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The objective of this work is to develop methods to investigate the thermoelectric 

(TE) transport in semiconducting nanowires (NWs). The thermal conductivity of 

degenerately doped electrochemically-etched (EE) silicon NWs was measured to be 

lower than silicon NWs synthesized by a vapor-liquid-solid (VLS) method without 

showing a clear dependence on the NW diameter. The thermoelectric figure of merit (ZT) 

at near room temperature obtained from the three measured TE properties on the same EE 

Si NW was found to be between 0.01 of a very rough NW and 0.08 of a relatively smooth 

NW, the latter of which is about four times higher than that reported for bulk p-type Si at 

the optimum doping concentration. In addition, the NW samples could be contaminated 

or oxidized during the device processing. Based on the TEM characterization, they have 

relatively thick oxide layer and small surface roughness, and are apparently different 

from the EE Si NWs that a Berkeley team reported. Typical rough NWs reported by the 

Berkeley team have thin oxide layer and are free of major structural defects. Hence, given 
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the significant structural differences in the samples, it would be scientifically 

inappropriate to compare the transport properties obtained from the two studies. In 

addition, a five to ten fold reduction in thermal conductivity was observed in wurtzite 

InAs NWs compared to bulk InAs of zinc blend phase, and is mainly attributed to diffuse 

surface scattering of phonons.  Moreover, InSb NWs have been synthesized at three 

different base pressures. The NWs were found to be zinc-blende structure with <110> 

growth direction. The ZT of the two NWs is about 10 times lower than the bulk values 

mainly because of the much higher doping levels in NWs than the bulk as well as 

mobility suppression in the NWs. The ZT of one NW grown at a high vacuum base 

pressure is higher than another NW grown at low vacuum. These results show that it is 

necessary to better control the impurity doping in order to increase the ZT of the InSb 

NWs.   

.  
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CHAPTER 1: INTRODUCTION 

 

1 Thermoelectric phenomena  

 
When an electric current flows between two junctions to a thermoelectric 

material, the current carries not only charges but also heat from one junction to the other. 

Consequently, one junction is heated while the other is cooled. This so-called Peltier 

effect was named after Jean Peltier who discovered this thermoelectric phenomenon. 

Conversely, a temperature difference can generate an electric potential difference 

between the two junctions. This latter effect was discovered by Thomas Seebeck, who 

lent his name to the Seebeck coefficient that is defined as the measured open-loop voltage 

per degree Kelvin temperature difference between the two junctions. Compared with 

modern vapor compression units or steam turbines, TE refrigeration and power 

generation devices are attractive because these devices do not have moving parts or 

require hazardous working fluids. However, the application of TE devices has been 

limited by their low efficiency that depends on the TE figure of merit (ZT) of the 

material.  

The dimensionless figure of merit is defined as ZT ≡ S2σT/κ, where S is the 

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

is the absolute temperature. The thermal conductivity is comprised of contributions from 

lattice or phonons (κph), electrons (κe), holes (κh), and bipolar diffusion (κeh) so that 
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ph e h ehκ κ κ κ κ= + + + . The electron contribution and the phonon contribution are usually 

the dominant one in metals and semiconductors, respectively. Exceptions are semimetals 

such as bismuth and small bandgap semiconductors such as bismuth telluride, where two 

or more of the different contributions need to be taken into account.  

In the past fifty years, bismuth telluride alloys with ZT close to unity have 

remained as the best commercial bulk TE materials. In order to achieve a energy 

efficiency comparable to that of a conventional vapor compression refrigerator, a ZT 

value larger than 3 is needed for TE refrigerators (Rowe, 1995). The challenge in 

increasing the ZT is caused by the fact that S, σ and κ are interdependent: (i) there is a 

tradeoff between S and σ as the dopant concentration is varied; and (ii) κe is proportional 

to σ according to the Wiedemann-Franz law.  

1. 2 Thermoelectric transport in semiconducting nanostructures 

 
 Nanostructures provide new approaches to manipulating charge and heat 

transports in a solid. When the characteristic dimension of a solid is reduced to be 

comparable to the fundamental length scales for electron and phonon transports, i.e. the 

wavelength (λ) and mean free path (l) of electrons and phonons, one or more of the three 

TE properties entering in the ZT expression can become distinctly different from the bulk 

values. For example, when the diameter of a semiconductor nanowire (NW) is 

comparable to the mean free paths of electrons and phonons, the transport properties have 

been predicted to be different from those found in its bulk counterparts because of surface 
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scattering of these quasi-particles. Experimentally, Li et al. reported that the measured 

thermal conductivity of silicon NWs grown by the Vapor Liquid Solid (VLS) method is 

much lower than bulk silicon (Li et al., 2003b). The measurement results for VLS NWs 

of diameters of 37 nm and larger agree well with calculation results that account for 

diffuse phonon scattering by the NW surface. On the other hand, the measured thermal 

conductivity of one 22 nm VLS Si NW is lower than the theoretical prediction (Koh and 

