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This dissertation presents thermal and thermoelectric transport measurements of one-

dimensional nanostructures including bismuth telluride (BixTe1-x) nanowires and single-

walled carbon nanotubes (SWCNT). Theoretical calculations have predicted that BixTe1-x 

nanowires may have enhanced thermoelectric figure of merit defined as ZT = (S2σ/κ)T, 

where S is the Seebeck coefficient, σ  is the electrical conductivity, κ is the thermal 

conductivity, and T is the absolute temperature. Our measurements showed that the σ of 

BixTe1-x nanowires was very close to, and the κ was largely reduced compared to the bulk 

values at 300 K. For a BixTe1-x nanowire with x ≈ 0.46, the room temperature S of 260 

µV/K was 60% higher than that of its bulk counterpart, while small negative S was 

measured for four nanowires with x ≈ 0.54. High ZT can be expected for BixTe1-x 

nanowires with optimized x. 
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The unique electron transport and heat dissipation mechanisms in current – carrying 

metallic and semiconducting SWCNTs were studied with the use of Scanning Probe 

Microscopy (SPM) methods including Electrostatic Force Microscopy (EFM), Scanning 

Gate Microscopy (SGM) and Scanning Thermal Microscopy (SThM). For several 

metallic SWCNTs with low-bias resistance above 40 x 103 Ω, the electrical potential 

profile along the SWCNTs was linear at a voltage bias of 0.1 V, suggesting that the 

electron mean free path was shorter than the length of the nanotube at the low bias. Heat 

dissipation along these metallic SWCNTs was uniform at voltage biases above 0.22 V. 

For several semiconducting SWCNTs with low-bias resistance as low as 20 x 103 Ω, 

large conduction barriers were induced by SGM probes at locations where defects existed, 

and the heat dissipation was uniform at voltage biases above 0.12 V. This observation 

suggests diffusive and dissipative heat dissipation in semiconducting SWCNTs. 

A large tip-sample thermal contact resistance has made it challenging to obtain the 

actual temperature rise of the sample surface using the SThM method. We have 

developed a nanocontact thermometry technique that can potentially be employed for 

quantitatively mapping surface temperature profiles of nanoelectronics with spatial 

resolution below 20 nm. This method was tested with metal interconnect structures. 
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Chapter 1 Introduction 
 

As the characteristic size of materials reduces to a length scale comparable to the 

mean free paths of charge and energy carriers, the physical properties of the materials 

become very different from those of the bulk counterparts due to quantum and size 

confinement effects of electrons and phonons. In the past decades, there have been 

intense efforts to investigate the properties of one-dimensional (1D) synthetic 

nanostructures such as semiconductor nanowires and single-walled carbon nanotubes 

(SWCNTs). These nanostructured materials have potential applications in the areas of 

energy conversion (Dresselhaus et al. 1999a), chemical sensors (Kong et al. 2000), field 

effect transistors (FETs) (Tans et al. 1998) and interconnects in ultra-large-scale-

integrated (ULSI) circuits (Naeemi et al. 2005). It is of importance to characterize the 

unique electrical, thermal and thermoelectric properties of these 1D nanostructures. 

This dissertation consists of three studies, including (i) the measurements of the 

thermoelectric properties of bismuth telluride (BixTe1-x) nanowires with different atomic 

ratio x, (ii) the investigation of charge transport and heat dissipation in SWCNTs using 

Scanning Probe Microscopy (SPM), and (iii) the development of a nanocontact 

thermometry method for quantitative temperature measurements with a spatial resolution 

of potentially 10-20 nm. 

1.1 Thermoelectric property measurements of BixTe1-x nanowires 

The continuous miniaturization of ULSI devices such as metal-oxide-field-effect-

transistors (MOSFET) has given rise to tremendous challenges to the thermal 
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management of the microelectronics (Goodson et al. 1998). Because of an increased 

electrical field for a reduced channel length of a nanotransistor, the rate of volumetric 

heat generation in the channel significantly increases, leading to local “hot spots” that 

degrade the performance and the reliability of the devices. 

Thermoelectric refrigeration can be one of the promising methods for thermal 

management of electronics. Thermoelectric cooling is realized using the Peltier effect, in 

which heat transfer is caused by the moving of lattice energy along with the moving of 

charge carriers in an electrical field (Ioffe et al. 1959). Compared to vapor-compression 

refrigerators and gas-based engines, such solid-state devices are extremely attractive 

because they do not contain any moving parts, are environmentally benign, and allow for 

miniaturization. The coefficient of performance (COP) of practical thermoelectric cooing 

units, however, has been limited by the low thermoelectric figure of merit of the 

thermoelectric materials and is inferior to those of vapor or gas based systems. 

The dimensionless thermoelectric figure of merit is defined as ZT ≡ S2σΤ/κ, where S 

is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal conductivity, 

and T is the temperature (Nolas et al. 2001). Further, κ = κe + κp, where κe and κp are the 

electrical and lattice contribution to κ. A ZT larger than 3 is needed for a thermoelectric 

refrigeration unit to obtain a COP comparable to that of a vapor compression unit (Mahan 

et al. 1997). During the past fifty years, bismuth telluride alloys, e.g. Bi0.5Sb1.5Te3 with a 

ZT value approaching unity at 300 K, have remained the bulk materials with the highest 

ZT at room temperature (Goodsmid 1964). Increasing the ZT of bulk materials beyond 

this value has proved to be difficult due to two factors: (i) there is a tradeoff between S 
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and σ as the dopant concentration is varied; and (ii) κe is proportional to σ according to 

the Wiedemann-Franz law. 

Advances in nanostructured materials have led to new approaches to increasing the 

ZT. Theoretical calculations have suggested that S2σ can be increased in dimension-

confined nanostructures due to a high electronic density of states near the Fermi level, 

and κ can be largely suppressed by phonon-boundary scattering as well as modification 

of phonon dispersion (Chen et al. 2002). It has been predicted that the ZT of bismuth-

based and III-V nanowires may be enhanced to as high as 6 (Lin et al. 2000a; Mingo 

2004). 

There have been extensive efforts to experimentally verify the ZT enhancement in 

bismuth-based nanowires. Measurement results of S and the electrical resistance (R) of 

bismuth and bismuth antimony nanowire arrays grown in anodized alumina templates 

(AAMs) have been reported (Heremans et al. 1999; Lin et al. 2002), but the thermal 

conductance was not obtained due to thermal leakage through the AAM template. 

Because the sizes and the number of nanowires that contacted the electrodes were 

unknown, the electrical conductivity σ was not obtained in these measurements. Indeed, 

it is not a trivial task to measure the thermoelectric properties of individual nanowires due 

to the difficulty in the manipulation of the nanowire samples with the small dimension. 

While the σ of an individual nanowire can be readily measured, the measurements of 

S and κ of individual nanowires are very challenging. Cronin et al. (2002a) proposed a 

differential method to measure the S and σ of a single bismuth nanowire. In this method, 

four electrical contacts were made on top of the nanowire using electron beam 
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lithography (EBL). The σ of the nanowire may be calculated from the measured four 

probe resistance R4. An electrical heater was patterned perpendicular and close to one end 

of the nanowire. In addition, a bismuth film with a thickness comparable to the nanowire 

diameter was evaporated and patterned into a nanoscale line parallel and close to the 

nanowire. During the experiment, the electrical heater was used to create a temperature 

difference (∆T) across the nanowire as well as the bismuth film. By measuring the 

thermoelectric voltage (∆V) across the film and assuming the S of the film to be that of 

the bulk bismuth, one could calculate the ∆T which was assumed to be the same for the 

nanowire and the film. The S of the nanowire could then be obtained by measuring the 

thermoelectric voltage across the nanowire. In their work, however, the S and σ of the 

bismuth nanowire were not obtained due to poor electrical contacts on the nanowire. 

With the use of a different approach of fabricating a resistance thermometer line to 

measure the temperature difference across the sample, Small et al. (2003) successfully 

measured the S of a SWCNT. In principle, this method can be used to measure the S and 

σ of an individual thermoelectric nanowire. 

A so-called 3ω method has been employed to measure the thermal conductivity of a 

platinum wire (Lu et al. 2001), a large MWCNT bundle (Yi et al. 1999), and recently an 

individual MWCNT (Choi et al. 2005). This method relies on the self heating of a 

suspended wire under a sinusoidal current (i0sinωt) at frequency ω. The sinusoidal 

current leads to a temperature rise modulated at the second harmonic frequency (2ω). 

Due to the temperature-dependence of the electrical resistance (R) of the wire, R is also 

modulated at the 2ω frequency. The voltage drop along the wire is v = (i0sinωt)R and 
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contains a modulated component (v3ω) at the 3ω frequency. The thermal conductivity κ of 

the wire is obtained with the use of a well-defined correlation between v3ω and the 

thermal conductivity in the low frequency regime. For using this method to measure a 

nanowire, however, it is important that the nanowire is metallic with a large temperature 

coefficient of resistance (TCR). Additionally, the contact electrical resistance needs to be 

eliminated so that the electrical resistance of the nanowire can be obtained. In four-probe 

measurement of the electrical resistance of the finest nanowire or nanotube with a 

diameter on the order of 1 nm, however, the mesoscopic voltage probes are often invasive 

and can very well be the dominant source of scattering and hence resistance (Datta 1995). 

Unless very weakly coupling or non-invasive voltage probes are used in the four probe 

measurement, the obtained four-probe resistance is not purely the intrinsic resistance of 

the fine nanostructure and cannot be used to obtain the correct temperature rise in the 

nanostructure. Moreover, electrons and phonons need to be at equilibrium during self 

heating so that resistance thermometry can be employed. In SWCNTs and other 

nanowires under self heating in a high electric field, electrons and phonons are often not 

at equilibrium because the length of the nanostructure is comparable to the mean free 

paths for scattering between these carriers. This issue is especially the case at low 

temperatures. Consequently, the 3ω self-heating method cannot be applied to obtain the 

temperature-dependent thermal properties of these nanostructures. 

Recently, a microfabricated device was developed to successfully measure the S and 

κ of nanostructures including SWCNTs (Yu et al. 2005), SnO2 nanobelts (Shi et al., 

2004a). The micro-device consisted of two symmetric and adjacent SiNx membranes that 
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are suspended by five long SiNx beams. Platinum resistance thermometers (Pt RT) on 

each membrane can be used to create and measure the temperature difference across the 

sample that is electrically contacted with additional Pt electrodes. Besides the S and the κ, 

the σ of individual nanostructures can be measured with the use of Pt RTs as the source 

and drain current leads. 

Because bismuth based alloys have been found to be the best bulk materials for 

thermoelectric refrigeration as of today, bismuth-based nanowires have been interest of 

research. It was predicted that bismuth telluride nanowires may have improved ZT (Hicks 

et al. 1993b). Recently, Jin et al. (2004) have been able to grow high quality bismuth 

telluride nanowires. We have measured the thermoelectric properties of these bismuth 

telluride nanowires with different Bi:Te atomic ratios using the micro-device. The 

measurement is discussed in Chapter 2 of this dissertation.   

1.2 Scanning Probe Microscopy of SWCNTs 

A SWCNT is a cylindrical graphene sheet rolled up along a so-called chiral angle. 

The diameter of a SWCNT may range from 0.6-3 nm. Depending on the diameter and the 

chiral angle, the SWCNT can be metallic or semiconducting. It has been found that the 

band-gap of a semiconducting SWCNT appears to be inversely proportional to the 

diameter of the nanotube (Dresselhaus et al. 1995). SWCNTs can be one of the ideal 

candidates for nanoelectronics and other applications due to their superior electrical, 

mechanical, and thermal properties. For example, metallic SWCNTs can potentially be 

used as the next-generation materials for interconnects in ultra-large-scale-integrated 

(ULSI) circuits because they can sustain a current density as high as 109 A/cm2, two 
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orders of magnitude higher than that of copper. Semiconducting SWCNTs can be used to 

make carbon-nanotube-field-effect-transistors (CNTFET) (Tans et al. 1998) with high on-

off current ratios. 

Besides these potential applications, SWCNTs have been attractive because they are 

an ideal system for fundamental studies of 1D electron transport. It has been theoretically 

predicted and experimentally observed that electron transport in SWCNTs can be ballistic 

(White et al. 1998; McEuen et al. 1999). At low voltage biases, the mean free path of 

electrons in metallic SWCNTs can be as long as microns, and weak electron-acoustic 

phonon scattering was found to be the dominant electron scattering mechanism (Kane et 

al. 1998). At high voltage biases, however, the energy of electrons is high enough to emit 

high-energy optical phonons and zone boundary phonons. As a result, the mean free path 

of electrons was found to be as short as 10 nm and the electron-high energy phonon 

scattering dominates the electron transport (Yao et al. 2000). 

The electron-phonon scattering mechanisms can be revealed by directly measuring 

the temperature distribution along the current-carrying SWCNTs. Thermal measurements 

can improve our understanding of the unique charge transport or heat dissipation 

mechanisms in SWCNTs and shed light on their potential applications in nanoelectronics. 

Several thermal measurement techniques have been developed to map the operating 

temperature of electronic devices. One type of these methods is based on an electrical 

thermometry method, including small signal conductance technique (Tenbroek et al. 1996) 

and noise thermometry (Bunyan et al. 1992). These methods can directly measure the 

temperature within the device channel rather than that on the surface of the sample. 
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However, only a spatially average value of temperature can be obtained. Another 

category is the optical methods, including thermo-reflectance technique (Batista et al. 

1997), micro Raman spectroscopy (Ostermeir et al. 1992), photo-thermal deflection 

(Deboy et al. 1996) and infrared (IR) thermometry (Boudreau et al. 1997). The spatial 

resolution of the optical thermometry techniques is limited by the optical wavelength 

used, at best ~190 nm for the state-of-the-art, due to the fundamental limit by optical 

diffraction. 

In the past ten years, a number of Scanning Thermal Microscopy (SThM) techniques 

have been developed for mapping temperature distributions of micro-nano electronic 

devices and for measuring thermal properties of nanostructures. In the pioneering work 

by Williams et al. (1986), a thermocouple junction was made at the end of a Scanning 

Tunneling Microscopy (STM) tip. Temperature distribution on a sample surface could be 

mapped out as the thermocouple tip scanned on the sample. Because the tip-sample gap 

was regulated by maintaining a constant tunneling current between the tip and the sample, 

the sample needed to be conducting. Majumdar et al. (1995) fabricated a thermocouple 

junction at the end of an Atomic Force Microscope (AFM) tip. With the tip-sample 

distance controlled by the contact force, the AFM thermocouple tip could be used to map 

the temperature distribution of both conducting and non-conducting samples. Shi et al. 

(2001b) employed microelectromechanical systems (MEMS) fabrication technology for 

the batch fabrication of AFM probes with a submicron thermocouple junction at the tip 

end. The batch fabricated probes have been used for thermal investigation of 

semiconductor devices including metal-oxide filed effect transistor (MOSFET) and 
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interconnect structures for very large scale integrated (VLSI) circuits (Shi et al. 2000a). 

Moreover, the batch fabricated probes were used to investigate heat dissipation 

mechanisms in multi-walled carbon nanotube (MWCNT) electronic devices with a spatial 

resolution on the order of 50 nm (Shi et al. 2000a). Besides thermocouples, resistance 

thermometers have also been fabricated at the end of AFM tips to image thermal 

properties (Hammiche et al. 1996) and temperatures of samples. 

In this research, the SThM method has been employed to investigate the unique 

charge transport and heat dissipation mechanisms in SWCNTs. For measuring the 

temperature profile of the nanotubes under low voltage biases, an ac method has been 

developed to increase the signal-to-noise ratio of the SThM. Meanwhile, Electrostatic 

Force Microscopy (EFM) and Scanning Gate Microscopy (SGM) techniques have been 

used to map the electrical potential distribution along the metallic nanotubes and locate 

the conduction barriers for charge carriers in semiconducting nanotubes. These SPM 

measurements of SWCNTs are discussed in Chapter 3. 

1.3 Nanocontact Thermometry 

For the SThM experiment, the measured tip temperature could be much lower than 

the sample temperature due to a large contact thermal resistance Rts between the tip and 

the sample. Because Rts is inversely proportional to the tip radius, the tip-sample 

temperature difference is larger as the tip radius is made to be smaller for achieving better 

spatial resolution. Additionally, because the experiments are performed in an ambient 

environment, heat transfer between the sample surface and the probe through the air gap 

can lead to the loss of spatial resolution and a smaller normalized temperature gradient 
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than the actual one (Shi 2001a). These two problems have prevented the aforementioned 

SThM techniques from obtaining accurate quantitative results. As of now, SThM 

methods have been used mainly for locating local hot spots in electronic devices and for 

measuring the thermophysical properties of polymeric materials. 

To solve these two problems, Nakabeppu et al. (2002) developed an active 

thermometry method, in which a thermal feedback system was utilized to keep the tip 

temperature equal to the surface temperature and maintain a zero heat flux between the 

sample and the tip. The experiment was conducted in vacuum to eliminate air conduction. 

Although their experiments suggested that the temperature distribution obtained by the 

active SThM technique was closer to the actual one than that of the passive SThM 

technique, the actual temperature of the sample was not obtained due to the insufficient 

sensitivity in heat flow detection. Varesi et al. developed another AFM-based method for 

measuring surface temperature by imaging thermal expansion of a thin polymer film 

spin-coated on the sample. This technique has a spatial resolution on the order of the 

thickness of the polymer film, which could be as thin as 100 nm. However, the AFM 

probe could only measure the AC amplitude of thermal expansion induced by modulated 

heating, and thus could only obtain directly the AC temperature component but not the 

DC temperature rise that in many cases is of the primary concern. 

Other thermal imaging techniques based on far-field optics, such as infrared 

thermometry (Khurana et al. 1986), liquid crystal (Hiatt et al. 1981), and laser reflectance 

technique (Ju et al. 1998), do not suffer from the existence of the tip-sample contact 

thermal resistance. Furthermore, the spatial resolution can potentially be improved using 
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near-field optical techniques (Goodson et al. 1997; Fletcher et al. 2000). However, errors 

could be induced by variation in surface roughness and optical properties, making 

quantitative temperature measurement challenging. 

