap while the ac electric field was 

continuously applied across the electrodes. In order to apply electric field from outside, Au wire 

bonding was performed on the electrodes and larger ceramic chip where electrode pattern was 

made.  
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Figure 7.2. FESEM image of β-SiC NWs. The inset shows the magnified image of β-SiC NWs. 

 

Figure 7.3 shows the SEM image of the wire bonded structure for a β-SiC NW. The 

electric field was being applied until the solutions were completely dried out. The ac field 

strength of 1.1 Vrms/μm and the frequency of 20 MHz were employed. Agilent 33220A function 

generator was used for an ac source. After being placed, the contact points of NW to electrodes 

were made to be electron beam induced Pt deposition, in order to reduce contact resistance 

between NW and electrodes. In figure 7.4, placed β-SiC NW by DEP is shown.  
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Figure 7.3. FESEM image of the Au wire bonded electrodes in which a β-SiC NW deposited 

place is indicated. 

 

 

Figure 7.4. FESEM image of the placed β-SiC NW by DEP. Two contact ends of NW was 

finalized with electron beam Pt depositions. 
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Photocurrent spectroscopy is an alternative and direct way of measuring the absorption 

spectrum of a sample. A schematic of photocurrent measurement setup is depicted in figure 7.5. 

The wavelength (photon energy) of the light impinging on the sample was continuously varied at 

2nm interval in the range of 400 to 600nm for β-SiC NW. The white light source used in the 

setup is Oriel 7340 series Xe arc lamp (Model No. 6253). The white light is passed through a 

monochromator (Oriel, Model No. 77200), which is controlled by a LabVIEW program. As an 

excitation wavelength, 250nm was illuminated to the β-SiC NW after passing through the 

monochromator. For the noise control and amplification of signal, a lock-in amplifier (Model 

No. SR850, Stanford Research Systems, Inc.) and an optical chopper (Model No. SR540, 

Stanford Research Systems, Inc.) were employed. Optical chopping was performed at 400 Hz to 

improve the signal to noise ratio. Keithly 2400 source meter was used as a constant power 

source. The constant 0.1V was biased across the β-SiC NW for measuring the photocurrent 

spectrum. For I-V characteristics, the same source meter functioned as a source of power and 

measurement of current.  
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Figure 7.5. Schematic of the photocurrent spectroscopy setup 

 

For a plasmonic light harvesting device, a single β-SiC NW was placed on the plasmonic 

(Ag ND array in between two electrodes) after the I-V measurement was done on a non 

plasmonic (no Ag ND array) systems. In both cases, the direct nanomanipulation was employed 

to place the NW. Since the same NW was used for the comparison between the photocurrent 

studies on the plasmonic and non-plasmonic systems, the resistance change between two systems 

should be considered. Intentionally, the NW length of the plasmonic system was the half of the 

non-plasmonic system by simply cutting off its length of the conducting channel to half. 

However, care should be taken that the compensation of the resistance change should be made on 

a final calculation.    
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7.4 Results and Discussion 

Firstly, the photocurrent generated by UV illumination (250nm) for the β-SiC NW was 

estimated. In the steady-state photoconductivity, the photogenerated carriers (electron-hole pairs) 

in the semiconductor NW when illuminated by the light of intensity I and wavelength λ, will 

have a generation rate as [11] 

 

                                                                Gph = (η I λ) / (h c d) 

 

Where, η is the quantum efficiency, h Planck constant, c speed of light, and d the diameter of β-

SiC NW. The quantum efficiency of the NW was adopted at the average value of 0.16 from the 

previous reports. The intensity of the excitation light was measured to be 1mWcm-2. The 

diameter of the NW was found to be 60nm. The photogeneration rate was finally estimated to be 

Gph = 4.7x1019 s-1 cm-3. Next, we calculated the photoconductivity due to the illumination. The 

steady-state photocurrent can be defined as  

 

                                                              Iuv = e(μe+μh) ΔnEs 

 

Where e is the electron charge, μe electron mobility, μh hole mobility, Δn the excess charge 

carrier concentration due to UV illumination, E the applied electric field, s the cross-sectional 

area of the NW. The excess charge carrier concentration can be written as  

 

                                                                      Δn = τGph 
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Where, τ is the carrier life time (mean recombination time).  