Cahill, 2009). More recently, it has been reported that the measured thermal conductivity 

values of both electroless etched and nano-patterned silicon NWs are much lower than 

those of VLS Si NWs of similar diameters or the aforementioned calculation results 

(Hochbaum et al., 2008, Boukai et al., 2008). The reported unusually low thermal 

conductivity resulted in a 100 fold increase in the ZT from the low bulk value to a value 

close to unity in the etched Si NWs.   

Thermal conductivity suppression has also been observed in other nanostructured 

materials and led to ZT enhancement to be above unity. For example, it was reported that 

lattice thermal conductivity suppression resulted in ZT enhancement up to 2.4 and 1.6 in 

Bi2Te3/Sb2Te3 thin film superlattices (Venkatasubramanian et al., 2001) and 

PbSeTe/PbTe quantum dot superlattices (Harman et al., 2002). A ZT value close to 2.2 

was reported in bulk AgPbmSbTe2+m, where Ag-Sb nanodots precipitates were observed in 

transmission electron microscopy (TEM) (Hsu et al., 2004). More recently, thermal 

conductivity suppression and ZT improvement to a value of 1.4 has been observed in hot 

pressed bulk nanocomposites of ball milled bismuth telluride nanoparticles (Poudel et al., 

2008). The resulted bulk nanocomposite has been used as the n-type legs of p-n junctions 
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of a Peltier cooler, which exhibited 20% higher degree of cooling than commercial 

devices made of bulk bismuth telluride alloy of ZT close to 1. ZT improvement has also 

been reported in SiGe nanocomposites made by a similar method (Joshi et al., 2008, 

Wang et al., 2008). The thermal conductivity suppression in these thin film and bulk 

nanostructured materials has been attributed to phonon-boundary scattering arising from 

the acoustic impedance mismatch and roughness at the high-density interfaces in the 

materials. On the other hand, it was reported that the power factor (S2σ ) was affected less 

by boundary scattering than the thermal conductivity in these materials.   

Interestingly, the interest in nanomaterials for TE applications was initially 

stimulated by theoretical predictions that the power factor (S2σ) can be enhanced in two-

dimensional quantum wells or one dimensional quantum wires (Hicks and Dresselhaus, 

1993b, Hicks and Dresselhaus, 1993a). In the case of a quantum wire where the lateral 

size is comparable to the electron wavelength λ, asymmetric sharp peaks appear in the 

electron density of states (DOS) as a result of discrete transverse wavevector states. 

When the Fermi energy is positioned near one of the sharp peaks, the Seebeck coefficient 

is expected to increase because of asymmetric energy-dependant electron transport near 

the Fermi level, potentially increasing the power factor.          

1. 3 Experimental investigation of thermoelectric transport in semiconducting NWs 

 
 The theoretical predictions of ZT enhancement in NWs have stimulated 

experimental efforts to characterize TE transport properties in NWs. For example, 

Heremans et al. have reported Seebeck and electrical resistance measurements of bismuth 
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and bismuth antimony NW arrays embedded in anodized alumina templates (AAMs) 

(Heremans et al., 2002). However, it was difficult to determine the number of NWs that 

were in electrical contact with the electrodes deposited on the top and bottom surfaces of 

the AAM. In addition, the contact resistance could not be eliminated by the two-probe 

measurement geometry. Consequently, the electrical conductivity of the NWs was not 

obtained from the measurement. In addition, the thermal conductivity of the NWs was 

not obtained because of thermal leakage through the AAM template.   

Cronin et al. proposed a method to measure S and σ of an individual NW using a 

differential method (S. B. Cronin, 2002). Four electrodes were patterned on top of the 

NW along with a perpendicular heater line at one end of the NW and a reference bismuth 

film in parallel to the NW. By raising the temperature of the heater line, a thermoelectric 

voltage could be measured between the two ends of the NW and the reference film, 

respectively. The temperature difference was assumed to be the same across the NW and 

the reference film, so that the ratio of the two measured thermoelectric voltages would be 

the same as the ratio of the Seebeck coefficient of the NW and that of the reference film, 

which could be measured separately. However, S and σ was not obtained in the 

measurement because a stable native oxide on the Bi NW resulted in poor electrical 

contact between the electrodes and the bismuth NW.  

