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Abstract  In this report, we introduce a nanomanipulation and fabrication technology, 
which is useful to characterize thermoelectrical properties of individual one-
dimensional nanosystems such as metallic or semiconducting carbon nanotubes 
(CNTs) and nanowires (NWs). For such characterization, a one-stop measurement 
platform was constructed by focused ion beam (FIB) nanolithography after which a 
freestanding NW was picked up from a bundle of NWs and placed on the platform 
using a nanomanipulator. As a unique and unparalleled control for nanoscale one-
dimensional systems, FIB-assisted nanomanipulator could make a direct access to 
nanoscale materials and structures. Subsequently, the four-point 3-ω method com-
bined with a nanoheater was used to obtain electrical conductivity, thermal conduc-
tivity, and Seebeck coefficient, with which one can estimate the figure of merit of 
β-silicon carbide (SiC) NWs. We found that the thermal conductivity of a single 
β-SiC NW was 82 ± 6 W/mK. The Seebeck coefficient was also successfully mea-
sured to be −1.21 mV/K. With a measured electrical conductivity of the NW, the 
dimensionless thermoelectrical figure of merit (ZT) was estimated to be 0.12.

14.1  �Introduction

As a unique and unparalleled manipulation, fabrication, and characterization tool, 
focused ion beam (FIB) has played an important role in nanotechnology because of 
its site-specific working range up to a few nanometers and direct and straightfor-
ward access to a nanoscale structure. The first commercial instrument was 
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introduced in the market more than decades ago [1] since the prototype dual-beam 
technique was developed during the late 1970s and the early 1980s.

As liquid-metal ion sources (LMISs) are most commonly used, a gallium ion 
source was adopted in our study. A heated, thus liquid molten metal in contact with 
a tungsten needle wets the tungsten, and an electric field greater than 108 V/cm initi-
ates ionization and field emission of the gallium ions. Then the emitted ions are 
accelerated to energy of 5–50 keV and focused onto the sample through electro-
static lenses. Working at such small scale, FIB is able to modify tiny circuits and 
small surface areas and to deposit and etch materials with chemical reactions of Ga+ 
ions (which are ejected from an FIB column) and reactants. FIB is now broadly used 
in various technological fields such as semiconductor and nanotechnology. FIB 
employs a nanomanipulator (attached to FIB), which has played and plays an 
important role to manipulate nanostructures such as picking (lifting) up and placing 
FIB-fabricated nano- and microstructures for transmission electron microscope 
(TEM) sample preparation. The nanomanipulator whose tip end is at a submicron 
size is small enough to control nanostructures such as NWs. Figure 14.1 shows vari-
ous previous results of manipulated NWs (β-SiC, silicon (Si), and silver (Ag) NWs). 
This way, direct access to such a tiny structure with a finely focused ion beam and 
manipulator has made FIB to be a powerful and necessitated tool to work in the area 
of nanotechnology. Also, the relevant technologies such as fine arts of machining, 
drawing, and structuring have been much emphasized as more demands on well-
defined nanostructures arise. This motivated us in the research to employ the FIB 
technology to characterize the thermoelectrical properties of NWs [2–4].	

Fig. 14.1  Direct manipulation of various NWs with a nanomanipulator annexed to FIB. (a) Ag 
NW attached to a nanomanipulator; (b) a single Si NW extracted from a bundle of Si NW by a 
nanomanipulator; (c) a β-SiC NW attached to a nanomanipulator. Each scale bar in the images 
indicates 1 μm
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We used an Omniprobe (AutoProbe™ 200) nanomanipulator attached to a dual-
beam FIB machine that enables fine control of nanostructures, e.g., creating 
mechanical repositioning of NWs. The nanomanipulator used in our study has 
100 nm positioning resolution. It has been served as a fully automated and multipur-
pose nano-positioning tool that is able to make in situ lift-out, electrical measure-
ments, nano-mechanical testing, and charge neutralization in FIB and SEM [5]. FIB 
used in our study was FEI Nova 200 NanoLab, which has been operated since 
January 2005 in the Center for Advanced Research and Technology (CART) at 
UNT. The secondary electron image resolution is 1.5 nm at 15 kV. The focused ion 
beam has better than 7 nm resolution at 30 kV.