The electron and hole mobility in β-SiC (bulk) were adopted as 9x10-2 m2 V-1 s-1 and 

1.5x10-3 m2 V-1 s-1, respectively. [12,13] The applied electric field was 0.2 MV/m. The carrier 

life time (τ) of 100μs was used for calculation. [14] The placed β-SiC NW has a 5μm long 

measured in between two electrode contact ends and 60nm diameter. Based on those values, the 

estimated photocurrent was Iuv = 3.88x10-8A. Figure 7.6a shows the IV sweep result for the dark 

(Idark) and UV illuminated photocurrent (Iuv). To perform the photocurrent spectroscopy of β-SiC 

NW, while applying a fixed voltage of 1V, the current induced by absorption of photon from UV 

excitation light was measured as a function of the photonic energy (wavelength) as shown in 

figure 7.6b.  Prior to performing the photocurrent spectroscopy, the monochromator was 

calibrated with the white light source to normalize the NW photocurrent and the yellow LED 

(Model No. TLCY5800) was used to test our setup. In figure 7.6b, the absorption of exciting 

photon energy starts increasing at around 510nm, which corresponds to 2.43eV. This coincides 

with the actual bandgap energy of β-SiC, 2.4eV.   
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Figure 7.6. (a) IV sweep results for UV (photocurrent) and no UV illumination (dark current); 

(b) normalized photocurrent vs. wavelength.  

 

For a plasmonic light harvesting device, photocurrent measurements for plasmonic and 

non-plasmonic systems were made. Figure 7.7 shows the schematic of the device structure for 

the plasmonic system.   
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Figure 7.7. Schematic of the plamonic light harvesting device for a photocurrent measurement. 

 

It was found that the photocurrent increase was about 50% from the non-plasmonic 

system, and almost one order of increase from the dark current was measured (figure 7.8). The 

light detecting behavior was measured on the plasmonic system. Switching on/off of the UV 

(λ=250nm) was made during I-V sweep on the plasmonic system (figure 7.9). It was clearly seen 

that the plasmonic system also could be used for a UV detector. Catchpole et al reported that in a 

plasmonic system, the radiation pattern from the dipole oscillation of a plasmonic particle was 

much concentrated on a high index material that located proximately to the plasmonic particle. 

This increased the density of optical path on the high index material which in turn increased 
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more incident photons on it. Therefore, the proximately located Ag NDs and semiconducting 

NW can have an efficient light harvesting device for a novel solar cell application. 

 

 

Figure 7.8. Photocurrent measurements of the plasmonic and non-plasmonic systems. Ilight is the 

photocurrent of the non-plasmonic system with the UV light. And Idark was measured on the 

plasmonic system without the UV light. 
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Figure 7.9. UV detecting behavior of the plasmonic light harvesting device. The current changes 

are clearly seen in between the dark and photocurrent with switching on and off the UV. 

 

7.5 Conclusion 

The photocurrent of a single β-SiC NW was studied. For this purpose, the DEP method 

was employed to succeed in placing a single β-SiC NW on pre-patterned electrodes. Home-made 

photocurrent setup and LabVIEW programming control was successful for measuring the 

photocurrent spectroscopy. Theoretically estimated value of photocurrent matched to an 
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experimental value and the bandgap energy was revealed to be 2.43 eV. β-SiC NW would seem 

to be good choice for photovoltaic devices due to a wide bandgap and UV response.  

A novel photoconductive device structure for a solar cell application was designed and 

studied using a β-SiC NW and Ag nanodot (ND) array. Due to the LSP, the radiation pattern 

from the Ag ND array was expanded onto the β-SiC NW. Thus, Ag ND array played role as 

collecting and concentrating light to create denser optical paths into the semiconducting β-SiC 

NW, which in turn showed the increased photoconductivity. This plasmonic light harvesting 

device can be useful for a better efficient solar cell. 
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APPENDIX A 

MEASUREMENT BLOCKS OF THERMOELECTRICAL CHARACTERIZATION 
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In order to measure tiny signals from a nanowire, precise and accurate data collections 

and measuring techniques are required. A lock-in amplifier (Stanford Research System SR850) 

was used for obtaining 3-ω signals at 1 kHz employing AC technology to reduce the noise. 

Figure A.1 shows the LabVIEW front VI for measuring voltage signal form the lock-in 

amplifier. And an alternate current (AC) source (Keithley 6221) was used to provide a stable 

current supply.  

 

 

Figure A.1. Voltage reading LabVIEW front VI  

 

This current source prevents overshooting, hence any unwanted high current density, 

which can damage the NW. The measurement of the temperature coefficient of resistance, were 
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also controlled by LabVIEW program. Figure A.2 shows the temperature measurement 

LabVIEW front VI. The temperature can be controlled within ±0.05 °C.  