Using a modified device where a two dimensional temperature profile was 

generated by a long heater line perpendicular to a carbon nanotube (CNT), Small et al. 

was able to measure the S of a CNT by measuring the resulted thermovoltage between 

two resistance thermometer lines deposited on two ends of the CNT (Small et al., 2003). 
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This method has been employed to measure S and σ  of an individual indium antimony 

NW (Seol et al., 2007). In order to make electrical contact to the InSb NW, the InSb 

surface under the contact areas was passivated by a (NH4)2S solution to remove the 

surface oxide. However, power factor enhancement has not been observed in the NW 

measurement results.  

In terms of thermal conductivity measurement of NWs and CNTs, Lu et al. 

developed a so-called 3ω method to measure the thermal conductivity of a platinum wire 

and a large multi-walled CNT bundle (Yi et al., 1999, Lu et al., 2001). This method relies 

on the self heating of a suspended wire under a sinusoidal current at frequency ω. The 

temperature rise and thus the electrical resistance of the sample are modulated at the 

second harmonic frequency 2ω. The resulting voltage drop along the wire contains a 3ω 

frequency component, which was used to obtain the thermal conductivity based on a 

solution of the heat diffusion equation. For this method to be applicable, the sample needs 

to have a large temperature coefficient of resistance. In addition, no other nonlinear 

electron transport effects can be present in the sample so that the resistance change at an 

increase biased voltage is solely caused by an increased lattice temperature.  

A microfabricated suspended device was developed to measure the thermal 

conductivity of individual carbon nanotubes (Shi et al., 2003, Kim et al., 2001, Yu et al., 

2005), the aforementioned VLS Si NWs (Li et al., 2003b), EE silicon NWs (Hochbaum 

et al., 2008, Boukai et al., 2008), Si/SiGe superlattice NWs (Li et al., 2003a), and SnO2 

nanobelts (Shi et al., 2004). In this method discussed in more details in Chapter 2, the 

thermal conductivity was measured by measuring the temperature gradient and heat flux 



7 
 

in a NW bridging two thermal reservoirs made of two suspended membranes. The 

Seebeck coefficient could also be obtained by measuring the thermovoltage developed at 

the two ends of the NW. Zhou et al. extended the method to measure not only measured 

κ and S but also σ  of an individual bismuth telluride NW by establishing four electrical 

contacts to the two ends of the NW (Zhou et al., 2005). The capability of measuring the 

three TE properties of the same NW is important for obtaining the ZT of individual NWs. 

Because of sample non-uniformity, variations of the TE properties in different NW 

samples can make it inaccurate to obtain ZT based on S, σ, and κ measured on different 

NW samples. 

In addition to four-probe electrical resistance measurement of the NWs,  

Mavrokefalos et al. recently developed a four-probe TE measurement method based on 

the suspended device to characterize the contact thermal resistance to the NW or 

nanofilm sample so as to obtain the intrinsic thermal resistance and thermal conductivity 

of the sample (Mavrokefalos et al., 2007b). In addition, a through-substrate hole was 

made under the suspended device so that so that TEM could be used to characterize the 

crystal structure of the same NW for TE measurement.  

 Using this method, Zhou et al. measured the TE properties of individual CrSi2 

NWs and correlated the measurement results with the anisotropic crystal structure of the 

measured NWs (Zhou et al., 2007a). It was further demonstrated in the experiment that 

combined Seebeck coefficient and electrical conductivity measurements provide an 

effective approach to probing the Fermi level (EF), carrier concentration and mobility in 

NWs. Other efforts have been made in order to obtain the EF or carrier concentration in 
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NWs using Shubnikov – de Hass (SdH) effects (Heremans and Thrush, 1999) or field 

effect measurement (Ford et al., 2009). However, the SdH method is experimentally 

complex and not applicable for heavily dope NWs for TE applications. Field effect 

measurements have been used to obtain the carrier mobility in carbon nanotubes (CNTs) 

transistors and NWs (Durkop et al., 2004, Ford et al., 2009). However, the accuracy of 

this method is limited by the uncertainty in the extracted threshold voltage and in the 

calculation of the capacitance of the complex nanotube/NW–gate geometry. For 

degenerate NWs with the diameter one or more orders of magnitude larger than a CNT, 

moreover, the threshold voltage can be very high, making it difficult to measure or 

extract the threshold voltage accurately.  

Despite the above progresses made in TE characterization of individual NWs, 

there have remained a number of challenges. First of all, making electrical contact to 

individual NWs assembled on the suspended device has remained a challenge, and has 

prevented the measurement of all three TE properties on bismuth NWs (Moore et al., 

2009) and Si NWs (Li et al., 2003b, Hochbaum et al., 2008). In the past, focused electron 

or ion beam assisted deposition has been employed to deposit Pt contact pads on bismuth 

telluride and CrSi2 NWs assembled on the suspended device for TE measurements. It has 

been a concern that the deposition process could contaminate the NW. However, the 

contamination issue has not been investigated in details.  