In this article, we report thermoelectrical characterization of a single β-SiC NW. 
Being a material possessing superior physical properties such as high thermal con-
ductivity, high mechanical strength, and wide bandgap structure, SiC has been used 
as a substantial material for applications in microelectronic, thermoelectric, and 
optoelectronic devices [6–9]. Mostly, the material has been used in a harsh environ-
ment such as high power, high frequency, and high temperature because of its phys-
ical and chemical durability and stability. Thus, it has a potential to replace Si in the 
near future. Owing to its excellent physical properties, this one-dimensional NW 
structure has been greatly interesting for scientific and technological research. 
Following this trend, SiC NWs have attracted much attention because of the excel-
lent low-dimensional feature as well as their aforementioned intrinsic properties. 
For this reason, SiC NWs have been considered as important electric devices such 
as field-effect transistors (FETs) [10–12]. SiC crystallizes in more than 200 poly-
types but the variants that have received the most research attention are the β-SiC 
(3C-SiC) zincblende form (studied in this article) and the 6H-, 4H-, hexagonal 
polymorphs.

14.2  �Nanofabrication of One-Stop Measurement Platform

14.2.1  �Focused Ion Beam Milling Process

FIB can locally etch and mill a sample surface with nanoscale precision. The sput-
tering rate of a sample in FIB milling is affected by various parameters explained 
below and material properties as in other sputtering systems. The beam current, 
sample density, sample atomic mass, and incoming ion mass are factors to affect the 
FIB milling. The removal of a sample material is achieved by an energetic Ga + beam 
that is used in our FIB. The result is physical sputtering of the sample material, as 
illustrated schematically in Fig. 14.2. By scanning the focused Ga + beam over the 
substrate, a predefined shape can be obtained through milling and etching the sur-
face of the substrate.

For the thermal conductivity measurement based on the 3-ω method, a pre-
patterned metal electrode structure was made by standard photolithography 
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processes. Then, FIB was utilized to create a fine nanoscale structure consisting of 
four-point contact probes by milling. Figure 14.3 shows the process of fabricating 
the four-point probe structure for the 3-ω thermal conductivity method.

A silicon nitride (Si3N4) membrane with 500 nm thickness that had been grown 
on a Si wafer was used as a substrate in this study. Potassium hydroxide (KOH) was 
used for selectively etching Si at the center of the substrate to create a thin mem-
brane structure with dimension of 300 × 300  μm2. A microelectrode pattern was 
created by sputtering deposition of Au/Cr on top of the membrane. The standard 
photolithography technique was employed to pattern electrodes for an electrical 
interface. The reason for creating the membrane structure is to make a through hole 
that serves as thermal insulation in the thermal conductivity and Seebeck coefficient 
measurement. This hole can prevent heat generated at the NW due to Joule heating 
from leaking through the substrate. The trench and four-point probe structures were 
created with an aid of FIB milling.

On the pre-patterned electrode, a focused ion beam of 30 kV (at 0.1 nA current 
and at 5,000 magnification) was applied for shaping a four-point probe structure. In 
situ observation with SEM was made to determine when to stop the milling process. 
This helped us save the processing time and avoid undesired damages on electrodes. 
The trench was created sequentially with the same ion beam intensity. At this time, 
we carefully observed the beam current change on a controlling panel in an FIB 
operation software instead of direct monitoring of the milling process with in situ 
SEM observation. This allowed us to create a well-defined and finely tailored trench 
with minimal damage of adjacent electrodes. We believe that in situ SEM observa-
tion can induce ion beam distortion and drift as a result of ion and electron beam 
interaction; thus, it is suitable for relatively large-scale milling.

Fig. 14.2  Schematic FIB milling process and UNT logo created by FIB milling (CART at UNT 
acknowledged for its permission to reproduce the UNT logo)
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14.2.2  �Focused Ion Beam Deposition Process

Technological advancement in making nanoscale devices is nowadays more 
demanded as novel and superior physical phenomena in the nanostructure have 
been discovered. In particular, excellent thermal transport characteristics in 
nanoscale devices have been revealed and thus attracted a particular interest because 
of its potential in thermal management applications. Herein, we introduce a new 
way of inducing nanoscale heating to create a highly localized heat source. This 
allowed us to successfully measure Seebeck coefficient (hence thermoelectric figure 
of merit) through accurate temperature calibration of the heater and measurement of 
temperature across the suspended SiC NW [13].