We have explored a different SThM technique called nanocontact thermometry to 

measure temperature rises on the sample surface. Utilizing a nano-thermocouple formed 

by a sharp metallic AFM or STM tip and a metal film coated on the sample surface, this 

method can potentially be used to map the temperature distribution of nanoelectronics 

with a spatial resolution of 10-20 nm. In addition, the large tip-sample thermal resistance 

(Rts) prevents cooling of the sample by the tip and allow for accurate measurement of the 

sample temperature. The measurement can be conducted in vacuum to eliminate the 

influence of heat transfer between the tip and the sample through an air gap. The 

nanocontact thermometry method is discussed in Chapter 4 of this dissertation. 
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Chapter 2 Thermoelectric Properties of Bismuth Telluride Nanowires 

 

2. 1 Background 

2.1.1 Thermoelectric effects 

2.1.1.1 Seebeck effect 

The Seebeck effect was discovered by Thomas Seebeck in 1822. When two 

different electrical conductors (A and B in Fig. 2.1) form a closed circuit, and the two 

junctions are maintained at different temperature T1 and T2, a voltmeter inserted into 

conductor A can read a thermoelectric voltage ∆V, which is determined by 

∆V = ∫ −2

1

))()((
T

T AB dTTSTS ,    (2.1) 

where SA and SB are the Seebeck coefficients or thermoelectric powers (TEP) of the 

materials A and B. Usually S is a function of temperature. When the temperature 

difference ∆T = T2-T1 is sufficiently small, Eq. (2.1) can be written as 

∆V = (SB-SA) · (T2-T1) = SAB · ∆T.    (2.2) 

 

Fig. 2.1 A basic thermocouple circuit illustrating the Seebeck effect. 

AA 

T2 T1 

B

+ - IV
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Consequently, SAB, the Seebeck coefficient of the thermocouple AB, may be defined as  

SAB = 
T
V

∆
∆ .     (2.3) 

The sign of SAB is considered to be positive if T2 > T1 and the current I flows from 

A to B at the cold junction 1 (Wood 1988) when the electrometer is removed to form a 

shorted circuit.  

The absolute Seebeck coefficient S of a material may be measured when this 

material forms a thermocouple with a superconductor whose Seebeck is zero, i.e. S = 
dT
dV  

or S = 
T
V

∆
∆  if ∆T is small (Nolas et al. 2001). 

2.1.1.2 Peltier effect 

If a dc current I passes through the closed circuit made by A and B in Fig. 2.1, the 

current carries a certain amount of thermal energy from one junction to the other. As a 

result, one junction is heated while the other junction is cooled, creating a temperature 

difference between the two junctions. This effect was named after its discoverer Jean 

Peltier. The Peltier effect is the reverse of the Seebeck effect, i.e. an electrical voltage 

creates a temperature difference, and it is the basis of thermoelectric refrigeration. The 

heat rejection or absorption Q at the junction A or B can be determined by 

Q = (ΠA-ΠB)I = ΠAB·I     (2.4) 

where ΠA and ΠB are the Peltier coefficients of material A and B. 

Although heat is rejected at one of the two Peltier junctions and absorbed at the 

other, the Peltier effect is usually used for cooling purposes instead of heating purposes. 
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Joule heating is much more efficient than Peltier heating because the former is 

proportional to I2 while the latter is proportional to I. 

2.1.1.3 Thomson effect 

William Thomson, later Lord Kelvin, performed thermodynamic analysis of the 

Seebeck and Peltier effects, and predicted the third thermoelectric phenomenon, the 

Thomson effect, in which heat q is generated or absorbed by the passage of a current I 

through a homogenous conductor in the presence of a temperature gradient
x
T

∂
∂ : 

x
TIq

∂
∂

= µ      (2.5) 

where µ is the Thomson coefficient.  

 The Thompson heat is different from the Joule heat. The latter is always evolved 

while the former can be either evolved or absorbed depending on the materials and the 

direction of the current I. The Thomson effect is a secondary effect that is often 

negligible compared to the Peltier effect.  

The absolute thermoelectric coefficients obey the Kelvin (Thomson) relationships: 

dT
dST=µ  and ST=Π .    (2.6) 

We will only include the Seebeck coefficient S in the future discussions because it 

is the most convenient to measure and the Thompson coefficient and Peltier coefficient 

can be obtained from the measured Seebeck effect as a function of temperature.  

2.1.2 Thermoelectric properties of materials 
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For obtaining high energy efficiency, thermoelectric materials need to have a high 

Seebeck coefficient S, high electrical conductivity σ and low thermal conductivity κ. For 

a Peltier cooling element, a high S leads to a high cooling power Q as seen in Eqs. (2.4) 

and (2.6). Minimizing the Joule heating in the elements requires a maximized σ. A low κ 

is necessary to maintain a temperature gradient across the element and minimize heat 

conduction from the hot junction to the cold junction. The thermoelectric figure of merit 

Z, a combination of S, σ and κ, is often defined to characterize thermoelectric materials. 

2.1.2.1 Seebeck coefficient 

The Seebeck coefficient S has two contributions: S = Sd + Sg. Sd is the contribution 

from the charge carrier diffusion and Sg is the contribution from the phonon drag effect 

due to additional charge carriers dragged by the phonon flow.  

Diffusion is a result of nonuniformity. If there is a temperature gradient across a 

metal in which no net current flows, the hot electrons diffuse from the hot end to the cold 

end whereas the cold electrons diffuse in the opposite direction because the 

concentrations of hot electrons and cold electrons are different at the two ends. During 

the diffusion process, the electrons may scatter with phonons, impurities, defects, and 

crystal boundaries. If the scattering rate is energy dependent, the diffusion rate is 

different for the hot electrons with higher energy and the cold electrons with lower 

energy. The net flow of diffuse electrons leads to an accumulation of electrons at one end 

and leaves the other end to be positive charged. The electrical field built across this 

conductor opposes the net diffusion of the electrons. When equilibrium is reached, the net 

diffusion flux of electrons equals the net drifting flux of electrons under the electrical 
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field in the opposite direction. The difference of potential between the hot and the cold 

ends of the metal is determined by the Seebeck coefficient as ∆V = S∆T. For many metals 

such as Cu, the hot electrons diffuse faster than the cold electrons, resulting a negative S. 

For some other metals such as Al, the cold electrons diffuse faster than the hot electrons, 

giving rise to a positive S. 

For a p-type semiconductor with holes as the majority charge carriers, an existing 

temperature gradient drives the holes from the hold end to the cold end of the sample, and 

the potential at the hot end is measured to be negative. In this case, the sample has a 

positive S. For a n-type semiconductor, the majority charge carrier is electrons. The 

transport of electrons due to a temperature gradient results in a positive potential at the 

hot end, and the sample has a negative S. 

Sd can be derived by solving the Boltzmann transport equation (Ioffe et al. 1959). 

Assume the mean free path of carriers l depends on energy ε and has a form 

l ~ l0εr,      (2.7) 

where l0 and r are constants, and r is often referred to as the scattering constant. There 

may be several scattering processes with different mean free paths l1, l2, …, and thus l 

can be written as 

L++=
21

111
lll

.    (2.8) 

The scattering mechanisms in the carrier diffusion process include carrier-phonon 

scattering, carrier-impurity scattering, carrier-crystal defect scattering and alloy scattering. 
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Usually carrier-carrier scattering is not important in the range of temperature of interest 

(Nolas et al. 2001). 

For metals and degenerate semiconductors, the diffusion contribution to the 

Seebeck coefficient was found to be (Ioffe et al. 1959) 

Sd = )
2
3)((

3

2

r
E

Tk
e
k

F

BB +−
π .    (2.9) 

Most metals have Sd with a magnitude below 20 µV/K.  

For non-degenerate semiconductors, Sd is a function of the Fermi energy 

measured from the band edges and can be expressed as 
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,  (2.10) 

where EC, EV are the conduction band edge (for electrons) and the valence band edge (for 

holes) energies (Goldsmid 1960). Eq. (2.10) implies that the Seebeck coefficient is 

usually very high for insulators in which the Fermi level rests deep in the forbidden band 

such that (EC - EF) or (EF - EV) is very large. 

The other contribution to the Seebeck coefficient arises from the so-called phonon 

drag effect. When a temperature gradient is applied to a solid, phonons moving from the 

hot end to the cold end outnumber phonons moving in the opposite direction, and there is 

a net phonon flow from the hot end to the cold end (Ioffe et al. 1959). As a result of 

interactions between phonons and carriers, this flow of phonons drags a flow of charge 

carriers in the same direction. Consequently, the accumulation of carriers in the cold end 
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forms an electrical field which works against the motion of the charge carriers. At 

equilibrium, the potential difference is established across the solid and makes additional 

phonon drag contribution (Sg) to the Seebeck coefficient.  

No all the phonons contribute to dragging a flow of charge carriers in the presence 

of a temperature gradient. It has been found (Herring 1954) that phonon-electron 

scattering occurs only when kq 2≤ , where q is the phonon wave vector and k is the 

electron wave vector. Because the wavelength of phonons λph is inversely proportional to 

the wave vector q, only long wavelength acoustic phonons may contribute to the phonon 

drag effect. Since the averaged λph decreases with increasing temperature, Sg is small at 

high temperatures and significant at low temperatures compared to Sd. 

 In a semiconductor, Sd and Sg have the same signs because they both take the sign 

of the majority charge carriers. If impurities are introduced into the solid, Sg may drop off 

sharply while Sd may increase or decrease (Nolas et al. 2001). 

2.1.2.2 Electrical conductivity 

Electrical conductivity σ of solids depends on the number density of free charge 

carriers and the electron mobility. In metals at room temperature, the limiting factor of σ 

is the electron-phonon scattering. The number of phonons that scatter electrons is 

proportional to the Bose-Einstein distribution as 

)1/(1 −=〉〈 Tk
p

B

p

en
ωh

,     (2.11) 

where ωp is the frequency of phonons (Ashcroft et al. 1976). 
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At high temperatures, i.e. T >> θD, where θD is the Debye temperature defined as 

θD =
B

D

k
ωh  (ωD is the Debye cutting-off frequency), (2.11) may reduce to 

p

B
p

Tkn
ωh

≈〉〈 .     (2.12) 

Eq. (2.12) reveals that the total number of phonons that scatter electrons increases 

linearly with increasing temperature T. Since more scattering leads to a shorter relaxation 

time τel for electrons, one can conclude that at T >> θD the electrical conductivity σ of 

metals depends on T according to 

m
ne elτ

σ
2

= ~ T -1 (Lou 2003),    (2.13) 

where n is the electron concentration and m is the electron mass. In another word, the 

electrical resistivity ρ of metals (inverse of σ) increases linearly with increasing 

temperature in the high T region. 

At low temperature, i.e. T << θD, and ρ is proportional to T5 according to the 

Bloch T5 law (Ashcroft et al. 1976). 

In semiconductors, however, σ is limited by the number density of the majority 

carriers in the conduction or valence band. At 0 K, electrons fill up the valence band, and 

the conduction band is empty. When the temperature increases, some electrons are 

thermally excited from the valence band into the conduction band, increasing the σ. 

Because the concentration of electrons n is proportional to TkE Bge /− , where Eg is the band-

gap, the σ of semiconductors increases with temperature (Ashcroft and Mermin 1976). 
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2.1.2.3 Thermal conductivity 

 The major contribution to thermal conductivity κ is from phonons in 

semiconductors and from electrons in metals. The electron contribution κe in metals is 

related to the electrical conductivity σ by Wiedemann-Franz law. In small band-gap 

semiconductors such as bismuth (Bi) telluride (Te) alloys, κe and the phonon contribution 

κp are comparable (Goldsmid 1958). 

 According to the kinetic theory, κp can be expressed as 

phphphp lVC
3
1

=κ     (2.14) 

 The phonon mean free path lph is dependent on the phonon scattering mechanisms 

including phonon-defect (impurity) scattering, phonon-boundary scattering, phonon-

phonon scattering, etc. In phonon-phonon scattering processes, the Umklapp process 

poses resistance to the phonon transport (Ashcroft et al. 1976) and the Normal process 

does not directly cause resistance to phonon transport.  

The phonon mean free path can be calculated using the Matthiessen’s rule: 

phononboundarydefectph llll
1111

++=  .   (2.15) 

where ldefect, lboundary and lphonon are the mean free paths of phonon-defect scattering, 

phonon-boundary scattering and phonon-phonon scattering, respectively. Phonon 

scattering with atomic defects is of the nature of Raleigh scattering, with a larger 

scattering cross section and shorter mean free path for phonons with shorter wavelength, 

i.e. 
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 (Majumdar 1993)   (2.16) 

where R is the radius of impurities. At low temperatures, only long wavelength phonons 

are thermally excited, and the phonon-defect scattering mean free path ldefect is long.  

Meanwhile, boundary scattering at grain boundaries leads to a constant lboundary for the 

long-wavelength phonons. In addition, the number of excited phonons is small and the 

probability of phonon-phonon scattering is low. Further, the thermally excited phonons at 

low temperatures have small wavevectors k, and the scattering of two short-k phonons 

produce mostly phonons with k within the first Brillouin zone. Such phonon scattering is 

the Normal process and does not directly pose thermal resistance. The Umklapp phonon-

phonon scattering rate increases with temperature and dominates phonon transport at high 

temperatures, with phonon mean free path described by 

T
phonon

D

el
θ

∝  (Ashcroft and Mermin. 1976).  (2.17) 

In summary, at low T, because boundaryph ll ≈ =constant and Cph ∝ T3 for bulk 

materials (Dekker 1957), κp ∝ T3. As T increases, the Umklapp phonon-phonon scattering 

rate increases, and lphonon becomes shorter. A peak value of κp may appear when lphonon is 

comparable to lboundary. At high T, Cph is constant according to the Dulong-Petit law, so κp 

decreases sharply as κp T
D

e
θ

∝ because the Umklapp processes dominate the phonon 

scattering. Experiments have shown that κph is proportional to 1/Ta at high T; a is 

somewhere between 1 and 2 (Ashcroft et al. 1976). 
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According to the kinetic theory, the electron contribution to the thermal 

conductivity can be written as 

elFele lVCk
3
1

=     (2.18) 

where Cel is the electron heat capacity, VF is the Fermi velocity for free electrons and lel is 

the electron mean free path. From Eqs. (2.14) and (2.18), one obtains the Wiedemann-

Franz law 

82
3

1044.2)(
3

−×=== L
e

k
T

k Be π
σ

W-Ω/K2,   (2.19) 

where L is the Lorenz number (Dekker 1957). This equation relates the electron thermal 

conductivity κe with the electrical conductivity σ of normal metals in a simple formula. 

Since σ can be obtained rather readily, Eq. (2.19) is often used to estimate ke for metals. 

The assumption in this equation is that the relaxation time of electrons is independent of 

energy. 

2.1.2.4 Thermoelectric figure of merit 

Consider a single-couple refrigerator shown in Fig. 2.2, where the branches p and 

n have positive and negative Seebeck coefficients respectively (Nolas et al. 2001). These 

two branches are joined together through a metal interconnect with a small Seebeck 

coefficient close to zero. A functional cooling device can be made by connecting the two-

leg element thermally in parallel and electrically in series. 

We can make the following assumptions for the simple system shown in Fig. 2.2. 

 i) The only electrical resistance is that of the thermocouple branches. There is no 

thermal resistance in heat source, heat sink or the interfaces with branches.  
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ii) Heat conduction, convection and radiation between the thermocouple and the 

ambient environment are negligible;  

iii) The Seebeck coefficients, electrical resistivity and thermal conductivity of 

branches are independent of temperature. 

Denote αp, ρp, λp, Ap and Lp as the Seebeck coefficient, the electrical resistivity, 

the thermal conductivity, the cross-section area and the length of the p branch. Similar 

symbols αn, ρn, λn, An and Ln can be used for the n branch. The temperatures of the heat 

sink and the heat source are TH and TC. Therefore, the total Seebeck coefficient S, the 

thermal conductance K and the electrical resistance R of the thermocouple are S=αp-αn, 

K=
n

nn

p

pp

L
A

L
A λλ

+ and R=
n

nn

p

pp

A
L

A
L ρρ

+ . 

            The total removal of heat QC from the heat source may be found based on the heat 

conduction in the thermocouple as: 

 

Fig. 2.2 A single-couple thermoelectric element. 
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2

2
1

−∆−=     (2.20) 

where ∆T=TH-TC. Note that the first term in Equation (2.20) represents the Peltier cooling 

effect, and the second term is the pure heat conduction in the thermocouple. The last term 

is the Joule heating of the thermocouple. 

The electrical power consumption of the thermocouple W has two contributions. 

One is from the Joule heating, and the other is from the power that is used to work 

against the Seebeck voltage, i.e. 

   )( IRTSIW +∆= .     (2.21) 

           Thus, the coefficient of performance (COP) of the thermocouple refrigerator can 

be written as 

 

Fig. 2.3 Maximum COP (φ) as a function of the ZT for different 
ratio of TH/TC (Nolas, et al. 2001). 
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The maximum COP can be obtained after the optimal current I is found by taking 

0=
dI
dφ . The result is 

11
/1

max
++
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−

=
m

CHm

CH

C

ZT
TTZT

TT
T

φ ,   (2.23) 

where Tm =(TH+TC)/2 and Z is the thermoelectric figure of merit defined as
RK
SZ

2

= . 

Given a TH/TC value, φmax increases with increasing Z. When Z approaches ∞, φmax 

approaches the Carnot limit, i.e.
CH

C

TT
T
−

. By minimizing the RK product, the Z of the 

thermocouple has the form 

22/12/1

2

])()[(
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ρλρλ

αα
+

−
= .    (2.24) 

 Because the p-type and n-type materials have similar Zp and Zn values, where 

Zp,n=
npnp

np

,,

,

λρ
α

, for most temperatures of interest, the Z of the thermocouple is then the 

average of Zp and Zn. Therefore, the COP of the refrigerator is directly dependent on the 

thermoelectric figure of merit of the materials which is often written as 

Z=
κ
σ2S ,     (2.25) 
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where S, σ and κ are the Seebeck coefficient, electrical conductivity and thermal 

conductivity respectively. The product of Z and the absolute temperature T results in a 

dimensionless thermoelectric figure of merit ZT. Fig. 2.3 shows the dependence of the 

COP on the ZTm. Eq. (2.25) suggests that efficient thermoelectric coolers or power 

generators need to be made of materials with high Seebeck coefficient S, high electrical 

conductivity σ and low thermal conductivity κ. 

Although useful in thermocouples, metals are not good thermoelectric materials 

for energy conversion. Shown in Fig. 2.4, the high σ of metals implies large κe and κ. So 

the thermoelectric figure of merit Z for metals mainly depends on S, which is very small. 

For insulators, on the other hand, the large band-gap Eg leads to large S but very low 

density of charge carriers, such that S2σ is also very small. Ioffe (Ioffe 1957) suggested 

that semiconductor materials, especially heavy element alloys and solid solutions, may 

have much higher ZT than metals and insulators due to their high S, intermediate σ and 

low κ. Furthermore, the ZT of semiconductors may be engineered through doping, which 

can change the charge carrier concentration and the Fermi level of materials. 