 

Figure A.2. Temperature measurement LabVIEW  front VI. 

 

For thermal characterizations, all measurements were made in a vacuum chamber which 

was a handmade one. Figure A.3 shows the handmade vacuum chamber (up to 10-6 bar). Wedge 

wire bonder (West Bond, 7440D) was used to make macro scale electric lead lines from the 

microelectrodes by Au wire connections (figure A.4).  
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Figure A.3. hand-made vacuum chamber setup.  

 

 

Figure A.4. The wire bonder and Au wire connected ceramic chip.  
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APPENDIX B 

E. coli BACTERIUM AND STAINING MEDIA 
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B.1 E. coli 

E. coli is the abbreviation of Escherichia coli. This bacterium is a Gram-negative rod-

shaped bacterium that is commonly found in the lower intestine of warm-blooded organisms 

(endotherms). Figure B.1.1 shows the ESEM image of E. coli.  

 

 

Figure B.1.1. ESEM image of E. coli. The white bar in the image is 2um. 

 

Since it can be hardly seen by a normal optical microscope, it should be stained by a staining 

medium. Because E.coli is a gram-negative bacterium, when it is stained, it shows a red-like 

color. Gram was a scientist who invented a technique called Gram staining by which bacteria can 

be colorized and divided into two groups, Gram negative and positive. Gram-positive bacteria 
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have a peptidoglycan wall as their exterior. Peptidoglycan is a polymer that consists of sugars 

and amino acids. This wall forms in a mesh like formation of three layers of alternating material. 

Gram-Negative bacteria have an ipopolysaccharide exterior wall which is not affected by 

penicillin. Many gram-negative, in fact almost all, bacteria are pathogenic.  

The gram negative or positive comes from the terms used to tell the two apart by staining them. 

A crystal violet dye solution is added to the bacteria to find its type. Gram-negative bacteria turn 

reddish after removal of the dye, and gram-positive stay purple or bluish. Figure B.1.2 shows the 

optical microscope image of the stained E. coli.  

 

 

Figure B.1.2. Optical microscope image of gram negative E. coli bacteria  
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B.2. Staining Media 

There are several types of staining media. Each can be used for a different purpose. 

Commonly used stains and how they work are listed below. All these stains may be used on 

fixed, or non-living, cells and those that can be used on living cells are noted. The list is in Table 

B.2.1. 

Bismarck Brown 

colors acid mucins, a type of protein, 

yellow and may be used to stain live 

cells 

Carmine colors glycogen, or animal starch, red 

Coomassie blue 
stains proteins a brilliant blue, and is 

often used in gel electrophoresis 

Crystal violet 

stains cell walls purple when combined 

with a mordant. This stain is used in 

Gram staining 

DAPI 

a fluorescent nuclear stain that is 

excited by ultraviolet light, showing 

blue fluorescence when bound to DNA. 

DAPI can be used in living of fixed 

cells 

Eosin 

a counterstain to haematoxylin, this 

stain colors red blood cells, cytoplasmic 

material, cell membranes, and 
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extracellular structures pink or red. 

Ethidium bromide 

this stain colors unhealthy cells in the 

final stages of apoptosis, or deliberate 

cell death, fluorescent red 

Fuchsin 
this stain is used to stain collagen, 

smooth muscle, or mitochondria. 

Hematoxylin 
a nuclear stain that, with a mordant, 

stains nuclei blue 

Hoechst stains 

two types of fluorescent stains, 33258 

and 33342, these are used to stain DNA 

in living cells. 

Iodine 

used as a starch indicator. When in 

solution, starch and iodine turn a dark 

blue color. 

Malachite green a blue 

Methylene blue 
stains animal cells to make nuclei more 

visible. 

Neutral/Toluylene red 
stains nuclei red and may be used on 

living cells. 

Nile blue 
stains nuclei blue and may be used on 

living cells. 

Nile red/Nile blue oxazone 
this stain is made by boiling Nile blue 

with sulfuric acid, which creates a mix 
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of Nile red and Nile blue. The red 

accumulates in intracellular lipid 

globules, staining them red. This stain 

may be used on living cells. 

Osmium tetroxide 
used in optical microscopy to stain 

lipids black. 

Rhodamine a protein 

Safranin 
a nuclear stain used as a counterstain or 

to color collagen yellow. 

 

Table B.2.1. List of staining media and their functions on staining cells 

 

 

 