In Fig. 14.3, the number 3 probe was coated with an ion beam-induced platinum 
(IB-Pt) thin stripe for measuring the Seebeck coefficient. The IB-Pt stripe was 

Fig. 14.3  Fabrication of four-point probe platform for the 3-ω thermal conductivity measurement
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manufactured by FIB deposition process at 30 kV/10 pA intensity for a finely defined 
structure. Because there should be a localized heat source to a NW for Seebeck coef-
ficient measurement (for temperature gradient), the IB-Pt thin stripe was found to be 
a better heating source than the thin stripe of Au because higher resistance (~1.7 kΩ) 
could be achieved across the IB-Pt heater stripe. This high resistance is needed to 
accurately calibrate the nanoheater (resistance vs. temperature); the change of lead 
resistance of Au electrodes during calibration will be ignored. This type of nano-
heater can also increase the sensitivity of temperature measurement due to the high 
temperature coefficient. The high resistance is attributed to an intrinsic electrical 
property of IB-Pt as it contains a higher amount of carbon that makes IB-Pt highly 
resistive to electrical conduction than a pure metal; the literature value of resistivity 
of IB-Pt is 10–20 μΩm depending on deposition condition [14].

The coated IB-Pt thin line (i.e., nanoheater) had a dimension of 
200 × 100 × 2,300 nm3. One of the strengths of this structure is that its resistance can 
be easily controlled by its geometrical configuration. We have tested the resistance 
change of the IB-Pt thin line due to the change of its geometry and obtained 17 kΩ 
for a nanoheater with a size of 200 nm × 100 nm × 25 μm. If it was scaled down to 
2.3 μm which is the same length of the nanoheater shown in Fig. 14.3, the resistance 
could be 1.56 kΩ. This value was close to the measured value of the nanoheater that 
was used for Seebeck coefficient characterization. Therefore, it was concluded that 
the IB-Pt deposition process could control the resistance of the nanoheater by defin-
ing its geometry. The resistance of one particular nanoheater fabricated by FIB 
deposition process was 1.72 kΩ at room temperature which was a good localized 
heating source for accurate measurement of Seebeck coefficient. Figure 14.4 shows 
a calibration curve which is the result of resistance change by temperature variation 
of the nanoheater. We fabricated various nanoheaters with specific resistance val-
ues. One of them was used to measure the Seebeck coefficient of a single β-SiC NW. 
Figure 14.5 shows three nanoheaters with different thickness and width created by 
IB-Pt deposition.
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Fig. 14.4  The resistance 
change by temperature 
variation of the nanoheater 
created by IB-Pt deposition. 
It shows that the resistance 
change by temperature 
variation of the nanoheater is 
36 Ω/°C (reproduced from 
[15], ©Nano Science and 
Technology Institute)

K.-M. Lee and T.-Y. Choi



365

14.2.3  �Control of Nanomaterials Using a Nanomanipulator

Controlling NWs is one of the most challenging tasks, and still novel methods are 
being developed including the methods assisted by molecular, electrostatic, and 
shear forces [16–18]. Another well-known method is to use nonuniform electric 
field and polarizability of NW to place a single NW on a desired location. The so-
called dielectrophoresis (DEP) uses a phenomenon that a polarizable material tends 
to move in a converging electrical field [19–22]. Methods employing DEP are 
required to have specifically designed electrodes (to create nonuniform electric 
field) and optimization of applied field strength and frequency. Due to the geometri-
cal constraints in the configuration of the four-point probe electrodes, it was revealed 
that DEP was not appropriate for our work, resulting in a low yield (less than 10 % 
success). Another concern is on the cleaning after using the DEP method for NW 
control, where NW-dissolved solution should be dropped on the measurement plat-
form before applying the electric field. The force created by the applied field 
attracted not only NWs but also other particles and dust inside of a droplet of NW 
solution. Careful cleaning and rinsing residues and contaminants in the measure-
ment platform should be unavoidable.