However, the improvement of ZT by varying the doping concentration has been 

limited. Because S, σ and κ are related to each other, an increase in one of them often 

results in a decrease in the others. For example, an increase in σ leads to a large 

electronic contribution to κ. Additionally, when the doping concentration in a 

semiconductor is increased to increase σ, S is reduced because the energy difference 

between the Fermi level and the band edge is decreased. For this reason, the ZT of bulk 

materials has remained at a value close to unity for the past fifty years (DiSalvo 1999). 
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Fig. 2.5 shows the ZT for the common p- and n-type thermoelectric materials. The best 

materials for thermoelectric refrigeration have been found to be bismuth and tellurium 

alloys such as Bi0.5Sb1.5Te3 with ZT approaching 1 at T = 300 K (Goldsmid 1964). The 

efficiency of the best thermoelectric coolers has been limited within 10% of the Carnot 

efficiency, and their COP is usually only about 0.5. 

2.1.3 ZT enhancement in nanowire materials  

To increase the COP of thermoelectric coolers to a value comparable to that of 

vapor compression cooling units such as chlorofluorocarbon (CFC)-based refrigerators, 

one needs to increase the ZT of the thermoelectric materials from 1 to 3 or even higher at 

room temperature (Mahan 1997). It has been difficult to increase ZT to be higher than 1 

 
Fig. 2.4 The Seebeck coefficient, the electrical conductivity, the thermal 
conductivity and the power factor of bulk materials as a function of the carrier 
concentration. 
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in bulk materials. Recent theoretical calculations have suggested that higher ZT may be 

obtained in low dimensional materials such as nanowires, quantum well and quantum dot 

superlattices (Hicks et al 1993a and b; Dresselhaus et al. 1999b). 

 
Fig. 2.5 ZT of p- (a) and n- (b) type thermoelectric materials. 

(b) 

(a) 
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When the characterized length of materials is reduced to be comparable to the 

wavelength of electrons, electrons are confined in one or more dimensions. As a result, 

the electronic density of states g(ε) is different from that for the bulk materials. g(ε) is 

proportional to ε-1/2, ε0 and ε1/2 for 1D nanowires, 2D quantum wells, and 3D bulk 

materials, respectively. It can be seen from Fig. 2.6 that low dimensional materials have 

larger electronic density of states near the Fermi level than that for the bulk materials 

(Chen et al. 2002). The locations of these edges and peaks can be manipulated with 

respect to the Fermi energy to tailor the thermopower S and to obtain a large power 

factors S2σ (Majumdar 2004; Dresselhaus et al. 1999a). On the other hand, the phonon-

boundary scattering rate in low dimensional materials may increase as the size of the 

materials becomes smaller or comparable to the phonon mean free path, leading to a large 

suppression in the phonon thermal conductivity κp. A further κp reduction may come 

from the modification of the phonon dispersion relation due to additional quantum size 

effect (Balandin et al. 1998; Chen 2000).  

Indeed, an improved ZT has recently been observed in thin film superlattices and 

nanostructured bulk alloys (Venkatasubramanian et al. 2001; Harman et al. 2002; Hsu et 

al., 2004). Very high ZT values have also been predicted in Bi-based (Lin et al. 2000a) 

and III-V nanowires (Mingo 2004). Experimentally, various nanowire materials have 

been synthesized and characterized in the past decade (Lin et al. 2000b; Lin et al. 2001; 

Heremans et al., 2002; Prieto et al. 2003). Bismuth telluride nanowires have attracted 

attention because their bulk counterparts have been the best thermoelectric materials at 

room temperature. Several methods have been reported for the growth of bismuth 
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telluride nanowires. For example, a pulsed laser ablation method has been reported for 

the growth of single crystalline bismuth telluride nanowires (Wei et al. 2000). 

Polycrystalline (Prieto et al. 2001) and single crystalline (Jin et al. 2004) bismuth 

telluride nanowires have also been grown by direct deposition into nanopores of anodic 

alumina membranes (AAM) using an electrochemical deposition technique.  

It is of interest to characterize the thermoelectric properties of nanowire materials in 

order to investigate various classical and quantum size effects. In the past, measurement 

results of S and the electrical resistance (R) of bismuth and bismuth antimony nanowire 

arrays grown in AAMs have been reported (Li et al. 2002; Lin et al. 2002). Additionally, 

Li et al. used a microfabricated device to measure thermal conductivity of poly-

crystalline electrodeposited bismuth telluride nanowires with diameters of 360 nm and 

391 nm, and found large suppression of thermal conductivity possibly due to phonon 

scattering at both the grain boundaries and at the nanowire surfaces.  

 

Fig. 2.6 The electronic density of states for 0D, 1D, 2D and 3D materials. 
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In this chapter, we report our measurement results of S, σ, κ and ZT of single-

crystal bismuth telluride (BixTe1-x) nanowires electrodeposited in AAMs. Two batches of 

BixTe1-x nanowires with different atomic ratios or x values have been measured. The 

measurement results reveal intriguing effects of the chemical composition and size 

confinement on the thermoelectric properties of the nanowires. 

2. 2 Experimental Method 

2.2.1 Preparation of BixTe1-x nanowires 

Bismuth telluride nanowire (BixTe1-x) arrays were synthesized by Jin et al. (2004) 

using an electrochemical deposition method. In this method, a porous anodic alumina 

membrane (AAM) with gold (Au) electrode on one side of the membranes served as a 

working electrode in a two-electrode electrochemical cell, whereas a graphite plate 

served as the counter electrode. During the 2-hour room temperature synthesis of 

 

Fig. 2.7 TEM and HRTEM images of a single BixTe1-x nanowire. (a) TEM 
image and (b) HRTEM image of the same nanowire. The inset to (b) is the 
corresponding ED pattern. Courtesy by C. Jin. 

(a) (b) 
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nanowires, a constant current density of 2.5 mA/cm2 was maintained by a 

potentiostat/galvanostat (HDV-7C), and an electrolyte solution with PH =1 consisting of 

 

(a) 

(b) 

Fig. 2.8 HRTEM image of an electrochemically deposited bismuth telluride 
nanowires from (a) the first batch and (b) the second batch. 
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Bi(NO3) 3·5H2O and HTeO2
+ was used. The atomic ratio or x value in the as-grown 

BixTe1-x nanowires was controlled by the ratio between Bi(NO3)3·5H2O and HTeO2
+. 

After deposition, the AAM template filled with BixTe1-x nanowires was rinsed with 

ethanol and then dried in air at room temperature. 

We have measured two batches of BixTe1-x nanowires in AAMs. The average pore 

sizes of the AAMs were about 60 nm for the first batch and 50 nm for the second batch. 

The Bi to Te atomic ratio in the electrolyte solution was 1:1.5 for the first batch and 1:1 

for the second batch. For obtaining individual nanowires form the template, a 2M sodium 

hydroxide (NaOH) solution in water was used to dissolve the AAMs. Then the nanowire 

suspension was rinsed several times using DI water until the PH value of the solution 

became neutral. Subsequently, DI water was replaced by ethanol, and a nanowire 

suspension in ethanol was obtained. 

The high resolution transmission electron microscope (HRTEM) images of the 

nanowires in Fig. 2.7 revealed that the growth direction of the single crystalline nanowire 

was >< 0211 , perpendicular to the c-axis. Fig. 2.8 showed that the nanowires were 

covered by the native surface oxidation layers of about 5-10 nm thick for the first batch 

and 2-5 nm thick for the second batch. The chemical composition of one nanowire from 

the first batch and four nanowires from the second batch were obtained by an energy 

dispersive spectrometer (EDS) analysis of the HRTEM, and the results are listed in Table 

2.1. For the four nanowires from the second batch, the EDS-obtained atomic ratio varied 

up to 3% at different locations of the same nanowire; while the average value of the 

atomic fraction varied up to 9% between different nanowires in the same batch. The 
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average EDS-obtained atomic fraction of the four nanowires from the second batch is 

 

Fig. 2.9 (a) Scanning Electron Micrographs of a suspended micro-device. (b) An 
enlarged view inside the white rectangle in (a) after the deposition of four Pt pads 
labeled by the white and gray arrows. 

(a) 

(b) 
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54% of Bi and 46% of Te with a standard deviation of 4.2%. 

Table 2.1. The atomic fraction of Bi and Te in the electrochemically deposited BixTe1-x 

nanowires. Letters a, b, and c indicates different locations on the same nanowire. 

Atomic fraction (%) 

Batch 1 Batch 2 

 

Wire1 Wire1 Wire2 Wire3 Wire4 

Element a a b c a b a b a b C 

Bi 46 57 54 56 60 62 53 52 53 53 51 

Te 54 43 46 44 40 38 47 48 47 47 49 

 

2.2.2 Thermal and thermoelectric measurements using microfabricated devices 

The Seebeck coefficient S, the electrical conductivity σ and the thermal 

conductivity κ of BixTe1-x nanowires were measured using microfabricated devices. A 

detailed description of these devices and the measurement method can be found 

elsewhere (Shi et al. 2003; Yu et al. 2005). As shown in Fig. 2.9 (a), the micro-device 

consists of two adjacent and symmetric silicon nitride (SiNx) membranes, each of which 

is suspended by five long SiNx beams. A serpentine Pt line is patterned on each 

membrane and used as an electrical heater as well as resistance thermometer (RT). There 

is another pair of Pt electrodes patterned near the inner edges of each membrane. 

Although these electrodes are dedicated to making contacts with nanowires, the two Pt 

lines may be utilized together with Pt electrodes to perform a four probe resistance 

measurement of the nanowire if the wire is long enough, as shown in Fig. 2.9 (b).  
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A BixTe1-x nanowire needs to be trapped on the two membranes for thermal and 

thermoelectric measurements. First, the nanowires in the suspension were dispersed in an 

ultrasonicator. This step usually should be controlled for only several to tens of seconds; 

otherwise the brittle BixTe1-x nanowires could be damaged by the ultrasound. 

Subsequently, one drop of the sonicated solution was deposited on a wafer that contained 

about 14 densely-packed suspended membrane structures. The wafer covered by the 

solution was then rocked on a swing to induce fluid motion in a direction perpendicular 

to the parallel electrode pairs on the membranes. Aligned by the fluid motion, nanowires 

often crossed the two closely spaced Pt electrodes after the solution was dried uniformly 

on the wafer, while no nanowires were left bridging the long SiNx beams that are far 

apart from each other. Fig. 2.9 (b) shows a micro-device with a BixTe1-x nanowire 

bridging the two membranes. 

The native oxide layer on the nanowire prevents electrical contacts between the 

nanowire and the Pt electrodes. For improving the electrical and thermal contacts, a 

SEM/FIB dual beam facility was used to directly deposit a Pt pad on top of the contact 

between the nanowire and each electrode. The Pt pad was about 600 nm long, 250 nm 

wide and 200 nm thick. The energetic gallium beam of the FIB can break through the 

native oxide layer and allowed the Pt to be directly deposited on the exposed core of the 

nanowire. In order to minimize the spreading of Pt (Cronin et al. 2002) and to prevent the 

conversion of residual precursor gas species absorbed on the sample surface into a 

conducting layer, we avoided imaging the sample using either the electron or ion beam 

right after the Pt deposition. In this work, the sample was unloaded from the deposition 
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chamber immediately after the Pt deposition, and the distance between the two adjacent 

Pt pads was made as large as possible, ideally larger than 2 µm. An experiment was 

conducted to verify that there was no electrical connection between two parallel 300-nm-

wide Pt lines deposited using the FIB method on a SiO2 surface with the separation 

between the two Pt lines being 2 µm, a distance shorter than the 3-5 µm separation of the 

two membranes of the micro-device. The test results ensured that the Pt deposition did 

not cause current leakage between the electrodes. 

The thermal conductivity κ and the Seebeck coefficient S of the nanowire were 

measured with the use of the improved contacts between the nanowire and the two Pt 

electrodes. After the micro-device was packaged and wire bonded, it was placed into an 

evacuated liquid helium cryostat (Janis ST-475) with a temperature range from 4.2 K to 

400 K. During the experiment, a DC current I was supplied to one of the two Pt RTs to 

raise the temperature of the corresponding membrane (heating membrane) Th by Joule 

heating. Heat conduction through the nanowire caused an increase of the temperature of 

the other membrane (sensing membrane) Ts. Since the internal thermal resistance of the 

membrane is on the order of 105 K/W, two orders of magnitude smaller than that of either 

the sample or the five SiNx beams, the temperature rise in each membrane is rather 

uniform (Yu et al. 2005). A finite element calculation suggests that the maximum 

temperature difference in the heating (or sensing) membrane be 1.8% (or 3.1%) of the 

temperature rise in the membrane (Yu et al. 2005). 

The temperature rises of the two membranes were measured using an AC 

differential resistance measurement method after the temperature coefficient of resistance 
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(TCR) of each PRT was obtained, i.e. ∆Th(I) = Th(I) – Th(0) for the heating membrane 

and ∆Ts(I) = Ts(I) – Ts(0) for the sensing membrane. Using a thermal resistance circuit 

shown in Fig. 2.10 (Shi et al. 2003), one can derive the thermal conductance of the five 

SiNx beams (Gb) as well as the thermal conductance of the nanowire sample (Gm) as 

following: 

sh

Lh
b TT

QQ
G

∆+∆
+

=      (2.26) 

and 

sh

s
bm TT

T
GG

∆−∆
∆

=      (2.27) 

 

Fig. 2.10 Schematic diagram and thermal resistance circuit of 
the experimental setup. 
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where Qh and QL are the Joule heating of the PRT on the heating membrane and the Joule 

heating of one of the beams which supplies a DC current I to the heating Pt RT. One 

assumption on which these equations are based is that the heat conduction through the 

nanowire was several orders of magnitude larger than parasitic heat transfer between the 

two membranes through the residual gases in the evacuated cryostat and by radiation. 

This was verified by a measurement result at 60 K after a BixTe1-x nanowire across the 

membrane was destroyed. As shown in Fig. 2.11, when the temperature rise in the 

heating membrane ∆Th was about 3.5 K, the temperature rise in the sensing membrane 

∆Ts was below 0.01 K and close to the noise limit. 

The Seebeck coefficient S of the nanowire was obtained by S = ∆V/( ∆Th-∆Ts), 

where ∆V is the voltage drop across the two Pt electrodes. 

 For measuring the four-probe electrical resistance and electrical conductivity of the 

nanowire, we deposited two additional Pt pads to connect the nanowires with the two Pt 

serpentines.  These two additional contacts were used as current leads in a four-probe 

resistance measurement set up, with the two inner Pt electrodes being as the voltage 

probes. 

2.2.3 Data processing and uncertainty analysis 

The measurement uncertainty of the method using the micro-device was discussed 

previously for the case of a single point measurement at a fixed I value (Shi et al. 2003). 

To improve the measurement uncertainty, we ramped I from zero to a negative maximum 

(-Imax), from -Imax back to zero, from zero to a positive maximum (Imax), and from Imax 

back to zero. One ramping cycle took about 11 minutes. During each ramping cycle, a 
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total number of N = 203 sets of measurements were taken. Gb was obtained as the slope 

of a least-square linear curve fit of Q ≡ (Qh + QL) as a function of (∆Th +∆Ts) according 

 

(a)

(b)

Fig. 2.11 Temperature rises on (a) a heating membrane and (b) a sensing 
membrane after the nanowire was destroyed. The cryostat system was kept 
at 60 K. 
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to Eq. (2.26), as illustrated in Fig. 2.12(a). The ratio Gm/Gb was then obtained as the slope 

of a linear curve fit of the measured ∆Ts as a function of the measured (∆Th −∆Ts) 

according to Eq. (2.27), as shown in Fig. 2.12(b). Gm is then obtained as Gm = Gb(Gm/Gb). 

The uncertainty in each Gm measurement, i.e. 
mGU , was calculated from the 

uncertainties of Gb and Gm/Gb, i.e. GsU and 
bm GGU / , according to 

2
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mGU and
bm GGU / were calculated as the uncertainties in the slope of the 

corresponding least-square linear fitting according to the error propagation method of 

Coleman and Steele (1999). For N(Xi, Yi) data pairs, the slope (m) of a least-square 

linear curve fit is determined as  
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The uncertainty in m is calculated as  
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where 
iYP  (or

iXP ) is the random or precision uncertainty for the  Yi (or Xi) variable, 
iYB  

(or 
iXB ) is the systematic or bias uncertainty for the  Yi (or Xi) variable, 

kiYYB  (or 
ki XXB ) 
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is the covariance estimator for correlated systematic uncertainties in the Yi and Yk 

variables (or  the Xi and Xk variables), and 
kiYXB  is the covariance estimator for 

correlated systematic uncertainties between Xi and Yk. 

During each ramping cycle of the measurement, four (Xi, Yi) data sets were 

measured at the same I magnitude. The random uncertainties are calculated as 
iYP  = 

tv,95 iYS and 
iXP  = tv,95 iXS , where tv,95 = 3.182 is the t distribution for a v =3 degree of 

freedom corresponding to a sample size of four at a probability or confidence level of 

95%, and 
iYS (or 

iXS ) is the sample standard deviation of the four Yi (or Xi) measurement 

results at the same I magnitude.  

As discussed by Brown et al. (1998), systematic errors that are a fixed value or 

“percent of full scale” have no influence on the uncertainty of the slope and thus do not 

need to be included in Eq. (2.30). On the other hand, a systematic error of a second type 

that is a function of the magnitude of the variables, such as those of a “percent of 

reading” nature, can cause a non-zero systematic uncertainty in the slope of the linear 

curve fit. This second type of systematic errors in the measurement results of ∆Th, ∆Ts, 

QL, and Qh were identified and calculated as following. 

First, the Pt RT was calibrated with one of the two factory-calibrated silicon diodes 

in the cryostat serving as the reference temperature (Tr). The specified uncertainty of Tr is 

rTU = 0.01%Tr including both random and systematic errors. Due to a small temperature 

gradient in the cryostat, there was a less than 0.2% difference between the temperature 

readings of the two diodes that were located 4.5 cm apart from each other. The RT on the 



    

 43 

micro-device was located between the two diodes, and the diode right next to the RT was 

used as the reference in the temperature calibration. The difference between Tr and the 

 

(a) 

(b) 

Fig. 2.12 (a) The Qtotal vs ∆Th+∆Ts curve (b) The ∆Ts vs ∆Th-∆Ts curve and the 
corresponding linear fittings. 
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actual temperature of the RT should be less than 0.2% because the distance between the 

RT and the reference diode was much shorter than that between the two diodes. Thus, the 

systematic error in the calibration of the RT was calculated to be BT ≤ 0.2%T. Because 

)(ITh
B and )0( =ITh

B  arise from the same calibration error and are thus perfectly correlated, 

the propagation of )(ITh
B  ≤ 0.2%Th(I) and )0( =ITh

B  ≤ 0.2%Th(I=0) results in )(ITh
B∆  

≤0.2%∆Th(I) (Coleman et al. 1999). In another word, because Th(I) and Th(I=0) were 

distorted by the same percent of the reading due to the same calibration error, ∆Th(I) was 

distorted by the same percent of the reading. Similarly, )(ITs
B∆ ≤ 0.2%∆Ts(I). Because Th 

and Ts were calibrated using the same Tr and thus
hTB  and 

sTB  arise from the same 

calibration error, 
hTB  and 

sTB are also perfectly correlated and propagate into )( sh TTB ∆−∆  

≤ 0.2%(∆Th-∆Ts) and )( sh TTB ∆+∆  ≤0.2%(∆Th+∆Ts). 