1. 4 Objective and organization of this dissertation  
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The objective of this work is to further develop methods to measure TE properties 

in semiconducting NWs and employ these methods to investigate TE transport in three 

NW systems, i.e. EE Si NWs, InAs NWs, and InSb NWs, which have different mean free 

paths or wavelengths of electrons and phonons, as shown in Table 1.1. Two specific aims 

are (i) to investigate different methods of making electrical contact to NWs assembled on 

the suspended device for TE measurements; (ii) to better understand size confinement 

effects on electron and phonon transport in NWs.  

Table 1.1. Basic transport parameters and TE properties of bulk semiconductor materials. 
Data are based on lirerature values found in refs. (T. H. Geballe, 1955), 
(Yamaguchi et al., 2005) and (Yamaguchi et al., 2005). (Courtesy of A. 
Moore)  

 

 

Chapter 2 of the dissertation describes the TE property measurement method 

employed in the research. Chapter 3 presents the measurement of TE properties of EE 
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silicon NWs. In Chapter 4, the TE properties of InAs NWs are investigated with a focus 

on the thermal conductivity. Chapter 5 presents the synthesis and combined structure-TE 

property characterization of InSb NWs. The major findings of this dissertation are 

summarized in Chapter 6. 
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CHAPTER 2: MEASUREMENT METHODS 

 

2. 1 Structure of the measurement device 

 
The micro-fabricated suspended device shown in Fig. 2.1 (a) was used to 

characterize S, σ, κ, and ZT of individual nanowires (NWs). The device incorporated two 

adjacent silicon nitride (SiNX) membranes each suspended with six SiNX beams. One 

serpentine platinum resistance thermometer (PRT) and two platinum electrodes were 

patterned on each membrane. The current design of the device was modified from the 

previous one reported by Shi et al (Shi et al., 2003). The major changes are: (i) the 

current design incorporated four Pt electrodes instead of two in the old design. This 

modification allowed for four probe TE measurements to eliminate the contact thermal 

and electrical resistances; (ii) A through-substrate hole was made under the suspended 

membrane so that TEM could be used to characterize the crystal structure of the same 

NW.  
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Figure 2.1. (a) SEM image of the suspended device. (b) SEM image of the two central 

membranes of the device showing a NW trapped between the two membranes. The arrow 

points to one of the four Pt patterns deposited on the NW with electron beam induced Pt 

deposition. Scale bars in (a) and (b) are 200 μm and 5 μm, respectively. 

2. 2 Measurement method 
 

The Seebeck coefficient, electrical conductivity and thermal conductivity of an 

individual NW were measured using the micro-fabricated devices. The contact thermal 

resistance and the intrinsic thermal resistance of the NW sample can be obtained by using 

the NW as a differential thermocouple to characterize the temperature drops at the two 

contacts between the NW and the two membranes. Detailed descriptions of and the 

earlier two-probe and recent four-probe measurement procedures were reported in Shi et 
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al. (Shi et al., 2003) and Mavrokefalos et al. (Mavrokefalos et al., 2007b). For the 

measurement, an individual NW was trapped between the two membranes of a device 

after drops of a NW suspension in ethanol or IPA were places on a wafer piece 

containing eight devices. The native oxide on the NW surface prevents electrical contact 

between the NW and the four platinum electrodes pre-patterned on the two membranes. 

Making electrical contact to different NW systems is a key challenge for TE 

characterization on individual NWs assembled on the measurement device. Several 

approaches have been investigated, and are discussed in details in Chapter 3.  

 The TE measurement was conducted in a Janis ST-100 continuous flow liquid 

helium cryostat where the sample space is evacuated to less than 1×10-5 Torr. The 

temperature range of the cryostat is between 4 K and 800 K. For thermal measurement, a 

direct current (I) flows across the Pt serpentine coil of the (heating) membrane to raise its 

temperature. Heat conduction (Q) through the NW causes an increase in the temperature 

of the sensing membrane. Because the internal thermal resistance of each membrane is 

two orders of magnitude smaller than that of either the sample or the six SiNx beams, it 

can be assumed that the temperatures of the heating and sensing membrane are raised to 

uniform temperatures Th and Ts, respectively. As shown by a numerical heat conduction 

simulation previously for a carbon nanofiber sample (Yu et al., 2006), the temperature 

uniformity in each membrane is better than about 5%. Based on energy conservation, the 

thermal resistance (Rb) and thermal conductance (Gb) of the six beams supporting each 

membrane was obtained as (Shi et al., 2003, Mavrokefalos et al., 2007a): 
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where Qh is the Joule heat dissipation in the PRT on the heating membrane, QL is the 