In order to overcome drawbacks in the DEP method, we used a direct approach 
to place a single NW on the measurement platform using a nanomanipulator. We 
used the van der Waals interaction between a nanomanipulator and an NW when a 
submicron-sized tip of a nanomanipulator approaches a single NW within a range 
of molecular force being effective. Before a nanomanipulator touches the NW, for 
clear viewing and easy controlling, the tip end of the nanomanipulator was sharp-
ened by a high-intensity FIB at 30 kV/1 nA. Once the nanomanipulator contacted a 
NW, an electron beam-induced Pt (EB-Pt) deposition was made between the nano-
manipulator and the NW for secure adhesion by using focused electron beam 
(5 kV/98 pA e-beam intensity). Then, we could obtain a single NW by withdrawing 
the nanomanipulator with high acceleration. Omniprobe (AutoProbe™ 200) nano-
manipulator (Omniprobe, Inc.) attached to the FIB machine (FEI Nova 200 
NanoLab) was employed for this technique, and a motion control system of the 
nanomanipulator was extremely accurate and repeatable within 100 nm of stage 

Fig. 14.5  IB-Pt thin lines (nanoheaters) whose lengths were ~2 μm and diameters were a few 
hundred nanometers. Each bar in the images is 2 μm long
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displacement over the entire range of motion. Figure 14.6 shows SEM images of a 
single NW obtained and placed on the four-point probe measurement platform by 
the nanomanipulation technique in series of steps. This direct manipulation tech-
nique was also applied to obtain specific NWs of the same material to compare their 
geometrical influences to thermal conductivities [23].

The four contact points between the NW and the probe electrodes were fully 
covered by EB-Pt deposition. This allowed for the reduction of the contact resis-
tance between the NW and the electrode at each contact point. After the EB-Pt 
deposition on the contact points, the NW sample was annealed at 400 °C under high 
vacuum (10−6 Torr) to further minimize the electrical contact resistance. It has been 
reported that the annealing step could remove the voids in the contact points between 
the NW and probe electrodes [24].

14.3  �Electrical and Thermal Conductivity

The one-stop measurement setup is depicted in Fig. 14.7. Electrical and thermal 
conductivities and Seebeck coefficient could be measured in this one-stop measure-
ment platform in situ. The measurement platform consists of the four-point probe 
and nanoheater. A lock-in amplifier (Stanford Research System SR850) was con-
nected to the measurement system to read 3-ω signals for thermal conductivity mea-
surement. An alternating current (AC) source (Keithley 6221) was used for a stable 
current supply. In addition to providing a stable current, the compliance setting of 
the current source could prevent any undesirable overshooting as any unwanted 
high current density might damage the placed NW.

In order to measure the thermal conductivities of individual NWs, microfabrication-
assisted device structures have been suggested [25–29]. We used the 3-ω method in 
this study. The 3-ω method is based on a four-point probe system, which enables 
measurements of magnitude and phase of third-harmonic signal for one-dimensional 
sample subject to AC modulated at the fundamental frequency of ω. As a 

Fig. 14.6  A single β-SiC NW was obtained from a host of bundles or substrates using the nano-
manipulator and placed on the four-point probe measurement platform. At the last step, the contact 
points with the probe were covered with EB-Pt deposition
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time-independent frequency-domain technique, the 3-ω method can effectively 
eliminate spurious signals because a narrow-band detection technique is employed. 
This in turn enhances signal-to-noise ratio which allows for more accurate signal 
reading. Thus, the 3-ω method has been employed in various fundamental thermal 
characterizations including measurement of thermal conductivity for CNTs and bulk 
structure [30–32]. The third-harmonic amplitude created as a response to an applied 
AC current with a fundamental frequency has information about the 1D sample’s 
thermal conductivity as shown in the following equation [31, 33]:
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where L, R[=R0 + R′(T − T0)], and A are length, electrical resistance, and cross-
sectional area of NW, respectively. R′ is the temperature coefficient of resistance at 
room temperature defined as (dR/dT)room temp. and k is the thermal conductivity of 
NW. The advantage of this method can minimize the uncertainty due to the contact 
resistance which is present in the conventional two-point probing method.

The electrical resistivity of the β-SiC NW was measured to be ∼4.45 × 10−3 Ωcm 
from the first-harmonic AC signal (1 kHz) and geometry of the NW (diameter of 
60 nm and length of 1.5 μm). From the measured third-harmonic signals, we have 
estimated the thermal conductivity to be 82 ± 6 W/mK. The third-harmonic signals 
as a function of AC current amplitude at 1 kHz detected by the lock-in amplifier are 
shown in Fig. 14.8a. The data were best-fitted according to (14.1) and the result of 
the matching exponent of 2.83 was obtained. This value was very close to the theo-
retical value of 3.