The Joule heat Q was obtained as a product of the measured voltage (V) and current 

(I). The systematic error of the second type in the V measurement, i.e. BV, was specified 

in the instrument manual to be less than 0.05% of the reading, and the error (BI) in the I 

measurement was less than 0.1% of the reading. Hence, the same type of error in Q was 

calculated as BQ = (BI
2/I2+ BV

2/V2)1/2Q = 0.125%Q. 

The dominant uncertainty source is the random fluctuation in the temperature 

measurement. This fluctuation was observed to be about 40x10-3 K, as evident in Fig. 

2.12 (b). The random fluctuation was caused by the temperature fluctuation of the 

evacuated cryostat where the sample was located as well as the random uncertainty of the 

lock-in amplifier that was used to measure the differential electrical resistance of the RT. 
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The uncertainty calculation shows that the random uncertainties caused by this 

temperature fluctuation accounts for more than 95% of
mGU .  

To reduce the uncertainty, for each measurement we often needed to spend a few 

hours to reduce the temperature fluctuation of the cryostat and used a sufficiently large 

∆Th value of about 4-6 K to obtain mG GU
m

/ usually between 4% and 15%. In addition, 

we obtained three to seven measurement results with mG GU
m

/ <15% at one temperature, 

and the averaged value ( mG ) of the several Gm results is reported because the random 

uncertainty is reduced with increasing number (n) of measurements. The total uncertainty 

in mG is calculated as  

 
Fig. 2.13 A SEM image of a bismuth telluride nanowire deposited on a 
substrate with four Pt contacts pattered on top of the nanowire. 
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2/122 )(
mGmGm

BPUG +=                                      (2.31) 

where the random uncertainty in mG  is calculated as  

nStP
mmG Gn /95,1−=                                           (2.32)         

where 
mGS is the sample standard deviation of the n measurements of Gm, and 95,1−nt  is 

the t distribution for n-1 degree of freedom and a confidence level of 95%. 

In Eq. (2.31), 
mG

B  is the systematic error of the second type in mG . 

Because mG GB
m

/ is the same for each measurement, mGmG GBGB
mm

// = . In the fitting 

to obtain Gm/ Gb, )( sh TTB ∆−∆  and 
sTB∆ are perfectly correlated because they share the 

same error source. In other words, the obtained X and Y variables in Fig. 2.12 (b) were 

distorted by the same percent of the reading, or sTshTT TBTTB
ssh

∆=∆−∆ ∆∆−∆ /)/()( . 

Consequently, the slope Gm/Gb is not affected by this perfectly correlated error, resulting 

in 0/ =
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2.3 Measurement Results and Discussion 

We have measured three nanowire samples from the first batch (x ≈ 0.46) and five 

samples from the second batch (x ≈ 0.54). Table 2.2 lists the diameter, length, and the 

properties of the nanowires that we obtained. Among these samples, sample 1 and sample 
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5 consist of two nanowires whereas all other samples consist of only one nanowire. 

Except for sample 2 and sample 3, the nanowire was trapped between two suspended 

membranes of the micro-device, and the dimension of the nanowire was measured using 

SEM. For sample 2 and sample 3, the nanowires were deposited on the surface of 1-µm-

thick thermal oxide on a silicon wafer. Four 200-nm-wide and 200-nm-thick Pt electrodes 

were then directly deposited on the nanowire using the FIB and connected to thin gold 

lines pre-patterned on the surface using electron-beam lithography (EBL), as shown in 

Fig. 2.13. The diameters of these two nanowires were measured using an Atomic Force 

Microscope (AFM).  

Table 2.2. The diameter, length, and measured properties of the nanowires  

Sample Diameter (nm) Length (µm) Properties 

Sample 1 (2 nanowires, 

1st batch) 100±3 each 2.15±0.06 each  
S 

Sample 2 (1st batch) 57.5±1 6.01±0.05 σ 

Sample 3 (1st batch) 43.5±1 1±0.05 σ 

Sample 4 (2nd batch) 81±3 3.86±0.1 S, σ, κ, ZT 

Sample 5  

(2 nanowires, 2nd batch) 

Nanowire 1: 120±3 

Nanowire 2: 80±3 

Nanowire 1: 5.74±0.17 

 Nanowire 2: 5.74±0.17 
S 

Sample 6 (2nd batch) 75±3 3.2±0.09 S, κ 

Sample 7 (2nd batch) 81±3 4.97±0.15 S, κ 

Sample 8 (2nd batch) 67±3 4.963±0.15 S, κ 
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2.3.1 Seebeck coefficient 

Fig. 2.14 shows the measured Seebeck coefficients of sample 1, 4, 5, 6 and 7 as a 

function of temperature. For sample 1 from the first batch, the measured S was positive, 

(a) 

(b) 

 Fig. 2.14 (a) Seebeck coefficient of sample 1 from the first batch and 
bulk crystal Bi0.46Te0.54. (b) Seebeck coefficient of sample 4, 5, 6, and 7 
from the second batch. 
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indicating that the nanowire was p-type.  The room temperature S of this sample was 60% 

higher than the reported value for bulk Bi0.46Te0.54 crystal with the same atomic ratio 

(Rowe 1995). For the other samples from the second batch, negative S values were 

obtained, suggesting n-type behavior. We could not find measured S results of bulk 

crystals with the same atomic ratio as for the second batch. The closest atomic ratio 

reported before was bulk Bi0.485Te0.505 with a positive S =138 µV/K, which was one order 

of magnitude higher than the observed S of the nanowires from the second batch with x ≈ 

0.54. While S for sample 1 from the first batch showed non-linear temperature 

dependence and thus a non-metallic behavior, the observed S of the samples from the 

second batch exhibited linear temperature dependence and a metallic or degenerate 

semiconductor behavior. As a comparison, bulk BixTe1-x crystals is p-type for x > 0.37, n-

type for x < 0.37, and bulk Bi0.485Te0.505 is highly p-doped (Rowe 1995). It is thus 

reasonable to expect that bulk Bi0.54Te0.46 would be highly degenerately doped and show 

a metallic behavior. However, it is unclear whether or not bulk Bi0.54Te0.46 would become 

n-type just like the nanowires from the second batch. A detailed theoretical study of size 

confinement effects is needed for understanding the negative S of the nanowires from the 

second batch. 

2.3.2 Electrical conductivity 

We measured the two-probe and four-probe electrical resistance (R2p and R4p) of 

sample 2, 3 and 4. For sample 2 and sample 3, the nanowire was deposited on a silicon 

wafer with 1-µm-thick thermal oxide, as shown in Fig. 2.13. Four Pt lines were patterned 

on top of the nanowire using the FIB deposition. After the four-probe electrical 
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measurement of sample 2, a 100 nm wide cut was made on the nanowire at three 

locations between two adjacent Pt electrodes with the use of FIB. There were no 

 
Fig. 2.15 (a) Electrical resistance of sample 2, 3 and 4 as a function of 
temperature. (b) I-V curves of sample 1 at three different temperatures. 

(b) 

(a) 
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electrical connections between any two Pt lines after the cutting was made, confirming 

that there was no current leakage between two adjacent Pt lines due to the Pt spreading. 

Hence, the obtained R4p was the intrinsic property of the nanowire.  

While large S has been measured for sample 1 from the same batch as sample 2 and 

sample 3, only the R2p was measured for sample 1, and the nanowire was destroyed by 

electrostatic discharge (ESD) before the R4p was measured. The R2p of sample 1 was 

calculated from the linear I-V curves and is shown in Fig. 2.15 (a) together with the R2p 

and R4p of sample 2 and sample 3 from the same batch. The two-probe current-voltage (I-

V) curves for sample 1 was rather linear in the temperature range between 240 and 360 K, 

but shows non-linear behavior of a Schottky junction below 230 K, as shown in Fig. 2.15 

(b). On the other hand, linear I-V curves were observed for sample 2 with temperatures 

higher than 4 K and for sample 3 with temperatures higher than 120 K. 

The R4p results were used to calculate the σ of sample 2, 3, and 4 shown in Fig. 2.16 

together with the reported room-temperature σ for bulk Bi0.46Te0.54 and Bi0.485Te0.505 

crystals. The room-temperature σ of sample 2 and sample 3, both from the first batch, 

were 0.17 and 0.2 (Ω-µm)-1
, within 10% difference from the reported value of 0.19 (Ω-

µm)-1 for Fleurial et al.’s bulk Bi0.46Te0.54 and were about two times higher than that 

reported for the Bridgman-type Bi0.46Te0.54 single crystals (Fleurial et al. 1988). While it 

has been found that the bulk σ decreases approximately linearly with increasing 

temperature as a result of increased electron-phonon scattering, the measured σ  of 

sample 2 and sample 3 were only weakly dependant on the temperature. For sample 2, 

the decrease of σ with increasing temperature was somewhat similar to but at a much 
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smaller slope than the bulk behavior. While the smaller slope can be attributed to a 

surface-scattering dominated electron mean free path that is insensitive to the temperature, 

enhanced surface scattering can explain neither the high room-temperature σ nor the 

slight increase of the σ  of sample 3 with increasing temperature. The behavior of sample 

3 bears some resemblance to a semiconductor where an increase of the carrier 

concentration can lead to an increased σ with increased temperature. Note that sample 3 

has a smaller diameter than sample 2. While there have been reports of theoretical or 

experimental results showing an increased band-gap of Si nanowires (Ma et al. 2003) and 

BiSb nanowires (Lin et al. 2002) with a decreased nanowire diameter, similar results 

have not been reported for BixTe1-x nanowires. 

 
Fig. 2.16 Electrical conductivities of the nanowires and bulk BixTe1-x 
crystals. 
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The measured σ of sample 4 from the second batch is almost independent of 

temperature. The room-temperature value σ = 0.07 (Ω-µm)-1 was close to the reported 

value of 0.075 (Ω-µm)-1 for Fleurial et al.’s bulk Bi0.485Te0.515 crystal and the value of 

0.08 (Ω-µm)-1 for Bridgman-type Bi0.50Te0.50 single crystals (Fleurial et al. 1988). 

2.3.3 Thermal conductivity 

The κ of sample 1, 2, and 3 from the first batch were not obtained. Sample 1 

consisted of two nanowires bridging the two membranes and an additional third nanowire 

contacting the two nanowires. Due to possible heat leakage through the third nanowire, 

only the total thermal conductance (G) but not accurate κ was obtained for this sample. 

Sample 2 and 3 were deposited on a substrate for electrical measurements only. The κ of 

sample 4, 6, 7 and 8 from the second batch have been measured, and the measurement 

results are shown in Fig. 2.17 together with the obtained G of sample 1 from the first 

batch. Except for sample 8, a Pt pad was deposited on the contact between the nanowire 

and each Pt electrode of the two membranes to improve the thermal and electrical 

contacts.  

For bulk Bi2Te3, the thermal conductivity peaks at a temperature below 75K, 

decreases from 75 K to a minimum at about 270 K due to the Umklapp phonon-phonon 

scattering, and shows a sharp upturn at temperature above 270 (Satterthwaite et al. 1957). 

The sharp upturn was believed to arise largely from the transport of the gap energy by 

ambipolar diffusion. Additionally, the electron and phonon contributions to the thermal 

conductivity of bulk Bi2Te3 are approximately 46% and 54% at room temperature, 

respectively (Nolas et al.2001; Fleurial et al. 1988).  
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For sample 1 with a diameter of 100 nm, the thermal conductance increased with 

 
Fig. 2.17 Thermal conductivities of the nanowires from the second batch 
and bulk BixTe1-x crystals, and thermal conductance of sample 1 from the 
first batch. 

Fig. 2.18 Calculated κe and κp of sample 4 from the second batch. 
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increasing temperature at a gradually decreasing slope and approached a peak value at 

temperatures above 350 K. The shift of the peak thermal conductivity to high temperature 

was evidence of increased phonon-boundary scattering. For sample 4 with a diameter of 

81 nm, the thermal conductivity increased with increasing temperature with a small 

positive curvature below 290 K, with a small negative curvature at temperatures above, 

and a peak at about 340 K. The negative curvature and the peak revealed an increasing 

effect of the Umklapp process at high temperatures. Nevertheless, phonon-boundary 

scattering was still the dominant scattering process at room temperature and below. For 

samples 6, 7, and 8 with a diameter in the range of 67-81 nm, the thermal conductivity 

curves increased approximately linearly in the measurement temperature range.  

The room-temperature κ values of the nanowires were 28-57% lower than those 

reported for bulk Bi0.485Te0.515 crystals, as shown in Fig. 2.17. We could not find the κ 

values for bulk bismuth telluride crystals with the same atomic ratio as the second batch. 

For the bulk crystal, κ decreased with increased Bi concentration in the range between 

41.5% and 48.5% (Fleurial et al. 1988). It is possible that κ is lower for bulk Bi0.54Te0.46 

crystal than bulk Bi0.485Te0.515 crystal shown in Fig. 2.17. 

Fig. 2.18 shows κp and κe of sample 4, obtained using the Wiedemann-Franz law. 

The Lorenz number used in the calculation was L = 2.44×10-8 W-Ω/K2. The ratio 

between κp and κe was 1.02 at room temperature. As a comparison, this ratio is 2.39 for 

Fleurial et al’s bulk Bi0.485Te0.515 crystal and 1.17 for bulk Bi2Te3 crystal (Nolas et al. 

2001; Fleurial et al. 1988) if the same L value is used. The obtained room temperature κp 

of sample 4 was 60% lower than that of Fleurial et al’s bulk Bi0.485Te0.515. On the other 
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hand, the room-temperature σ and κe of the nanowire was only 5.6% lower than the value 

for the bulk Bi0.485Te0.515. If L = 1.26×10-8 W-Ω/K2 was used as suggested by Goldsmid 

(Goldsmid 1958) for σ  = 0.075 (Ω-µm)-1, the room temperature κp/κe ratio was 2.91 for 

sample 4 and 5.56 for the bulk Bi0.485Te0.515. In this case, κp and σ of the nanowire sample 

4 were reduced 50.6% and 5.6% respectively at room temperature, in comparison to the 

bulk Bi0.485Te0.515. The large difference in the percentage reductions in κp and σ  can have 

two possible origins. First, the de Broglie wavelength (λe) of electrons in these 

semiconductor nanowires is about 10 nm, while the phonon wavelength (λph) is on the 

order of 1 nm. For a surface roughness (r) on the order of 1 nm, the Rayleigh scattering 

cross section is proportional to (r/λ)4, where λ is the wavelength, and is much smaller for 

electrons than for phonons. Thus, one expects that the surface roughness may reduce the 

lattice thermal conductivity to a much larger extent than the reduction in σ. Because the 

chemical composition of the nanowire is different from that of the bulk crystal used for 

comparison, however, we cannot rule out the possibility that an increase of x from x = 

0.485 for the bulk crystal to x = 0.54 for the nanowire possibly leads to an increase in σ 

and a reduction in κp, although σ was found to be reduced more than κp when x was 

increased from 0.4 to 0.485 for the bulk crystals. 

2.3.4 Thermoelectric figure of merit 

The S, σ, and κ have been measured together only for sample 4 that was from the 

second batch. The ZT of this sample has been calculated and shown in Fig. 2.19. Due to 

the low S value at this chemical composition, the observed ZT is rather low. The 
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nanowire samples from the first batch were used up, and we have not obtained S, σ, and κ 

together for the same nanowire from this batch. It will be of interest to conduct this 

measurement for BixTe1-x nanowires with an atomic ratio close to the first batch. 

2.4 Summary 

We have measured the electrical conductivity σ, Seebeck coefficient S and thermal 

conductivity κ of electrochemically deposited BixTe1-x nanowires. For one nanowire from 

the first batch of the samples with the atomic ratio determined to be x ≈ 0.46, we 

measured a positive S with a room temperature value of 260 µV/K, 60% higher than the 

bulk value for the same atomic ratio. For four other nanowires from the second batch 

with x ≈ 0.54, we obtained negative S with the room temperature values between -10 

µV/K and -30 µV/K. The measured σ showed much weaker temperature dependence than 

 
Fig. 2.19 ZT of sample 4 from the second batch as a function of temperature. 
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the bulk behavior. The room-temperature values of the nanowires from the first batch 

were within 10% difference from that of bulk Bi0.46Te0.54 crystal, whereas the obtained σ 

values of the nanowires from the second batch were close to Fleurial et al’s bulk 

Bi0.485Te0.515 and Bridgman type Bi0.50Te0.50 single crystals. The obtained room-

temperature lattice thermal conductivity κp of a sample from the second batch was about 

60% lower than that of the bulk Bi0.485Te0.515, while the room-temperature σ and κe of the 

nanowire were only 5.6% lower than the value for the bulk Bi0.485Te0.515. The large 

difference in the percentage reductions in κp and σ  can be attributed to two possible 

reasons. First, κp is likely reduced much more than σ due to a larger scattering cross 

section of the surface roughness for phonons than for electrons. Second, an increase of x 

from x = 0.485 for the bulk crystal to x = 0.54 for the nanowire possibly leads to an 

increase in σ and a reduction in κp. 
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Chapter 3 Scanning Probe Microscopy of Single-Walled Carbon 

Nanotube Electronic Devices 

 

3.1 Background 

3.1.1 Metallic and semiconducting SWCNTs 

Carbon nanotubes are rolled up graphene sheets of sp2 bonded carbon atoms along 

a certain direction (Dresselhaus et al. 1995). Shown in Fig. 3.1, a rolling direction may be 

defined by a chiral vector OA or Ch=na1+ma2, where a1 and a2 are the unit vectors in the 

honeycomb lattice of 2D graphene sheets, whereas n and m are integers. a1 is also called 

the zigzag axis.  The angle between Ch and the zigzag axis is called the chiral angle θ, 

which generally satisfies 0 30≤≤ θ º due to the symmetric structure of the honeycomb 

 
Fig. 3.1 The honeycomb lattice structure of a 2D graphene sheet with a1 
and a2 as unit vectors. A carbon nanotube formed by rolling the graphene 
sheet in the direction of Ch has a chiral angle θ (Dresselhaus et al. 1995). 
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lattice. A seamless carbon nanotube can be made if the graphene sheet is rolled up along 

the Ch direction such that OB defines the axial direction of the nanotube. 