Joule heat dissipation in one of the two identical Pt leads supplying the current to the 

heating PRT, ΔTh = Th – T0, and ΔTs = Ts – T0, and T0 is the substrate temperature. Based 

on the thermal resistance circuit in Fig. 2.2, the total thermal resistance (Rtotal) or thermal 

conductance (Gtotal) can be obtained as: 
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where RS is thermal resistance of the suspended segment of the NW sample, RC1 and RC2 

are the two contact thermal resistances, and Q equals the heat conducted through the six 

beams of the sensing membrane to the substrate, and was obtained as  

s BQ T R= Δ                                                  (2.3)                             
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Figure 2.2. A schematic diagram of the four-probe thermal measurement method showing 

the SEM image of a silicon NW sample (a), the temperature distribution along the NW 

(b), and the thermal resistance circuit (c).  

In order to improve the measurement accuracy, the DC heating current I was 

ramped 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. During each ramping cycle, a total 

number of N = 203 sets of measurements were taken. Fig. 2.3 shows the temperature rise 

on the heating membrane and sensing membrane during measurement. Gb was obtained 

as the slope of a least-square linear curve fit of Qtotal ≡ (Qh + QL) as a function of 

(ΔTh +ΔTs), as shown in Fig. 2.4 (a). The ratio Gtotal/Gb was then obtained as the slope of a 

linear curve fit of the measured ΔTs as a function of the measured (ΔTh −ΔTs) as shown in 

Fig. 2.4 (b). Gtotal is then obtained as Gtotal = Gb(Gtotal/Gb).  



16 
 

 

Figure 2.3. Temperature rise on the (a) heating membrane and (b) sensing membrane. 

The sample is silicon NW 5 in Chapter 3. The substrate temperature was 400K for this 

measurement.   

 

Figure 2.4. (a) Measured Qtotal ≡ (Qh + QL) as a function of (ΔTh +ΔTs). (b) Measured ΔTs 

as a function of the measured (ΔTh −ΔTs). The sample is silicon NW 5 in Chapter 3. The 

substrate temperature was 400K for this measurement.    
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 The major error in the above two-probe measurement procedure was caused by 

the presence of contact thermal resistance at the two ends of the NW. According to the 

temperature profile schematic shown in Fig. 2.2 (b), the contact thermal resistances can 

cause temperature drops, i.e. (Th –Th’) and (Ts’ – Ts), where Th’ and Ts’ are the 

temperatures at the two ends of the suspended segment of the NW. While the temperature 

profile is linear between Th’ and Ts’ along the suspended segment, the temperature decays 

approximately exponentially between Th’and T1 and between Ts’ and T4 because of heat 

transfer between the NW and the membrane in contact, where T1 and T4 are the 

temperatures of the NW at the two outer electrodes shown in Fig. 2.2 (a). Each NW 

segment in contact with the membrane is equivalent to a fin inserted into the membrane 

thermal reservoir of a uniform temperature. If the contact length on each membrane is 

sufficiently long, the temperature at the outer junction would approach the thermal 

reservoir temperature (Th or Ts) according to the infinitely long fin solution. In addition, if 

the inner junction is right at the end of the suspended segment of the NW and has an 

infinitesimal width, the temperature at the inner junction would be the same as the 

temperature at one end of the suspended NW segment, i.e. Th’ or Ts’ in Fig. 2.2. In this 

ideal situation, the thermoelectric voltage measured between the two outer junctions V14 = 

S(Th-Ts) can be used to obtain the Seebeck coefficient (S) of the NW relative to that of the 

Pt electrode, which is negligible (Rowe, 1995). The temperature drops at the two contacts 

can be further determined from the thermoelectric voltage drops (V12 and V34) measured 

between the two electrodes on the same membrane, i.e. (Th - Th’) = V12/S and (Ts’ – Ts) = 
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V34/S. The obtained Th’ and Ts’ can be further used to calculate the intrinsic thermal 

resistance of the suspended NW sample as Rs = Rtotal (Th’-Ts’)/(Th-Ts). 