Fig. 14.7  Four-point probe measurement setup for electrical and thermal conductivities and 
Seebeck coefficient (reproduced from [13], ©Springer)

14  Focused Ion Beam-Assisted Nanoscale Processing…



368

In order to obtain the thermal conductivity of NW by the 3-ω method, the tem-
perature coefficient (resistance change by temperature variation) should be known 
according to (14.1). In the temperature range of 28.6–30.2 °C, the resistance change 
by temperature variation was measured at −21.9 Ω/°C (Fig. 14.8b). The negative 
sign is verified by the fact that SiC nanowire is semiconducting.

14.4  �Seebeck Coefficient and Figure of Merit

Seebeck coefficient, S, was measured immediately after characterizing the thermal 
conductivity. For a semiconductor, Seebeck coefficient can be written as [13]
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where Ec is the conduction band energy, EF is the Fermi energy, e is the electron 
charge, kB is the Boltzmann constant, and T is the temperature. As seen in (14.2), 
Seebeck coefficient can be maximized when EF is located inside the bandgap. 
However, lowering EF to increase the gap induces reducing electrical conductivity. 
This will have the adverse effect on the thermoelectric figure of merit, which can be 
written as Z (=S2σ/κ) where σ is the electrical conductivity and κ is the thermal con-
ductivity. Therefore, in an n-type semiconductor such as β-SiC NW, the optimal con-
dition for a large value of Seebeck coefficient is that Fermi level should be close to 
the band edge without lowering an electrical conductivity. In this study, Seebeck 
coefficient was obtained from a voltage change by a thermal gradient across the NW 
such as S = −(dV/dT) = −(ΔV/ΔT). The thermal gradient was established by a local-
ized heating source created by IB-Pt. The localized heating source (nanoheater) was 
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Fig. 14.8  (a) 3-ω voltage signals as a function of current, I0, obtained at room temperature; (b) the 
resistance change by temperature gradient of a single β-SiC NW (reproduced from [13], ©Springer)
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made of a thin line through IB-Pt deposition. The calibration for the resistance 
change by temperature change of the nanoheater was conducted to find an actual 
temperature of the heater when an electrical current is applied. Keithley 6221 AC/DC 
current source and Keithley 2182A nanovoltmeter were used to find the resistance 
change of the heater as the temperature increases. An electrical power from a power 
supply was provided to an aluminum (Al) block through the cartridge heater. A tem-
perature sensor was used to read the temperature of the sample and Al block when an 
electric power was given to the cartridge heater. A high-speed A/D (analog-digital) 
converter (AD7760) was used to transfer and control analog signals such as power 
and temperature via LabVIEW® program in a computer. The data flows between a 
computer and A/D converter were made through a serial (e.g., USB) interface.

The measured value of resistance change by temperature gradient of the nano-
heater was revealed to be 36 Ω/°C. From the calibrated value of resistance change 
by temperature gradient of the nanoheater, we could determine the temperature vs. 
applied current. Once the temperature of the nanoheater was known, the voltage 
drop was measured between the two inner probes out of the four-point probes. This 
revealed the voltage change by temperature gradient between the two inner probes 
(i.e., the nanoheater and the probe across the trench). Voltage and temperature dif-
ference, ΔV and ΔT, were measured to be 2.015 × 10−3 V and 1.67 °C. Thus, the 
Seebeck coefficient of the placed NW was −1.21 mV/K from the definition, S = −
(dV/dT) = −(ΔV/ΔT). Finally, the dimensionless thermoelectric figure of merit, ZT 
(=S2σT/κ), was estimated to be 0.12 from all the measured values of σ, κ, and S at 
room temperature.

14.5  �Conclusions

For measurement of thermal properties of a single NW, we developed a one-stop 
measurement platform consisted of four-point probes and nanoheater. Combining 
FIB and nanomanipulator, we placed a freestanding single NW (i.e., β-SiC NW) on 
the specific location of the measurement platform. Subsequently, its thermoelectrical 
properties such as electrical and thermal conductivities and Seebeck coefficient were 
measured. From the obtained data, the dimensionless thermoelectric figure of merit 
was also estimated. This FIB-assisted nanoscale processing would allow us to make 
more accurate thermoelectrical measurements of nanostructures such as NW and 
nanotube and to have better fundamental understanding of their thermal behaviors.
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