The structure of carbon nanotubes can be uniquely determined by a pair of indices 

(n, m). Fig. 3.2 shows examples of possible carbon nanotube structures, including the 

zigzag structure and the armchair structure. The diameter dt of nanotubes can be 

calculated according to 

dt = anmmn
π

++ 22

,    (3.1) 

where a = 2.46Å is the lattice constant of the graphene (Dresselhaus et al. 1995). Using 

Eq. (3.1), we can immediately find that the diameter of an armchair nanotube with 

indices of (10, 10) is dt = 1.4 nm. Generally, single-walled carbon nanotubes (SWCNT) 

have diameter between 0.6 nm and 3 nm. In addition to dt, the chiral angle θ can also be 

defined by using n and m as 

 
Fig. 3.2 Possible vectors for chiral carbon nanotubes. The circled dots 
denote semiconducting and metallic behavior for each tube (Saito et al. 
1992). 
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)
2

3(tan 1

mn
m

+
= −θ .     (3.2) 

For example, the chiral angle θ is 30º for all armchair nanotubes (n = i, m = i) and 0 for 

all zigzag nanotubes (m = 0). 

 In contrast to the semimetal behavior of graphite, SWCNTs have been found to be 

either metallic or semiconducting, depending on the tube diameter dt and the chiral angle 

θ  (Hamada et al. 1992). The difference between the band structure of SWCNTs and that 

of graphite is caused by the different periodic boundary conditions. For a 2D infinite 

graphene sheet with an artificial periodic boundary, normal Bloch electrons are labeled 

with wave vectors k in the hexagon of the first Brillouin zone. Because of the large 

period compared to the small lattice constant, ∆k is very small for the graphene such that 

all k points in the first Brillouin zone are occupied. For a 1D SWCNT, although the 

boundary condition along the tube axis is the same as for graphite, the boundary 

condition with a finite period may be imposed along the circumference of the nanotube. 

In this case, the lattice constant is comparable to the period such that ∆k is very large in 

 
Fig. 3.3 (a) The geometric configuration for tubule (1, 0)n. (b) The first 
Brillouin zone of a graphene sheet, and wave vectors allowed by the 
periodic boundary conditions along the circumference for n = 6. Open 
circles show the points where the bonding and antibonding π  bands are 
degenerate in the tubule (Hamada et al. 1992). 
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the radial direction of the nanotube, giving rise to quantized wave vectors k of the Bloch 

electrons along the circumference of the nanotube in the first Brillouin zone, as shown in 

Fig. 3.3. A SWCNT is semiconducting if the allowed wave vectors do not cross the 

shifted degenerate point of a graphene sheet. The shifting is a result of the curvature 

surface of the nanotube. If the allowed wave vectors of a SWCNT cross the degenerate 

point, the SWCNT is metallic. The band-gap of semiconducting SWCNTs appears to be 

inversely proportional to the diameter dt of the nanotubes but independent of the chiral 

angle θ. 

3.1.2 Electron transport in SWCNTs 

Electron transport in SWCNTs has been extensively studied over the last fifteen 

years not only because of their importance for the fundamental research on ideal 1D 

electron gas systems but also because of their potential in applications of nanoelectronics. 

It has been experimentally observed (Bockrath et al. 1997; Frank et al. 1998) and 

theoretically confirmed (White et al. 1998; McEuen et al. 1999) that the mean free path 

of electrons in metallic SWCNTs may be as long as microns at room temperature such 

that electrons may travel without scattering over a long distance, resulting in ballistic 

transport. Metallic SWCNTs are likely free of backscattering between electrons and 

disorders that has a range of potential larger than the lattice constant  (Ando et al. 1998). 

Possible sources for long-range disorders include charged impurities and deformations or 

distortions of nanotubes. Electrons may scatter with short-range disorders that have a 

potential range smaller than the lattice constant. In high quality SWCNTs, however, such 

scattering may not be important because of a lack of these disorders, which normally 
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originate from lattice defects such as carbon vacancies. Consequently, electron transport 

in a metallic SWCNT is dominantly affected by electron-phonon scattering. At low 

electrical fields where the electron energy is low, measurement results on resistivity of 

metallic SWCNTs suggested that the dominant scattering mechanism is the scattering of 

electrons with long wavelength acoustic phonons (Kane et al. 1998). This is supported by 

a calculation on electron-phonon interactions based on the effective-mass theory for 

conducting electrons (Suzuura et al. 2002). The calculation showed that only long 

wavelength acoustic phonons scatter electrons, giving rise to electrical resistance. 

However, the electron-acoustic phonon scattering is very ineffective in SWCNTs. Using 

a femtosecond time-resolved photoemission method, Hertel et al. (Hertel et al. 2000) 

found that the backscattering from long wavelength acoustic phonons was too weak to 

significantly contribute to the observed energy transfer rate in metallic SWCNTs. 

Electron transport in a metallic SWCNT at low fields is thus described by the weak 

acoustic phonon scattering and the absence of impurity scattering. 

On the contrary, long range disorders can scatter charge carriers in semiconducting 

SWCNTs much more effectively than in metallic SWCNTs. McEuen et al. (1999) 

showed that long range disorders may break the semiconducting tubes into a series of 

quantum dots with large barriers and dramatically increase the electrical resistance of the 

nanotube. The electron transport between these quantum dots may still be ballistic. The 

electron-phonon scattering in semiconducting SWCNTs has been studied through the 

mobility calculation based on a standard tight-binding model (Perebeinos et al. 2005). At 

low electrical fields, the scattering is entirely dominated by the acoustic phonons, and the 
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mean free path is over a micron at room temperature. Therefore, the mean free path of 

electrons at low biases in semiconducting SWCNTs is limited by electron-impurity 

scattering. 

At high fields, however, electron mobility is primarily limited by interband 

scattering from the optical phonons, and the drift velocity approaches a roughly constant 

value at high biases, leading to a saturated current at high biases (Yao et al. 2000; 

Perebeinos et al. 2005). The dominant electron-optical phonon scattering both in metallic 

and in semiconducting SWCNTs may be explained as following. When electrons are 

accelerated in high fields to reach the threshold energy for optical or zone boundary 

phonon emission, the backscattering of electrons with these phonons may effectively 

reduce the energy of electrons such that saturated current is reached. In SWCNTs, optical 

phonons have a frequency peaked at 1580 cm-1 and an emission energy of 0.20 eV while 

zone boundary phonons may have frequencies in a range of 1000 – 1300 cm-1 and an 

emission energy of 0.16 eV. 

 lT lhp

-eEx

Ωh

Fig. 3.4 Two relevant length scales for electron-high energy phonon 
scattering. lT is the distance which is needed for an electron to reach a 
threshold energy Ωh  for emitting a high energy phonon under an 
electrical field E. (Park et al. 2004). 



    

 65 

The lengths for electron-acoustic phonon scattering (lac) and electron-high energy 

phonons (i.e. optical or zone boundary phonons) scattering (lhp) in SWCNTs have been 

determined by fitting the electrical resistance measurement results. At low biases, lac was 

found to be about 300 nm for semiconducting SWCNTs (Javey et al. 2003; Yaish et al. 

2004). For metallic SWCNTs, lac may be longer than 1.6 µm (Park et al. 2004) or has a 

minimum value of 300 nm (Javey et al. 2004). At high biases, lhp was estimated to be 10-

15 nm, regardless of the type of the SWCNTs. However, the actual scattering length of 

high energy phonons depends on the length of a SWCNT channel L and the voltage bias. 

As can be seen in Fig. 3.4, at a given voltage bias, an electron travels a distance of lT to 

reach the threshold energy Ωh  for emitting an optical or zone boundary phonon. The 

total length of the scattering between the electron and the high energy phonon is the sum 

of lT and lhp (Park et al. 2004). For a SWCNT with a sufficiently large L and under a 

voltage bias close to the minimum for emitting optical or zone-boundary phonons, the 

electron needs to travel a long distance to reach the threshold energy, i.e. lT >> lhp. 

Therefore, the total scattering length is dominated by lT. As the bias voltage and the 

electric field strength are increases, lT is decreased and multiple optical or zone-boundary 

phonons can be emitted by one electron.  

3.1.3 Heat dissipation in SWCNTs  

Heat dissipation mechanisms play an important role in the reliability of 

microelectronics, including interconnects and transistors. Similarly, it is also of 

importance to study heat dissipation mechanisms in SWCNTs which may be used as 

building blocks for future electronics. In current-carrying conductors, heat generation and 
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dissipation are determined by the interactions among electrons, phonons, impurities, etc. 

Hence, an investigation on heat dissipation mechanisms can shed light on the electron 

transport in SWCNTs. 

For a current-carrying conductor with two contacts shown in Fig. 3.5, the total 

electrical conductance is given by the Landauer formula as 

MT
h
eG

22
= ,     (3.3) 

where M is the number of electron subbands or modes in the conductor, and T is the 

transmission probability, the average probability that an electron transmits from one end 

of the conductor to the other (Datta 1995). For a ballistic conductor, T is unity and G is 

simply the conductance of the contacts. Because of the infinite conduction modes in the 

contacts and limited conduction modes inside the conductor, a redistribution of the 

current among the current-carrying modes at the interface leads to the inevitable contact 

resistance. 

In metallic SWCNTs, the current is carried by two 1D subbands which cross at the 

Fermi energy, and thus M = 2 (Dresselhaus et al. 1996). The ballistic electron transport in 

 

VeGround 

L
Contact 1 Contact 2 

Fig. 3.5 An electrical conductor with two contacts. The channel length of 
the conductor is L. 
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metallic SWCNTs indicates T =1, while for semiconducting SWCNTs T <<1 (McEuen et 

al. 1999). 

Heat dissipation mechanisms in a ballistic conductor are also very different from 

those in conventional diffusive conductors. Neglecting the heat loss through the air and 

Fig. 3.6 Temperature distribution along a 1D current-carrying 
conductor for (a) different Q and mL=4 and(b) different mL 
and Q=2 (Shi 2001a). 
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radiation, one can obtain the temperature distribution along a 1D current-carrying 

conductor on a substrate as a form of (Shi et al. 2001a) 
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where L is the length of the conductor, T1 and T2 are the temperatures of contacts, q is the 

Joule heat dissipated through the substrate and h is the heat transfer coefficient between 

the conductor and the substrate. Note that x is measured from the middle of the conductor. 

For uniform Joule heating, q=I2R/L, where I is the current and R is the resistance of the 

conductor. m is defined as 
kA
hm = , where k and A are the thermal conductivity and the 

cross sectional area of the conductor. m represents the ratio between the heat dissipation 

through the substrate and that through the conductor. 

 For a symmetric case, i.e. T1 = T2 = Tcontact, Eq. (3.4) can be rewritten in a 

dimensionless form as 
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Q in Eq. (3.5) is defined as
contacthT
qQ = , which is the ratio of the heat generation in the 

conductor and the heat dissipation through the contacts. 

 Fig. 3.6 illustrates the temperature profile along a 1D current-carrying conductor. 

For a ballistic case in which no heat generation occurs in the conductor, i.e. q = 0, the 

temperature distribution in Fig. 3.6(a) with Q = 0 shows the temperature peaks at the 

contacts, and the curve has a positive curvature, which is strikingly different from the 
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normal diffusive case such as Q = 3. Fig. 3.6(b) focuses on another feature of the heat 

dissipation in this system. When mL>>1, the dominant heat dissipation mechanism is the 

heat dissipation through the substrate, resulting in a rather uniform temperature 

distribution along the conductor. 

 To verify the proposed heat transfer model for SWCNTs, it is necessary to 

measure the temperature distribution along the current-carrying SWCNTs. This is not a 

trivial task because the size of SWCNTs is so small that Scanning Thermal Microscopy 

(SThM) techniques emerge as the one of the few choices. With the use of micro-

fabricated thermal probes (Shi et al. 2001b), the spatial resolution of SThM may reach 50 

nm, remaining the best among different temperature measurement techniques including 

contact methods to non-contact methods. In addition, because the heat dissipation is often 

coupled with electron transport, we also employ Electrostatic Force Microscopy (EFM) 

and Scanning Gate Microscopy (SGM) techniques to study the electrical potential 

distribution in SWCNTs. 

3.2 Experimental Method 

SWCNTs were grown on Si/SiO2 wafers by using a Chemical Vapor Deposition 

(CVD) method. SWCNT devices were fabricated using Electron Beam Lithography 

(EBL). Before the SWCNT devices were packaged and wire-bonded, a 5-10 nm thick 

polystyrene layer was spin-coated on top of the devices to protect the SWCNT during 

thermal imaging. 

Each SWCNT device consisted of a SWCNT and two metal contacts serving as the 

current source and the drain electrodes. For the measurements, the source-drain current-
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voltage Id-Vd curve of the device was first obtained. The gate voltage dependent 

conductance was measured with the Si substrate serving as a back gate, and the 

measurement result was used to determine whether the SWCNT was metallic or 

semiconducting. The electrical transport and temperature distribution in these devices 

were studied by utilizing Scanning Probe Microscopy technique including EFM, SGM 

and SThM. To improve the signal-to-noise ratio of thermal images, an AC SThM 

technique was developed. 

3.2.1 CVD growth of SWCNTs 

Individual SWCNTs were grown on silicon wafers with 1 µm thick thermal oxide 

by using a CVD method in which methane served as the carbon feedstock. The catalysts 

were iron and molybdenum based particles (Kong et al. 1998). Both solid catalyst and 

liquid catalyst were required in this method. For making the solid catalyst, i.e. 

conditioning catalyst, 2.5 g [Fe(NO3)3·9H2O] and 0.5 g [MoO2(acac)2] were dissolved in 

100 ml methanol. The mixture was treated with 1 hour sonication followed by 24 hour 

magnetic stirring. Subsequently, alumina nanoparticles were gradually added into the 

mixture solution until absorbed in the solution as much as possible. The wet alumina 

nanoparticles were spread over an aluminum foil and dried in a 170ºC furnace for 15 

minutes. For making the liquid catalyst, i.e. dilute catalysts, 25 mg [Fe(NO3)3·9H2O] and 

5 mg [MoO2(acac)2] were dissolved in 150 ml methanol, and the solution was sonicated 

for 1 hour. The procedure for growing SWCNTs can be summarized in the following 

steps: 

1. Clean the Si/SiO2 wafer thoroughly using a heated Piranha solution. 
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2. Spin coat the wafer with the dilute catalyst solution at 3000 rpm for 1 minute. 

3. Transfer the wafer into the quartz tube and insert 4.3 g conditioning catalyst 

upstream of the wafer. The distance between the catalyst and the wafer is about 

1 cm. 

4. Flow argon (Ar) at a flow rate of 2 l/min 

5. Set the working temperature of the furnace to 900ºC and turn on the furnace. 

6. Keep flowing Ar till 900ºC is reached. 

7. Flow methane (CH4) at a flow rate of 2 l/min and shut off Ar. 

8. Turn off the furnace after 10 minutes. 

9. Flow Ar at a flow rate of 2 l/min and shut off CH4. 

10. Open the lid of the furnace when the temperature is below 500 ºC. 

11. Shut off Ar when temperature is below 70 ºC and take out the wafer. 

12. Run the furnace at 700 ºC for 0.5 hour with the quartz tube ends open to burn 

out the carbon residue. 

13. Check the density of the as-grown SWCNTs on the wafer by using AFM. 

Most carbon nanotubes grown using this method are individual SWCNTs (Kong et 

al. 1998). 

3.2.2 Fabrication of SWCNT electronic devices 

Electrical contacts for SWCNTs were made by using two EBL steps. During the 

first EBL step, large contact pads and a small area of alignment marks were patterned on 

the wafer. Fig. 3.7 shows a typical EBL design of the large contact pads and a small area 

of the alignment marks. By scanning these small areas using AFM, we could usually find 
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individual SWCNTs and determine their positions relative to the nearby alignment marks. 

In the second EBL step, two contact electrodes were patterned on top of the SWCNT and 

connected to the large contact pads. The metal electrodes were made of 50 nm thick gold 

(Au) with 5 nm thick chromium (Cr) as an adhesive layer. A conductive gate was made 

by depositing Au/Cr on the side wall of the Si wafer, allowing us to measure the gate 

voltage-dependent conductance of the SWCNT device with the Si substrate as a back 

gate. 

One of the major difficulties in SThM measurements of SWCNTs has been that the 

thermal probe may damage the delicate CNT devices due to the direct contact between 

the probe and the device. To overcome this difficulty, we spin coated a very thin (5-10 

 

(a) (b) 

Large contact pads Small electrodes Alignment marks 

Fig. 3.7 EBL patterns for fabricating SWCNT electronic devices. (a) A
pattern (1000 µm × 1000 µm) for large contact pads. (b) An alignment mark 
defined area (100 µm × 100 µm) for precise electrodes.  
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nm)  layer of polystyrene on top of the SWCNT wafer at a speed of about 7000 rpm. The 

polystyrene layer was found to effectively protect the CNT devices from the damage by 

the probe, while it did not prevent us from obtaining the temperature profile of the 

SWCNTs. 

3.2.3 SPM techniques 

3.2.3.1 EFM 

Electron transport along a SWCNT can be characterized by EFM. In a typical 

EFM setup illustrated in Fig. 3.8, a conductive AFM probe with a bias voltage interacts 

with the sample through long-range Coulomb forces. These interactions modulate the 

oscillation amplitude and phase of the AFM cantilever because of the change in the 

vertical (z) gradient of the electric field between the probe and the sample during the 

scanning. EFM is usually performed using LiftModeTM, which includes two separate and 

consequent scans. The topography of the sample is obtained during the first scan with a 

tapping mode AFM. The cantilever is then lifted up to a fixed height (normally controlled 

 

Vtip

Vd

Vtip

Vd

AFM tip & cantilever
electrodes

sample

Is

Fig. 3.8 A typical EFM set up. 
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to be 12-15 nm) above the sample and scans over the sample surface, following the 

surface topography obtained from the first scan. The electrical potential distribution is 

recorded during the second scan. 

Both dc-EFM and ac-EFM techniques have been successfully developed to map 

the local electrical properties of sample surfaces (Martin et al. 1988; Bachtold et al. 2000). 