   In this work, we designed the separation between the two electrodes on the same 

membrane to be much larger that the diameter of the NW in order to approximate the 

infinitely long fin condition. In addition, attempts were made to place the two inner 

junctions close to the edges of the corresponding membranes and to minimize the 

junction width. For the actual situation of a finite contact length, non-zero distance 

between the inner electrode and the membrane edge, and finite junction width, the 

temperature difference, (T1 - T2) or (T3 - T4), between the two junctions on each 

membrane can be used to determine the contact temperature drop, (Th  -  Th’) or  (Ts’ - Ts), 

using the fin temperature profile given for an adiabatic tip condition (Incropera and 

DeWitt, 2002). The detailed derivation is given in by Mavrokefalos et al. (Mavrokefalos 

et al., 2007a).  

 Besides four-probe measurement of the thermal conductivity and Seebeck 

coefficient, the electrical resistance or conductivity was also measured using a four-probe 

configuration. During the four-probe resistance (R) measurement, current (I) was flowed 

between the two outer contacts to the NW and voltage drop was measured between the 

two inner contacts. In additional to the IR voltage drop, the measured voltage drop 

between the two probes can contain a thermovoltage component because of Peltier 

heating at one outer junction and cooling at another outer junction. This thermovoltage 

component can be evaluated by measuring the temperatures of the two membranes during 

the four-probe electrical measurement. For the samples measured in this work, the 
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thermovoltage component due to the temperature difference between the two membranes 

was found to be much smaller than the IR voltage drop, and was neglected.    

  

 

Figure 2.5. The thermoelectric voltages between the two outer (Vte14) and inner 

electrodes (Vte23). The difference in the measured thermoelectric voltage is due to the 

temperature drop along the NW segment in contact with the membrane. 
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CHAPTER 3: THERMOELECTRIC PROPERTIES OF SILICON 
NANOWIRES SYNTHESIZED BY ELECTROLESS ETCHING 

 

3. 1 Introduction 
 

A number of methods have been developed for the synthesis of silicon NWs. 

These methods include the VLS method (Wagner and Ellis, 1964, Hu et al., 1999, Lieber, 

1998, Westwater et al., 1997), thermal evaporation (Yu et al., 1998), laser ablation 

(Morales and Lieber, 1998, Zhang et al., 1998), and Metal-Nanoparticle-Catalyzed-

Chemical-Etching (Peng et al., 2002). The obtained silicon NWs have been used as 

building blocks for nano-scale devices with different applications including field-effect 

transistors (FETs), complex logic circuits, sensors and batteries (Cui and Lieber, 2001, 

Zhong et al., 2003, Cui et al., 2001, Huang et al., 2001, Cui et al., 2003, Chan et al., 

2008). Recently, there have been investigations of silicon NWs for TE energy conversion 

(Hochbaum et al., 2008, Boukai et al., 2008). In previous efforts of characterizing the TE 

properties of Si NWs, the thermal conductivity and TE power factor were not measured 

on the same individual suspended NWs, and the contact thermal resistance to the Si NW 

was not quantified. These two challenges in the measurement prompted the current study, 

where an attempt was made to obtain the three transport properties entering the ZT 

expression on the same individual Si NW and to evaluate the influence of the contact 

thermal resistance on the measured thermal conductivity.  
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3. 2 Making electrical contacts to the silicon NWs 
  

As discussed in Chapter 2, the method based on a micro-fabricated suspended device was 

developed to measure all the three TE properties of an individual NW and to use TEM to 

characterize the crystal structure of the same NW assembled on the suspended device 

(Zhou et al., 2007b, Mavrokefalos et al., 2007a). This method was employed to 

characterize the TE properties of silicon NWs that were synthesized by Hochbaum et al. 

(Hochbaum et al., 2008) using the aqueous electroless etching (EE) method.  

Because the native oxide on the NW surface prevented direct electrical contact 

between the NW and the underlying platinum electrodes on the measurement device, the 

key hurdle for measuring all the three TE properties of individual silicon NWs using the 

suspended device was to make electrical contact to the suspended NW in order to 

measure the four-probe thermal conductivity, electrical conductivity, and Seebeck 

coefficient. For NW measurement devices fabricated by electron beam lithography (EBL) 

on a substrate, electrical contact can be made to the NW by etching the surface oxide 

immediately before metal contacts were deposited on the NW (Seol et al., 2007, Suyatin 

et al., 2007, Hochbaum et al., 2008). However, EBL could not be carried out on the 

suspended device.  