The ac-EFM offers much higher signal-to-noise ratio than the dc-EFM, especially when 

the sample surface is rough. In the ac-EFM, an ac voltage VS (f) is applied to the sample 

at the resonant frequency of the AFM cantilever f0 and drives the cantilever to oscillate. 

The ac force acting on the cantilever is proportional to the local ac potential VS (f) as 

Fac(f) = )()( fVV
dz
dC

Stip φ+ ,     (3.6) 

where C is the tip-sample capacitance, Vtip is the tip voltage and φ is the work function 

difference between the tip and the sample. The resulting oscillation amplitude of the 

cantilever is recorded as a function of the in-plane coordinates x and y to generate an 

EFM image. 

 In this work, an external lock-in amplifier was used to supply an ac voltage with a 

frequency f adjusted to be close to the resonant frequency f0 of the cantilever. The 

oscillation signals at the same frequency as the ac voltage are measured with the use of 

the lock-in amplifier. 

3.2.3.2 SGM 

The SGM setup is similar to EFM, as shown in Fig. 3.8. Nevertheless, SGM was 

operated in a tapping mode or contact mode AFM instead of a LiftMode. When an AFM 
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probe biased at a voltage scans over the surface of a biased SWCNT device, the probe 

acts as a local gate and modifies the local conducting properties of the device or induces 

local potential barriers to charge carriers. The SGM image records the change in the 

source-drain current Id of the sample when the tip scans on the sample. 

In principle, EFM can only be used for metallic SWCNTs. When scanning over 

semiconducting SWCNTs, the EFM probe may serve as a local gate to likely disturb the 

electron transport in the samples so that the intrinsic electrical properties of the SWCNTs 

can not be obtained. SGM can be used to detect the conductance barriers or defects in 

semiconducting SWCNTs. 

In this study, SGM has also been performed during the SThM measurements. 

When a thermal probe scans over a semiconducting SWCNT device, the current flowing 

in the device could be affected by the electrical potential at the thermal probe. Therefore, 

the thermal probe would perturb charge transport in the device. It was important to use 

the SGM method to verify whether the thermal probe affected the current in the device.  

3.2.3.3 SThM 

The SThM probe with a Pt-Cr thermocouple at the probe tip scans the sample 

surface and obtains the topography and the temperature distribution on the sample 

simultaneously. The deflection of the cantilever is recorded as the topographic images, 

and the thermoelectric voltage on the thermocouple tip is recorded as the thermal image. 

The spatial resolution of SThM is limited by the tip radius, which is about 50 nm (Shi et 

al. 2001b). Fig. 3.9 shows SEM images of a batch-fabricated thermal probe.  
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As discussed in Chapter 1, the measured temperature Ttip was much lower than the 

surface temperature Ts. The difference between the two temperatures was larger for a 

smaller tip radius r. For a sample with a size much larger than or comparable to r, the 

actual temperature rise on the sample can be obtained after the thermal probe is calibrated 

(Shi 2001a). However, the calibration is difficult when the sample size is much smaller 

than r. This is because when the thermal probe scans the surface, it measures the 

temperature in an area with a radius of r. Hence, the probe obtains the average 

temperature over a size of 2r. To obtain the actual temperature rise in the sample, one 

needs to know the accurate temperature distribution near the sample, which is affected 

not only by the heat generation in the sample, but also by the thermal property of the 

substrate and other properties of the sample and tip surfaces, such as the roughness, the 

contact area, and the heat transfer mechanisms. For the SWCNTs with typical diameter of 

1-2 nm, it is difficult to obtain the actual temperature rise on the SWCNT from the SThM 

measurement results. 

SThM can be performed in an ac mode (Kwon 2000) as well as a dc mode (Shi et 

al. 2001a). In the dc mode SThM, a dc bias voltage was applied to the sample, and the 

temperature of the sample rises due to the Joule heating. The thermal probe converted 

this temperature variation to a thermoelectric voltage which was amplified by a voltage 

amplifier and recorded as a SThM image. In the ac mode SThM, an ac bias voltage with a 

frequency f was applied either to the sample or to the thermal probe. The 2f component of 

the thermoelectric voltage signals obtained by the thermal probe were amplified by a 

lock-in amplifier and recorded as SThM images. 
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In this study, the temperature profiles along SWCNT devices under a bias voltage 

below 0.2 V or 0.16 V were measured to reveal the electron transport and heat dissipation 

in SWCNTs at low bias voltages. As discussed in the following section, the signal-to-

noise ratio of the dc SThM method was not high enough to detect the temperature rises of 

the SWCNT devices at the low bias level. On the other hand, although the 2f ac mode 

SThM method could improve the signal-to-noise ratio, electrons would drift in both 

directions with the sinusoidal bias voltage. If heat dissipation in the SWCNT and in the 

contacts depends on the drift direction of the electrons, the obtained 2f thermal image 

could not reveal the direction dependence. To address this problem, we have used a 

different ac SThM technique. In this method, the sample was biased by a dc voltage 

coupled with an ac voltage, e.g. 

V=Vdc + Vacsin(2πft).     (3.7) 

 

10 µm10 µm

Pt line

Cr line

Tip
Laser reflector

SiNx cantilever

Pt-Cr junction

Fig. 3.9 SEM images of a batch fabricated nano-thermocouple 
probe for SThM. 
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where Vac is equal to or smaller than Vdc so that electrons drift toward one direction only. 

Because the temperature rise T is proportional to V2, T has different frequency 

components, i.e. 

T=T(f=0)+T(f)+T(2f) 

where the 1st harmonic component T(f) is proportional to acdc VV × . To maximize T(f), Vdc 

can be set to be equal to Vac. With this method, temperature distribution along SWCNTs 

was obtained when the bias voltages were as low as 0.12 V.  

3.3 Measurement results and discussion 

3.3.1 Metallic SWCNTs 

3.3.1.1 Sample 1 

As shown in Fig. 3.10 (a), the diameter and length of sample 1 were 1.8 nm and 

3.1 µm, respectively. Its resistance at low biases from the I-V curve in Fig. 3.10 (b) was 

about 83 kΩ. The metallic nature of this SWCNT device was revealed by the inset to Fig. 

3.10 (b), which shows the independence of the electrical conductance on the gate voltage 

in the range between -9 V and 9 V. Additionally, this device was metallic because no 

significant change in current was found during the SGM measurements, in which a metal 

probe biased at 5 V or -5 V scanned over the current-flowing device. 

AC EFM was conducted on this sample. During the measurement, the bottom 

electrode in fig. 3.10 (a) was biased at 0.1 V ac, and the probe was biased at 1 V dc. The 

EFM image and the corresponding potential profile of the nanotube are illustrated in Fig. 

3.11. Large potential drop was found at the contacts, and the electrical potential 

distribution along the nanotube device was linear. The linear profile suggests that 
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electron transport was diffusive at the low bias. Ballistic electron transport was not 

 

Fig. 3.10 (a) An AFM image of sample 1 along with two contact electrodes. The 
top electrode was grounded during the experiments. (b) The I-V curve of sample 1. 
The inset confirms this is a metallic nanotube because of the independence of the 
conduction on the gate voltages from -9 V to 9 V. 

 
(b) Ground (a) 

1µm 

 
Ground 

0.1 Vac 

(a) (b) 

0.0 V 

0.1 V 

Fig. 3.11 (a) An EFM image of sample 1 with 0.1 Vac applied on the bottom
electrode. (b) The corresponding electrical potential distribution along the device. 
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expected due to the long length of the SWCNT. 

 Ground 

(a) (b) 

0.9 V 1.05 V 1.2 V 

(c) 

Ground 

(d) (e) 

-0.9 V -1.05 V -1.2 V 

(f) 

Fig. 3.12 dc SThM images of sample 1 under different biases applied on 
the bottom electrode. (a) 0.9 V, 9.6 µA. (b) 1.05 V, 10.7 µA. (c) 1.2 V, 
11.7 µA. (d) -0.9 V, -9.7 µA. (e) -1.05 V, -11 µA. (f) -1.2 V, -12.1 µA. 

∆T
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Shown in Fig. 3.12 and 3.13, the dc SThM images of this sample at biases larger 

than 0.4 V reveal that the temperature profiles were rather uniform while featured with 

separate hot spots. We could not verify whether the local hot spots were the true feature 

of the actual temperature profile or artifacts caused by the poor signal-to-noise ratio of 

the dc SThM method.  

To measure the temperature distribution under low biases, we have used the ac 

SThM method in which a dc voltage was coupled with an ac voltage at a frequency f. A 

lock-in amplifier was used to record the 1st harmonic component of measured 

temperature rise. The ac thermal image in Fig. 3.14 (a) showed much better signal to 

noise ratio than the dc thermal image in Fig. 3.13 (a) with the same peak voltage. The 

temperature profiles revealed by the ac thermal images did not contain hot spots and were 

 Ground 

(a) (b) 

0.4 V 1.45 V 1.7 V 

(c) 

Fig. 3.13 dc SThM images of sample 1 under different biases applied on the 
bottom electrode. (a) 0.4 V, 4.7 µA. (b) 1.45 V, 13.5 µA. (c) 1.7 V, 15.1 µA.  

∆T
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rather uniform. The ac thermal images suggest uniform heat dissipation along the 

SWCNT, in agreement with the diffusive behavior revealed by the EFM result.  

3.3.1.2 Sample 2 

From the AFM image in Fig. 3.15 (a), the diameter and the length of sample 2 

were found to be 1.2 nm and 3.3 µm, respectively. The Id-Vd characteristics of this sample 

are shown in Fig. 3.15 (b). The current saturates at biases above 0.5 V and the resistance 

in the linear I-V regime was about 41 kΩ. The inset to Fig. 3.15 (b) shows that the drain-

source current did not change as the gate voltage ramped from -9 V to 9 V, suggesting 

that sample 2 was metallic. The metallic behavior of this sample was also confirmed by 

SGM experiments. 

 Ground 

(a) (b) 

0.223+0.2sin2π ft V 0.303+0.302sin2π ft V 

Fig. 3.14 ac SThM images of sample 1. The frequency of the ac signal was 
205.6 Hz. 

∆T
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The dc SThM images in Fig. 3.16 reveal rather uniform temperature profiles 

 

Fig. 3.15 (a) A topographic image of sample 2 along with two contact 
electrodes. The top electrode was grounded during the experiments. (b) The 
I-V curve of sample 2. The inset shows the independence of conductance on 
the gate voltages VG, suggesting a metallic behavior of sample 2. 

(b) 
Ground (a) 

1µm 

 Ground 

(a) (b) 

0.4 V 0.6 V 

∆T
 

Fig. 3.16 dc SThM images of sample 2 under different biases applied on the 
bottom electrode. (a) 0.4 V, 8.25 µA. (b) 0.6 V, 11.25 µA.  
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along the SWCNT of sample 2 at an applied voltage bias of 0.4 V and 0.6 V. When the 

bias was below 0.4 V, the signal-to-noise ratio was so low that no Joule heating could be 

observed. To improve the signal-to-noise ratio, we obtained ac SThM images for this 

device. As shown in Fig. 3.17, uniform heat dissipation was observed when the bias was 

as low as 0.22 V using the ac method. 

For sample 1 and sample 2, which were metallic, the temperature profiles at high 

biases were uniform. At an applied dc bias of 0.4 V, the temperature rise in sample 2 (Fig. 

3. 16 (a)) was much higher than that in sample 1 (Fig. 3.13 (a)). Note that sample 2 had a 

smaller low bias resistance of 41 kΩ, while sample 1 had a larger low bias resistance of 

83 kΩ. It appears that the Joule heating in metallic SWCNTs is inversely proportional to 

 Ground 

(a) (b) (c) 

0.4+0.103sin2π ft V 0.298+0.06sin2π ft V 0.217+0.06sin2π ft V 

Fig. 3.17 ac SThM images of sample 2. The frequency of the ac voltage was 205.6 Hz. 

∆T
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the low bias resistance because the power dissipation P = IdVd = Vd
2/R is inversely 

proportional to the resistance. In order to measure the temperature distribution of metallic 

SWCNTs at low biases using SThM techniques, we need to fabricate devices with 

resistance close to the ballistic limit of 6.7 kΩ. 

3.3.2 Semiconducting SWCNTs 

The SPM techniques have been used to study several semiconducting SWCNT 

devices with different low bias resistance. 

3.3.2.1 Sample 3 

The diameter and length of this sample were measured using AFM to be 1.7 nm 

and 3.6 µm, as shown in Fig.3.18 (a). The I-V curve in Fig. 3.18 (b) was not symmetric, 

 

Fig. 3.18 (a) An AFM image of sample 3 along with two contact electrodes. 
Either the top or the bottom electrode was grounded during the experiments. 
(b) The I-V curve of sample 3. The current suppression at positive VG 
indicated that this was a p-type semiconducting SWCNT. 

(a) 
(b) 

1µm 
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and there was no electrical conduction observed when the bias was below 0.5 V. The p-

type semiconducting behavior of this device was suggested by the transconductance 

measurement results in the inset to Fig. 3.18 (b), in which the source-drain current was 

suppressed when positive gate voltages were applied. 

 

T T 

Ground 

0.5 Vdc 

(a) (b) (c) (d) 

(e) 

Fig. 3.19 SGM images of sample 3 with different tip voltages: (a) 3 Vdc. (b) 
4 Vdc. (c) 5 Vdc. (d) -5 Vdc. (e) The maximum current reduction for the case 
(b). For all images the top electrode was biased by 0.5 Vdc and the bottom 
electrode was grounded. 
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The electron transport in sample 3 has been studied using the SGM method. 

During the SGM measurements, the top electrode was biased at 0.5 V whereas the bottom 

electrode was grounded. Different dc voltages were applied on the AFM probe. It is clear 

from Fig. 3.19 (a) that no gating effect of the probe was observed when 3 V was applied 

at the probe. For the case shown in Fig. 3.19 (b), the AFM tip with a 4 V bias altered the 

 2.4 VDC 1.7 VDC -2.7 VDC 

Ground 

(a) (b) (c) 

(d) (e) (f) 

2.4 VDC -1.7 VDC -2.4 VDC 

Fig. 3.20 dc SThM images of #sample 3 under different bias configuration. (a) 
2.4 V, 4.4 µA. (b) -2.7 V, -1.6 µA. (c) 1.7 V, 3.0 µA. (d) 2.4 V, 3.0 µA. (e) -
2.4 V, -2.5 µA. (f) -1.7 V, -2.0 µA. 

∆T
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current at several locations along the nanotube because the tip induced local potential 

barriers for electrons. The dotted spots were identified as local defects. The maximum 

reduction of the current was about 30% for case (b), as shown in Fig. 3.19 (e). When 5 V 

was applied in case (c), the current suppression was even larger. On the contrary, the 

AFM probe had no gating effect on the device for case (d) in which -5 Vdc was applied 

T1 T1 

2.4 Vdc 

Ground 

T2 T2 

(a) 

(c) 

(b) 

(d) 

Fig. 3.21 Thermal probe SGM images of sample 3 under biases (a) 2.4 V, 3.8
µA. (b) -2.4 V, -2.8 µA. (c) The maximum current increase in the case (a). (d) 
The maximum current suppression in the case (b). 
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to the probe, in agreement with the transconductance measurement result for this p-type 

sample. 

The dc SThM images in Fig. 3.20 revealed slightly asymmetric heating along this 

semiconducting SWCNT device. It appears that the heating was always weaker near the 

grounded electrode than the other electrode, when either a positive or negative voltage 

was applied on the other electrode. Because of the high resistance of the device, the 

heating signals were weak even at biases as high as 2.7 V. When the bias was below 1.7 

V, the thermal probe was not capable of measuring the temperature rises of the nanotube. 

Additionally, the sample surface became very rough after several scans at the applied 

high biases and it was difficult to obtain good-quality SThM images. 

In order to understand the asymmetric heating in this device, we conducted SGM 

experiments using the thermal probe. When the thermal probe scanned the sample surface 

during the SThM measurements, the potential difference between the biased sample and 

the probe could make the probe a local gate and disturb the electron transport in the 

sample. As a result, the current flowing through the device could vary as the thermal 

probe scanned on the sample. Because the Joule heating was correlated to the current, the 

measured temperature rises of the nanotube may be affected by the gating effect of the 

thermal probe, and the intrinsic temperature profiles was not obtained. The SGM images 

of the device in Fig. 3.21 indeed show that the thermal probe could increase or suppress 

current at different applied voltage biases. Comparing Fig. 3.21 (a) with Fig. 3.20 (a), we 

found that the maximum increase in the current induced more heating near the top 

electrode where the thermal probe acted as a local gate with a negative potential. Note 
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that the I-V curve in Fig. 3.18 (b) suggested a current increase at a negative applied gate 

(b) 
Ground (a) 

Fig. 3.22 (a) An AFM image of sample 4 along with two contact electrodes. The 
top electrode was grounded during the experiments. (b) The I-V curve of sample 
4. The inset suggests a non-typical semiconducting behavior of this device. 

1µm 

 Ground 

(a) (b) (c) 

Vtip=+2 V Vtip=+1 V Vtip=-2 V 

Fig. 3.23 SGM images of sample 4 with different tip voltages: (a) 2 Vdc. (b) 
1 Vdc. (c) -2 Vdc. For all images the bottom electrode was biased by 0.1 Vdc 
and the top electrode was grounded. 
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voltage. When the potential of the thermal probe was positive with respect to the sample 

for case (e) in Fig. 3.20 and (b) in Fig. 3.21, the current was suppressed not only because 

of the p-type behavior of the nanotube but also due to the induced conduction barriers 

along the nanotube shown in the bright dots in Fig. 3.19. Fig. 3.21 also suggested that the 

thermal probe operating in contact mode caused a larger gating effect than an AFM probe 

operating in tapping mode. 

Because this sample had a large resistance and a series of local conduction 

barriers, only small current can be passed, and the signal-to-noise ratio in the SThM 

Ground 

(a) 

Vd = 0.9 V 

(b) 

Fig. 3.24 (a) A dc SThM image of sample 4 for which a 0.9 Vdc was applied 
on the bottom electrode. The current was about 7.7 µA. (b) The temperature 
profile along the nanotube corresponding to (a). An arbitrary unit (a. u.) was 
used for the temperature rise ∆T. 

∆T
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images was low.  The high voltage biases applied to the sample led to the large gating 

effects of the thermal probe. The gating effect distorted the actual temperature 

distribution and caused the asymmetric heating.  

3.3.2.2 Sample 4 

Fig. 3.22 (a) shows an AFM image of sample 4 with a diameter of 2.0 nm and a 

length of 3.0 µm. From the linear portion of the I-V curve in Fig. 3.22 (b), the low bias 

resistance of this sample was calculated to be 110 kΩ. Illustrated in the inset to Fig. 3.22 

(b), the electrical current was largely suppressed when positive gate voltages were 

applied, suggesting a p-type semiconducting behavior of the device. However, the current 

was reduced and saturated at a lower level when a negative gate voltage was applied. The 

 Ground 

(a) (b) (c) (d) 

0.205+ 
0.2sin2πft V 

0.154+ 
0.15sin2πft V 

0.1+ 
0.097sin2πft V 

0.08+ 
0.079sin2πft V 

Fig. 3.25 ac SThM images of sample 4. The frequency of the ac signal was 202.6 
Hz. 

∆T
 



    

 93 

current reduction under both the positive gate and the negative gate revealed that the 

device was not a typical p-type semiconducting nanotube. The origin of this intriguing I-

V characteristic needs further investigation. 

SGM images in Fig. 3.23 were in agreement with the unique I-V characteristics of 

sample 4. As a metal-coated AFM probe scanned over the surface of the device biased at 

0.1 V, large conduction barriers near the two electrodes were induced by the probe at an 

applied voltage of either 2 or -2 V. The unique gate dependence of the conductance for 

this device could be caused by current suppression as a result of the formation of 

conduction barriers under both positive and negative gate voltages. 

We have measured the temperature profile of this sample when a voltage bias of 

0.9 V was applied on the bottom electrode and the top electrode was grounded. Fig. 3.24 

(a) (b) 

Fig. 3.26 (a) An AFM height image of sample 5 along with two contact 
electrodes. Either the top or the bottom electrode was grounded during the 
experiments. (b) The I-V curve of sample 5. The inset shows Id as a function 
of VG when Vd = 0.1 V. 

1µm 
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(a) shows the dc SThM image, and Fig. 3.24 (b) is the obtained temperature distribution 

along the nanotube. Diffusive and dissipative heating was obvious for this device at the 

high bias. After the dc SThM measurement, the gating effect of the thermal probe was 

investigated by recording the current in the SWCNT while the thermal probe scanned 

over the surface. No significant current change was found during the scanning of the 

probe, which suggested that the probe did not perturb current transport in the sample, and 

the temperature profile in Fig. 3.24 (a) represents the actual profile in this sample. 

The temperature rise in this sample at biases below 0.9 V could not be measured 

with the use of the dc SThM method because of the poor signal-to-noise ratio and the 

limited sensitivity of the method. The problem was solved by using the ac SThM 

Ground 

(a) (b) (c) (d) 

0.3 V 

Fig. 3.27 SGM images obtained with Vtip = 3 V (a), 2 V (b), -2 V (c), -3 V (d). The 
top electrode was grounded and a voltage of 0.3 V dc was applied to the bottom 
electrode. The maximum current change was found to be -10%, -3%, 1.5%, and 
3% respectively for the case (a) to (d). 
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technique. The obtained ac SThM images in Fig. 3.25 suggest diffusive heating of the 

 Ground 

(a) (b) (c) 

0.47 V 0.83 V 1.1 V 

Fig. 3.28 dc SThM images of sample 5 under different bias configurations. (a) 0.47 
V, 4.5 µA. (b) 0.83 V, 6.8 µA. (c) 1.1 V, 7.9 µA. 

∆T
 

Fig. 3.29 The maximum measured temperature rise ∆T on the CNT as a function 
of power consumption IV of the device. 
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device when the peak voltage bias was as low as 0.2 V. 

3.3.2.3 Sample 5 

Fig. 3.26 (a) shows the AFM height image of the sample 5 and two metal contacts 

at the two ends of the CNT. The diameter of the CNT was 2 nm, and the length between 

the two contacts was 3.8 µm. The two electrodes contacting the CNT served as the drain 

and source electrodes. Fig. 3.26 (b) shows the drain-source current-voltage (Id-Vd) 

characteristics of the device. The Id-Vd characteristic at zero VG was rather similar to that 

observed for a typical SWCNT. The low bias resistance was about 80 kΩ, and the current 

saturated at high bias. The Id-VG curve in the inset to Fig. 3.26 (b) shows that the current 

was suppressed at a positive VG value. The gating effect suggested a p-doped SWCNT. 

However, the rather large off current at large positive VG values is not typical for 

semiconducting SWCNTs. One possibility was that the sample was a double-walled 

carbon nanotube (DWCNT) with a semiconducting outer wall and a metallic inner wall. 

While the current through the semiconducting outer wall was suppressed by a positive 

gate voltage, that through the inner wall was not affected, resulting in the large off 

current. On the other hand, the apparent gating effect indicated that the outer wall should 

not be a metallic one; otherwise most of an even larger current could have been carried 

by the outer wall and the gating effect should not have been as apparent as observed. 

Nevertheless, the available data are not sufficient to justify this speculation. 

The SGM measurement results in Fig. 3.27 revealed that the current was largely 

suppressed when the AFM probe with a bias of 3 V scanned near a particular location of 

the CNT. This observation indicated the presence of a conduction barrier at that location 
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due to a change of the local band structure. A positive voltage of 3 V at the AFM tip 

Ground 

(a) (b) 

1.1 V -0.83 V 
Fig. 3.30 Current variation recorded when the thermal probe scanned on the 
CNT sample with Vds = 1.1 V (a) and -0.83 V (b). No apparent current change 
was observed in case (a) and the maximum current suppression in case (b) 
was about 2%. 

 

Ground 

0.16 + 0.15sin2π ft V 0.23 + 0.23 sin2π ft V 

∆T
 

Fig. 3.31 ac SThM images of sample 5. An ac voltage at a frequency (f) of 
204 Hz was coupled to the dc voltage applied to the top electrode. Heating at 
the voltage level of case (a) cannot be detected by the dc SThM method. 
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increased this conduction barrier when the tip scanned near this location, resulting in the 

current suppression of up to 10%. On the other hand, a negative Vtip of -2 V and -3 V 

caused much smaller current increase when the tip was close to the CNT. This feature 

was consistent with the very weak gating effect of the AFM probe shown in the inset to 

Fig. 3.26 (b) for negative VG. 

Temperature distribution along the CNT has been measured under different bias 

conditions. Uniform heating could be observed when a dc voltage higher than 0. 4 V was 

applied to the sample, as shown in Fig. 3.28. However, the highest temperature rises ∆T 

on the sample did not exhibit a linear dependence on the power input IV to the CNT, as 

shown in Fig. 3.29. The temperature rises were calculated from the thermoelectric 

voltage measured by the thermal probe. One possible reason for the non linear ∆T-IV 

curve was that an increased (or decreased) fraction of the power input was dissipated 

along the CNT (or at the two contacts) with increased bias due to an increased optical or 

zone-boundary phonon scattering rate.  

To confirm that the thermal probe did not disturb charge transport in the CNT, we 

recorded the current through the CNT when the thermal probe scanned on the sample. 

When the sample was biased with the three positive voltages shown in Fig. 3.28, no 

apparent change in the current was observed. When the sample was biased with a 

negative voltage of -0.83 V, however, current suppression of less than 2% was revealed 

in Fig. 3.30 when the probe was within 300 nm from the conduction barrier located by 

the SGM image. When the CNT was negatively biased, the grounded thermal probe was 

equivalent to a local gate biased positively, thus leading to current suppression in the p-
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type sample according to the Id-VG curve in the inset to Fig. 3.26 (b). On the other hand, 

when the CNT was biased with a positive voltage, the thermal probe was equivalent to a 

local gate with a negative VG and did not cause noticeable change in Id because the gating 

effect was negligible at small negative VG values.  

The signal-to-noise ratio was poor when the applied voltage to the CNT was 

smaller than 0.4 V dc. We used the ac SThM method to obtain the temperature 

distribution along the CNT device at low biases. The thermal images in Fig. 3.31 

revealed uniform heating at a peak applied voltage as low as 0.3 V. 

3.3.2.4 Sample 6 

The diameter and the length of sample 6 were 2.0 nm and 2.1 µm, as shown in Fig. 

3.32 (a). The low bias resistance of 22 kΩ of this sample was the smallest among all the 

(a) (b) 

Ground 

Fig. 3.32 (a) An AFM height image of sample 6 along with two contact 
electrodes. The bottom electrode was grounded during the experiments. (b) The 
I-V curve of sample 6. The inset shows Id as a function of VG when Vd = 0.1 V. 

1µm 
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samples that have been fabricated in this study. Note that the resistance of a ballistic 

(a) (b) 

Ground 

0.1 V 

Fig. 3.33 SGM images obtained with Vtip = 1 V (a) and -1 V (b). A voltage of 
0.1 V dc was applied to the top electrode. The maximum current change was -
4.4% and 3.1% in the case (a) and (b), respectively. 

 

(a) (b) 

Ground 

(c) (d) 

0.0987+ 
0.096sin2π ft V 

0.077+
0.075sin2π ft V 

0.062+
0.06sin2π ft V 

0.0493+ 
0.049sin2π ft V 

∆T
 

Fig. 3.34 ac SThM images of sample 6. An ac voltage at a frequency (f) of 202.7 
Hz was coupled to the dc voltage applied to the top electrode. 
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SWCNT is about 6.5 kΩ. Fig. 3.32 (b) and its inset illustrate the Id-Vd and Id-VG relations 

of a typical p-type semiconducting SWCNT. 

SGM images were obtained when the AFM probe scanned the surface of the 

device with a dc voltage of 0.1 V applied at the top electrode. In agreement with the I-V 

measurement results, Fig. 3.33 (a) shows that the current was suppressed when Vtip = 1 V 

dc. The maximum current reduction was about 4.4%. When Vtip = -1 V dc, the current 

increased with a maximum value of 3.1%, shown in Fig. 3.33 (b). Because the SGM 

image was featureless, this sample was absent of local defects. 

We have obtained ac SThM images of this sample, as shown in Fig. 3.34. The 

peak voltage bias was 0.2, 0.16, 0.12 and 0.10 V for the case of Fig. 3.34 (a), (b), (c) and 

(d), respectively. The frequency for the ac voltages was 202.7 Hz. Except for Fig. 3.34 (d) 

in which no heating was detected, all images reveals diffusive and dissipative heating in 

this device. The measurement suggests the presence of electron-acoustic phonon 

scattering at bias voltages below 0.16V, corresponding to the peak optical phonon energy 

of 0.16eV. 

3.4 Summary 

Temperature profiles of current-carrying metallic and semiconducting SWCNTs have 

been measured using dc and ac SThM techniques. EFM and SGM techniques have also 

been employed to investigate the electron transport behavior. 

Uniform heating has been observed for four semiconducting SWCNT samples at 

voltage biases as low as 0.12 V. At high voltage biases, the diffusive and dissipative 

heating may be attributed to the scattering of electrons with high energy phonons, 
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including optical phonons and zone boundary phonons, which have very short scattering 

length. At low biases, electron-acoustic phonon scattering is the dominant electron 

scattering mechanism in these semiconducting SWCNTs.  

Temperature distributions in two metallic SWCNTs have been obtained for biases 

higher than 0.22 V. The Joule heating was found to be uniform in both samples. More 

SThM experiments are needed to reveal the charge transport and heat dissipation 

mechanisms in metallic SWCNTs with few defects and resistance of about 20 kΩ or 

lower, such that the temperature distribution at low biases can be obtained. SThM 

measurements should also be conducted for SWCNT devices shorter than the mean free 

path for electron-acoustic phonon scattering, so that the heat dissipation mechanism in 

the ballistic regime can be investigated. Comparing the temperature distribution at low 

biases in metallic SWCNTs to that in semiconducting SWCNTs, we can also improve our 

understanding of the unique electron-acoustic phonon scattering mechanisms in metallic 

SWCNTs. 
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Chapter 4 Nanocontact Thermometry 

 

4.1 Background 

In chapter 3, we employed the SThM method with the use of the micro-fabricated 

thermocouple probe to map the temperature distribution along current-carrying SWCNT 

devices and investigate the unique heat dissipation mechanisms in SWCNTs. As 

illustrated in Fig. 4.1 (Shi et al. 2001a), one major drawback of this SThM method is the 

existence of a large contact thermal resistance Rts between the tip and the sample, which 

leads to a measured tip temperature Tt much lower than the sample temperature Ts. 

Sharper thermal probes are desirable for resolving nanostructures. However, Rts is 

 

Fig. 4.1 A schematic diagram of a thermal probe in contact with a 
sample. Also shown are the tip-sample heat transfer mechanisms and a 
thermal circuit diagram of the system. 
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inversely proportional to the tip radius, and the improvement in the tip radius and spatial 

resolution is accompanied by the increase in Rts and thus the decrease in the accuracy of 

Ts measurements. Additionally, the size of about 50 nm for the current thermal probes is 

large compared to the size of sub-100 nm electronic devices including SWCNT devices. 

During the SThM experiments with these thermal probes, the measured temperature Tt 

was the averaged temperature within the 100 nm vicinity of the sample. Therefore, the 

actual temperature rises on SWCNTs could not be obtained by calibrating the thermal 

probes. Furthermore, because the SThM method was operated in air, significant heat 

transfer could occur between the sample surface and the probe via air conduction, 

resulting in the loss of the spatial resolution and a smaller normalized temperature 

gradient than the actual one. Because of these intrinsic disadvantages, SThM techniques 

have been limited to be a qualitative thermal imaging method for sub-100 nm 

nanoelectronics or SWCNT devices.  

Shortly after the invention of SThM, Weaver et al. (1986) developed a method for 

recording optical absorption spectra with nanometer resolution. The technique employed 

an atomically sharp etched tungsten (W) tip to scan on a metal film illuminated by a laser. 

The spatial distribution of the temperature of the metal film depends on the variation of 

the optical absorption property of the film and can be mapped out using a tunneling 

thermocouple made of the W tip and the metal film.  

In this chapter, we investigate a similar approach called nanocontact thermometry for 

nanoscale quantitative thermal mapping of micro-nano electronic devices. The following 

sections describe the experimental method and present the temperature distributions of 
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two interconnect structures measured by this approach. For the purpose of comparison, 

measurement results on the same samples were also obtained by using a batch-fabricated 

thermocouple probe in the SThM method. 

4.2 Experimental method 

Nanocontact thermometry utilizes an atomically sharp STM or AFM metal tip as one 

leg of a thermocouple, and a very thin metal film deposited on the sample as the other leg, 

as shown in Fig. 4.2. The tip can be made of a metal with low Seebeck coefficient, such 

as Pt-Ir alloy or W. The metal film on the sample can be a metal with large Seebeck 

coefficient (to generate a large thermoelectric voltage) and low thermal conductivity (to 

prevent lateral heat spreading induced by the addition of the temperature-sensing metal 

film). Currently, Cr is used as the metal film for its relative large Seebeck coefficient 

(~20 µV/K) and relative low bulk thermal conductivity (~ 90 W/m-K) compared to other 

   

 

  
  Nanoelectronics 

Metal film  

Dielectric   

  
  
W or Pt - Ir T ip 

V 

Ta

Ts
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Fig. 4.2 A schematic diagram of a thermocouple junction made of a sharp 
metal tip and a metal film on a nanoelectronics device. 
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metals. Due to the significant boundary scattering in an ultra-thin film, the thermal 

conductivity of a 20 nm thick Cr film was found to be reduced to 10-20 W/m-K (Shi et al, 

2002), a factor of four or more lower than the bulk value. Furthermore, other materials 

can be used as the thin temperature-sensing film for better performance. One candidate is 

a 10-20 nm thick Bi2Te3 film, with a very high Seebeck coefficient (~200 µV/K) and very 

low thermal conductivity (~2 W/m-K). Another option is a 10-20 nm thick 

semiconducting polymer film with a large Seebeck coefficient (80 µV/K) and even lower 

thermal conductivity (0.1 W/m-K). With one of these two materials being the 

temperature-sensing film, the thermal conductivity of the 10-20 nm thick film on the 

sample can be controlled to be one or two orders of magnitudes lower than that of the 

device surface that may be either a Si or SiO2 layer, with a thermal conductivity of the 

order of 100 or 1 W/m-K, respectively. This will assure that lateral heat spreading in the 

added temperature-sensing film is one or two orders of magnitude smaller than that inside 

a 10-20 nm thick surface layer in the device. 

In general, the technique can be applied for thermally imaging most micro-nano 

devices, such as VLSI interconnects, field effect transistors and SWCNT electronics. 

When a tunneling junction or a nanocontact is made between the metal tip and the metal 

film-coated device, a thermocouple is formed with the tunneling or contact point being 

the junction. The measured thermoelectric voltage may be written as 

)()( 00 TTSTTSV tmtsmf −+−= ,    (4.1) 

where Smf and Smt are the Seebeck coefficient of the metal film and the metal tip, 

respectively. Ts, Tt, and T0 are the temperature of the sample, the tip end, and the ambient, 
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respectively. Due to a large tip-sample contact thermal resistance, the temperature rise at 

the tip (Tt-T0) is small compared to that of the Joule heated sample, i.e. (Ts-T0). 

Furthermore, because Smf is much larger than Smt, the second term in the right-hand side 

of Eq. (4.1) is much smaller than the first term. Therefore, 

)( 0TTSV smf −≈ .     (4.2) 

It is clear that, from Eq. 4.2, the temperature of the sample can be obtained directly from 

the measured thermoelectric voltage. 

This thermal imaging method employs the same principle underlining the work by 

Weaver et al. (1989), the Scanning Chemical Potential Microscopy (SCMP) (Williams et 

al. 1990), and the Scanning Laser Thermoelectric Microscopy (SLTEM) developed by 

Borca-Tasciuc et al. (1998). A similar approach was also used to map the local Seebeck 

coefficient and carrier profile of GaAs heterostructures (Lyeo et al. 2004). Although an 

atomic spatial resolution has been demonstrated for SCPM, the spatial resolution of the 

current thermal imaging approach is limited by the thickness of the deposited metal film 

to about 10-20 nm. Nevertheless, this resolution can be a factor of 2 to 5 better than that 

achieved by the batch-fabricated thermocouple probe in the SThM method. Furthermore, 

the nanocontact thermometry technique can achieve quantitative temperature 

measurement because the thermoelectric voltage is not reduced or distorted by the high 

tip-sample contact thermal resistance and cantilever-substrate air conduction. 