Alternatively, focused ion beam induced metal deposition (IBIMD) or focused 

electron beam induced metal deposition (EBIMD) could be used to deposit small amount 

of Pt-C composite on top of the NW so as to make electrical contacts (Zhou et al., 2005, 

Zhou et al., 2007b, Tham et al., 2006, Long et al., 2005, Hanrath, 2005, Motayed et al., 
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2006). Although interconnect lines deposited by IBIMD was found to contain a higher 

concentration of the metallic specie and show higher electrical conductivity and less 

spreading than those by EBIMD (Gopal et al., 2004a), energetic gallium ions during the 

IBIMD process could damage the NW by ion milling, implantation and amorphization 

(Hanrath, 2005). The EBIMD process could avoid such damage to the NW. However, in 

both the EBIMD and IBIMD methods, the deposition could not be completely localized 

to the beam raster area and spreading of the deposited materials has been a common 

problem. In EBIMD, the spreading was believed to be caused by secondary electron 

assisted decomposition and also due to thermally assisted diffusion of the deposited 

species as a result of the local heating of the substrate by the primary beam (Gopal et al., 

2004b, Gopal et al., 2004a, van Dorp and Hagen, 2008). The spreading can lead to the 

decoration of the NW surface by the deposited species and even provide a leakage 

pathway when the spreading is severe (Gopal et al., 2004b).  

Recently, it was reported that the leakage problem could be solved by a two step 

deposition process, where small contact pads were deposited on the NW with short 

EBIMD followed by IBIMD of long interconnect lines away from the NW (Gopal et al., 

2004a). However, contamination of the NW surface could not be fully avoided by this 

process although no leakage pathway was formed between the interconnect lines. In 

addition, it has been shown that post annealing of the contact pad deposited by EBIMD in 

a hydrogen atmosphere could improve the electrical conductivity of the contact pad and 

reduce the contact resistance to the NW (Komuro et al., 1998, van Dorp and Hagen, 
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2008). During the annealing process, reactive hydrogen molecules cause dissociation and 

desorption of the precursor molecules, leaving the metallic species on the substrate.  

To avoid the spreading problem inherent in the EBIMD or IBIMD process, a 

method based on in situ hydrogen reduction of the surface oxide was recently employed 

to make electrical contact between individual Bi2Te3 NWs and the unnderlying Pt 

electrodes of the suspended device without using EBIMD or IBIMD (Mavrokefalos et al., 

2009). In this method, the Bi2Te3 NW trapped on top of four Pt electrodes of the 

suspended device was placed in an evacuated cryostat. Forming gas containing 5% 

hydrogen in nitrogen was introduced into the sample space of the cryostat while the 

sample temperature was raised to about 480 K. Ohmic contact was found between the 

NW and the Pt electrode often within 20 minutes of the annealing process.  

Based on these methods, four approaches have been experimented in an effort to 

make electrical contact between EE silicon NWs and the underlying Pt electrodes of the 

suspended device. In the first approach, a sample containing a freshly trapped silicon NW 

on the suspended device were placed in either a tube furnace or an evacuated high-

temperature cryostat. Figure 3.1 shows the cross section view of the high temperature 

cryostat used for the annealing experiment. Figure 3.2 shows a SEM image of a silicon 

NW sample that was tested according to this approach. Similar samples were annealed at 

650 K in argon, hydrogen, or forming gas introduced to the cryostat or tube furnace.  The 

two probe resistance of the NW was monitored every one or two hours during the 

annealing process carried out in the cryostat. It was found that electrical contact to the 

NW could not be made using this approach. In addition, it was found that the top surface 
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of the device should not face the gas flow directly; otherwise the gas flow could break the 

silicon NW. 

 

Figure 3.1. Cross section view of the high temperature cryostat (Courtesy of A. Moore).  

 

Figure 3.2. SEM image of one silicon NW assembled on the suspended device without 

metal deposition on top of the NW. Scale bar: 10 μm.  
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In another attempt, small Pt or nickel pads were deposited at the contact areas of 

several Si NWs trapped on the suspended device using either the EBIMD or IBIMD 

capability of a FEI DB-235 Dual Beam Deposition system. Pt and Ni were chosen in this 

experiment because they have been investigated extensively and used for making contact 

to silicon based field effect transistors and diodes (Chi et al., 2001, Liu et al., 2000, 

Arnodo et al., 1996, Rastegaeva et al., 1996, Vobecky and Kolesnikov, 2006, Larrieu et 

al., 2003). Nickel can form stable low resistivity NiSi phase on silicon. The NiSi phase 

can be transformed to the high resistivity NiSi2 pase at temperatures higher than 750 °C 

(Julies et al., 1999, Qu et al., 2004). The thermal stability of NiSi can be significantly 

improved by a Pt interlayer between the Ni source and silicon substrate (Liu et al., 2000, 

Mangelinck et al., 1999) or by carbon doping of the deposited Ni (Machkaoutsan, 2007). 