We tested the proposed approach using a Digital Instrument multimode AFM 

operating in air. The first sample was a VLSI interconnect line fabricated by Texas 

Instruments, Inc. The line was 2.5 µm wide, 0.6 µm thick, and 2 mm long. There was a 
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0.1 µm TiN layer on the top and bottom of the metal line, and the resistance of the metal 

line was 26 Ω. The whole sample was coated with a standard passivation layer of 1 µm 

thick SiO2 followed by a capping layer of 0.3 µm thick Si3N4. Using a shadow mask, we 

evaporated a 30-nm-thick Cr film on top of the passivation layer. Because the experiment 

was performed in air, a 5-nm-thick Au layer was evaporated on the Cr film in order to 

prevent the oxidation of Cr. The Cr/Au film was about 1 mm wide and covered the center 

portion of the 2-mm-long interconnect line. Commercial Pt/Ir coated Si probes were used 

in this experiment. When the Pt/Ir-coated AFM tip scanned on the Cr-coated sample, the 

thermoelectric voltage developed at the Pt/Ir-Cr junction was amplified using a voltage 

amplifier with 100 MΩ input impedance. The amplified voltage signal was input into a 

signal access module of the AFM and recorded by a computer, forming the thermal 

images. 

4.3 Measurement results and discussion 

Fig 4.3 shows the measured topographic and thermal images of the interconnect 

sample surface. Also shown are the corresponding temperature profiles. A 50 mA dc 

current was fed into the interconnect line during the experiment. The thermoelectric 

voltage peaked on top of the line and gradually decayed with increasing distance away 

from the line. Large noises can be observed at the two edges of the line, indicating the 

unstable electrical contacts between the tip and the sample near the sharp edges. This 

may be caused by the poor sidewall coverage of the evaporated Cr film on the sharp 

edges. The problem may be solved by depositing the Cr film using the sputtering 

technique instead of the evaporation method. 
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Since the Seebeck coefficient of the Ir was negligible compared to that of Cr, the 

measured thermoelectric voltage was mainly due to that developed in the Cr film. For this 

reason, the thermoelectric voltage was not affected by the tip-sample contact thermal 

resistance. Furthermore, the measured thermoelectric voltage can be directly converted to 

the surface temperature according to Eq. 4.2, provided that the Seebeck coefficient SCr of 

the evaporated Cr film is known. We have calibrated the Seebeck coefficient of the 

evaporated Cr film, and found that it was close to the bulk value, i.e. SCr = 20 µV/K. 

Using this value, we estimated that the maximum temperature rise on the surface was 

about 8 K. 

 Fig. 4.3 Topographic and thermal images obtained on a interconnect line 
using a tunneling thermocouple formed by an Ir-coated AFM tip and a 
Cr-coated sample. Below the images are the height and temperature 
profile across the interconnect line. 
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For the purpose of comparison, we have used a batch-fabricated thermocouple probe 

with diameter of about 50 nm in the SThM method to obtain the temperature profiles on 

the Cr coated surface on top of the interconnect line under the same current stress. 

Scanning Electron Micrographs of a batch fabricated thermocouple probe was shown in 

Fig. 3.8. Fig. 4.4 shows the measured height and temperature profile of the metal line 

sample. Note that the temperature measured by the thermocouple probe was that at the 

Pt-Cr junction. The thermopower of the junction has been calibrated to be 13.4 µV/K (Shi 

et al., 2001b). The maximum temperate rise on the thermal probe was estimated to be 4.6 

K, which was about 60% of that (8K) measured by the thermocouple made of the Ir-

coated tip and Cr coating on the sample. This supported the argument that the tip-sample 

contact thermal resistance reduces the measured tip temperature of the batch-fabricated 

thermocouple probe, but not the temperature on the sample surface measured by the tip-

sample thermojunction. 

To examine whether the Cr coating caused heat spreading, we used the batch-

fabricated thermocouple probe to scan on top of a part of the interconnect line where no 

Cr was coated. The measured temperature profile was compared with Fig. 4.4 which was 

obtained by scanning over the Cr-coated surface. No noticeable difference can be found 

between the two temperature profiles, indicating that the Cr coating did not cause 

noticeable lateral heat spreading. 

We further compared the two different thermal imaging techniques using another 

specially designed sample containing a 400 nm wide, 18 µm long, 50 nm thick gold (Au) 

line that was patterned using electron beam lithography (EBL) technique. The Au line 
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was covered with a 200 nm thick SiO2 film that was deposited using plasma enhanced 

chemical vapor deposition (PECVD). A 35 nm thick Cr film was then evaporated on top 

of the PECVD SiO2 film. Because the experiment was performed in air, the Cr film was 

covered by 12 nm thick Au film to prevent surface oxidation of Cr. With a 4 mA current 

injected to the Au line, the thermoelectric voltage developed on the Cr film was measured 

using a commercial Pt-Ir coated Si tip scanning on the Cr surface. The height and 

temperature profiles measured by using this method were shown in Fig. 4.5. As a 

comparison, the temperature profile obtained by a batch-fabricated thermocouple tip in 

the SThM method was also shown in Fig. 4.5. It should be noted that the temperature 

obtained by the thermocouple tip was that at the thermocouple junction fabricated at the 

end of the tip, not the surface temperature. It was apparent that the temperature on the Cr 

surface measured by the Pt-Ir coated Si tip decayed more rapidly than that at the 

 Fig. 4.4 Height and temperature profiles across the line obtained using a 
SThM probe with a Pt-Cr thermocouple microfabricated at the end of the 
probe tip. The shown temperature rise is that at the thermocouple 
junction. 
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thermocouple junction fabricated at the end of the thermocouple tip. This agrees with the 

prediction from the previous work by Shi (Shi et al. 2002) that the air conduction 

between the cantilever and the sample surface resulted in smaller normalized temperature 

gradient in the SThM thermal images than the actual one. Furthermore, the maximum 

temperature rise on top of the Au line measured by the Pt-Ir coated Si tip was about 60% 

higher than that obtained by the thermocouple tip, indicating that the tip-sample contact 

thermal resistance reduced the temperature at the end of the thermocouple tip. Moreover, 

the measured thermoelectric signals near the two sidewalls of the Au line were noisy 

because of the poor side wall coverage of the evaporated Cr film. We want to emphasize 

that this will not present a problem when the technique is used to measure the 

temperature distribution on the polished cross-section surface of a FET or SWCNT 

devices. 

As shown in the measurements of the two aforementioned samples, the large tip-

sample thermal contact resistance Rts is desirable for the nanocontact thermometry 

because it did not reduce the measured temperature rise. In addition, the large Rts can help 

minimize the cooling of the sample surface by the tip. It is clear from the thermal circuit 

in Fig. 4.1 that the heat flow rate Q decreases with increasing Rts. More over, the cooling 

effect of the tip is the major concern for the nanocontact thermometry technique. To 

address this issue, we performed the nanocontact thermometry using a SiNx AFM probe 

coated with a 100 nm thick sputtered Pt to measure the temperature profile on a metal 

line. The tip radius of this probe was larger than 100 nm. A batch-fabricated SThM probe 

with diameter of about 50 nm was again used to scan the same sample for comparison. 
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The measured temperature was reduced by “large” Rts for the SThM probe because small 

Q in Fig. 4.1 resulted in large temperature difference between Tt and Ts. For the Pt coated 

SiNx AFM probe, the measured temperature was reduced by “small” Rts because large Q 

in Fig. 4.1 lowered Ts. The measured temperature rises by both methods were almost the 

same, as shown in Fig. 4.6. 

4.4 Summary 

Previous works on SThM utilized a thermocouple probe to scan over the surface of a 

current-carrying sample to obtain the thermal images and temperature profiles. For those 

methods, due to a large tip-sample contact thermal resistance, the tip temperature is 

usually measured to be much lower than the actual surface temperature. This has limited 

existing SThM techniques to qualitative thermal imaging with a spatial resolution of 50 

 
Fig. 4.5 Height and temperature profile across a 400-nm-wide Au line 
obtained using a Pt-Ir coated Si tip, and a thermocouple tip with a Pt-Cr 
thermocouple microfabricated at the end of the probe tip, respectively. 
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nm at best. Furthermore, air conduction between the tip and the sample reduces the 

normalized temperature gradient in the thermal images. 

In this chapter, we investigated a different approach for quantitative nanoscale 

thermal imaging of electronic devices. Instead of using a thermocouple probe scanning 

on the sample surface, the current approach employed a thermocouple made of a metal 

tip for AFM or STM and an ultra-thin metal film deposited on the sample surface. With a 

metal tip with a negligible Seebeck coefficient and a metal film such as Bi2Te3 that has 

very high Seebeck coefficient and very low thermal conductivity, the measured 

thermoelectric voltage by the metal tip was not affected by the tip-sample thermal 

resistance or air conduction, and can be directly converted to the sample temperature. 

This may potentially allow quantitative thermal imaging with a spatial resolution limited 

by the 10-20 nm thickness of the metal film. 

We have tested this approach using Ir or Pt-Ir -coated AFM probe tips. The two 

samples were interconnect lines covered by a dielectric passivation layer. The metal film 

used in the experiment was a thin Cr film. Temperature profiles on the Cr surface were 

obtained by the metal coated tips. Compared with those obtained by a batch-fabricated 

thermocouple probe on the same location, the thermocouple formed by the metal tip and 

the Cr film on the sample measured a larger temperature gradient and a higher maximum 

temperature. This indicates that the tip-sample contact thermal resistance reduced the 

measured tip temperature of the batch-fabricated thermocouple probe from the surface 

temperature. Furthermore, the large tip-sample thermal contact resistance was an 

attractive feature for the nanocontact thermometry because it can reduce the potential 
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cooling of the sample surface by the tip. In addition, air conduction between the sample 

and the probe resulted in a smaller normalized temperature gradient obtained by the batch 

fabricated thermocouple probe than the one obtained by the nanocontact thermometry 

method. The batch-fabricated thermocouple probe was also used to verify that the Cr 

coating did not cause noticeable lateral heat spreading. 
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Fig. 4.6 Height and temperature profile across a 2-µm-wide Au line 
obtained using a Pt coated AFM SiNx tip and a batch-fabricated SThM 
probe. 
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Chapter 5 Conclusions 

 

This dissertation consists of three studies on thermal and thermoelectric transport 

measurements of one-dimensional nanostructures. In the first study, thermoelectric 

properties of individual bismuth telluride (BixTe1-x) nanowires have been measured using 

micro-fabricated devices. In the second one, Scanning Probe Microscopy (SPM) 

techniques, especially Scanning Thermal Microscopy (SThM), have been employed to 

qualitatively map temperature distributions along current-carrying single-walled carbon 

nanotube (SWCNT) electronics in order to investigate the unique electron transport and 

heat dissipation mechanisms in these nanoelectronic devices. In the third study, a 

nanocontact thermometry method has been investigated for quantitatively measuring 

temperature profiles of nanoelectronics with a spatial resolution of 10 – 20 nm. 

5.1 Thermoelectric properties of BixTe1-x nanowires 

Theoretical calculation has predicted that nanowire materials may be ideal candidates 

for efficient thermoelectric energy conversion due to their enhanced thermoelectric figure 

of merit ZT. In nanowires, the increased electronic density of states near the Fermi level 

may increase the power factor S2σ, and the thermal conductivity κ can be reduced 

because of the enhanced phonon boundary scattering and other phonon confinement 

effects. 

Bulk bismuth telluride alloys have remained the best bulk materials for thermoelectric 

refrigeration with ZT approaching 1 at room temperature. High quality BixTe1-x 

nanowires can potentially have even higher ZT. We have measured temperature-
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dependent thermoelectric properties of individual crystalline BixTe1-x nanowires 

electrochemically grown in anodic alumina templates (AAMs). A micro-fabricated 

device was used to create a temperature gradient across a nanowire sample which was 

suspended from the substrate, allowing for measurements of the Seebeck coefficient S 

and the thermal conductivity κ of the nanowire. The four-probe electrical resistance and 

electrical conductivity σ of nanowires were measured either using the micro-devices or 

using a nanowire device patterned on Si/SiO2 surfaces using electron beam lithography 

(EBL). Because of the thick oxide layer on the nanowire surface, a focused ion beam 

(FIB) tool was used to directly deposit Pt on top of the nanowires in order to make good 

electrical contacts. 

Two batches of BixTe1-x nanowire samples have been measured in this study. For a 

nanowire from the first batch with the atomic ratio x ≈ 0.46, the S was found to increase 

from 160 K to 360 K. The positive S suggests hole-like majority carriers in this nanowire. 

The room temperature S of 260 µV/K was 15-60% higher than that of bulk bismuth 

telluride. For four nanowires from the second batch with x ≈ 0.54, the measured S was 

negative, and the room temperature values of -10 to -30 µV/K were one order of 

magnitude lower than bulk values. The negative S and their rather linear temperature 

dependence resembled the diffusion thermopower of a metal. The large difference in S of 

the two batches of BixTe1-x nanowires may be attributed to the different atomic ratio x. 

For BixTe1-x nanowires from both batches, the σ of the nanowires showed much 

weaker temperature dependence than the bulk behavior, and the room temperature σ was 

within 10% difference from the bulk values. Although the increased surface scattering 
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may be responsible for the weak temperature-dependence of σ of nanowires, the room 

temperature σ was not affected much by surface scattering. 

The thermal conductivity κ of BixTe1-x nanowires were found to be 28-57% lower 

than that of bulk bismuth telluride crystals at room temperature and increased with 

temperature up to 360 K. The shifting of the peak κ value to high temperatures suggests 

that the phonon boundary scattering dominates the phonon Umklapp scattering at 

temperatures below 360 K in these nanowires. For a BixTe1-x nanowire with x ≈ 0.54, the 

room temperature lattice thermal conductivity κp was calculated to be 50-60% lower than 

while the room temperature electrical thermal conductivity κe and σ was 5%-6% lower 

than corresponding bulk values. The larger reduction in κp than in κe may be caused by 

the different scattering cross sections for electrons and phonons in Rayleigh scattering 

with surface roughness. Phonons with shorter wavelengths are scattered more than 

electrons with longer wavelengths. 

Based on the measured S, σ and κ, the ZT of a BixTe1-x nanowire from the second 

batch with x ≈ 0.54 was found to be 0.02 at 300 K, rather small because of the small S. 

However, for x≈ 0.54, we have observed high S and σ and signatures of κ suppression 

due to enhanced phonon-boundary scattering. It is possible that the ZT can be enhanced 

in these nanowires with optimized x. 

5.2 Heat dissipation in SWCNT electronic devices 

A SWCNT can be metallic or semiconducting depending on the diameter and the 

chiral angle. In metallic SWCNTs, electron transport was found to be ballistic at low 

biases because the weak scattering by acoustic phonons and the lack of backscattering by 
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long range disorders such as impurities or defects can lead to long electron mean free 

paths up to microns. In semiconducting SWCNTs, however, the scattering by long range 

disorders is significant, and the nanotube may be broken into a series of quantum dots 

separated by large conduction barriers, leading to high electrical resistance. It has been 

found by electrical measurements that acoustic phonon scattering lengths may be 1-1.5 

µm in metallic SWCNTs and 300 nm in semiconducting SWCNTs at low biases. On the 

contrary, high energy phonons such as optical phonons or zone boundary phonons can 

scatter electrons in SWCNTs at high biases. The mean free path for electron-high energy 

phonon scattering has been found to be about 10 nm. The short mean free path leads to a 

diffusive electron transport in SWCNT devices at high voltage biases. . 

We have employed Electrostatic Force Microscopy (EFM) and Scanning Gate 

Microscopy (SGM) to investigate electron transport in SWCNTs. For a metallic SWCNT 

with a length larger than 3 µm, the electrical potential distribution was linear with large 

potential drop at the contacts, suggesting that electron transport was diffusive along the 

SWCNT. Semiconducting SWCNTs with defects were found to contain separated 

conduction barriers in SGM measurements, while no localized conduction barriers were 

found by the SGM in a low-resistance defect-free semiconducting SWCNT. 

The temperature profile in SWCNT devices have been measured using a SThM 

method. At high biases, temperature profiles of metallic SWCNTs were found to be 

parabolic, suggesting diffusive heat dissipation in these metallic SWCNTs. We were not 

able to obtain SThM images of metallic SWCNTs at biases lower than 0.22 V because of 
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the high resistance of the samples that were more than 3 µm long with possibly local 

defects. 

Heat dissipation along semiconducting SWCNTs was measured to be uniform at high 

biases. By coupling a sinusoidal voltage of frequency f to a dc voltage and measuring the 

1st harmonic component of the Joule heating, we improved the signal-to-noise ratio of 

SThM so as to measure temperature rises in SWCNTs at low biases. It has been found 

that heat dissipation in semiconducting SWCNTs was diffusive and dissipative at biases 

as low as 0.12 V. The corresponding electron energy level was below the peak optical 

phonon energy, and the heat dissipation was due to electron-acoustic phonon scattering in 

semiconducting SWCNTs at low biases. 

5.3 Nanocontact thermometry 

There have been two major drawbacks with SThM techniques. First, there was a very 

large thermal contact resistance between the tip and the sample surface. This thermal 

contact resistance is inversely proportional to the tip radius and has resulted in much 

smaller measured temperature than the surface temperature. Second, because the SThM 

was operated in ambient environment, the measured temperature gradient can be smaller 

than the actual one due to heat transfer via air conduction between the surface and the 

thermal probe. These two factors have limited SThM techniques to be a tool for locating 

local hot spots. 

In order to obtain the actual temperature rises on the sample surface, we have 

investigated a different SThM method called nanocontact thermometry. In this method, 

the sample surface was coated with a thin insulation layer followed by a thin conducting 
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layer. When a sharp metal STM tip scanned the surface, the tip itself and the conducting 

layer formed a nanoscale thermocouple. Because the Seebeck coefficient of the metal tip 

can be much smaller than that of the conducting layer, and the tip-sample thermal 

resistance was large, the measured thermoelectric voltage was proportional to the actual 

temperature rise of the sample and the Seebeck coefficient of the conducting layer and 

can be used to obtain the actual temperature rise on the sample.  The large tip-sample 

thermal resistance can prevent the tip from cooling the sample surface. When the 

nanocontact thermometry is performed in a vacuum, moreover, air conduction between 

the surface and the tip can be eliminated. The spatial resolution of this method is limited 

by the thickness of the insulation layer and the conducting layer, which can be as small as 

10 – 20 nm. 

The nanocontact thermometry has been investigated using Ir or Pt-Ir -coated AFM 

probe tips and submicron interconnect structures covered by a dielectric passivation layer 

and a conducting Cr film. The nanocontact thermometry method obtained larger 

temperature gradients in the transverse direction across interconnect lines than that 

obtained using thermocouple fabricated at the end of the AFM probe tip. The maximum 

temperature measured using nanocontact thermometry was 60% higher than that using 

the batch-fabricated thermocouple probe. It has been found that the Cr coating did not 

cause noticeable lateral heat spreading on the samples. This method may be capable of 

quantitatively measure temperature distributions on nanoelectronic devices. 
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