Platinum can form Pt2Si on silicon at 210 °C and PtSi phase above 300 °C. The PtSi 

phase stays stable below 700°C (Prabhakar et al., 1983). It has been found that Pt 

diffusion into silicon can occur only at annealing temperature above 700 to 1000 °C 

(Ventura et al., 2003, Catania et al., 1991, Prabhakar et al., 1983, Brotherton et al., 

1979).  

In our experiment, different electron energy levels (5 KeV and 30 KeV) or ion 

beam current values (1 pA or 10 pA) were tested during the deposition process. For Pt 

deposition, (CH3)3Pt(CpCH3) heated to 42°C was used as the precursor gas. Upon 

completion of the deposition process, the NW sample was annealed in hydrogen or 

forming gas in either a high temperature cryostat or a tube furnace. The annealing 
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temperature was 650 K in the high temperature cryostat and 673 K in the tube furnace. 

For silicon NWs with Pt deposited at the four contact areas by EBIMD, electrical 

connection was not found between any of the four contacts to the NW upon annealing. 

This finding suggests that the short EBIMD deposition did not lead to leakage pathway 

between two adjacent electrodes that were spaced 1 or 3 micron apart depending on the 

design of the actual suspended device used in the experiment. Figure 3.3 shows a silicon 

NW with Pt deposited at the contacts with IBIMD. Upon annealing at 650 K in hydrogen 

flow for four hours, the two probe resistance measured between the two inner electrodes 

at the two ends of the suspended NW segment was found to decrease from 1.9 GΩ to 280 

MΩ. This resistance is too high for accurate measurement of the Seebeck coefficient of 

the NW using a voltage preamplifier of 100 MΩ input impedance. In addition, it is a 

concern that the NW segment near the contact could have been damaged by energetic 

ions during the IBIMD process.   
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Figure 3.3. SEM image of one silicon NW with small Pt pads deposited on four contacts 

with IBIMD. The arrow points one of the four deposited Pt pads. Scale bar, 10 μm.  

In the third approach, we tested a surface passivation method that has been 

reported for preparing oxide-free silicon surfaces for Scanning Tunneling Microscopy 

(STM) (Bansal et al., 1996, Bansal et al., 2001). The wafer containing silicon NWs was 

cleaned for 5 minutes at 80 °C in a solution of 1:1:5 (vol) 30% H2O2/30% NH3/H2O. 

Subsequently, the wafer was etched in 40% NH4F in deionized (DI) water for 15 minutes 

in order to terminate the silicon surface with Si-H bonds. The wafer was then placed in 

IPA or ethanol followed by 1 minute sonication to generate a suspension of silicon NWs. 

After a NW was trapped on the suspended device, Pt or Ni was deposited on the NW 

within 5-6 hrs using EBIMD. No electrical connection between any of the four contacts 

to the NW was found after 12-hour annealing at 480 K in forming gas. This result again 
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showed that leakage pathway did not form between the adjacent electrodes after the short 

EBIMD process.   

In the fourth approach, electrical contact was made to the silicon NWs through a 

combination of HF etching, EBIMD deposition of small Pt pads on the NW, and 

subsequent annealing in pure hydrogen gas flow. First, the wafer containing Si NWs was 

etched in a 5% HF solution for 20 minutes at room temperature followed by rinsing in DI 

water for three times to stop the etching. A silicon NW suspension was formed by 1 

minute sonication of the wafer in IPA or ethanol. After a NW was trapped via drop 

casting on the suspended device, a small Pt pad was deposited on each of the four contact 

area to the NW with EBIMD at 30 KeV electron energy. Each Pt pad was about 200 nm 

wide, 500 nm long, and 100 nm thick, as shown in Fig. 3.4. During the deposition 

process, efforts were made to minimize contamination of the NW except at the four 

contact areas. First, two Pt pads were deposited on the NW at two electrodes on one 

membrane. Each deposition took about 2 minutes. Without imaging the suspended 

segment after the deposition of the two Pt pads, the SEM chamber was vented and then 

evacuated before two additional Pt pads were deposited on the NW at the two remaining 

Pt electrodes on the other membrane. It was thought that the venting and evacuation 

process could help to reduce the residual organometallic precursors in the chamber before 

imaging the other side of the NW and depositing the last two Pt pads. A SEM image of 

the sample was taken about 10 minutes after the deposition of the four contacts was 

completed in order to pump out the residual precursor gases before imaging the NW. In 
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order to prevent electron beam damage of the NW, single scan mode at 5 KeV electron 

beam energy was used for imaging the NW sample after deposition.  

After wire bonding of the device in a chip carrier, the sample was loaded into an 

evacuated cryostat. Before the cryostat temperature was increased from room 

temperature, the evacuated cryostat was flushed with hydrogen gas for about 10 minutes. 

The top surface of the suspended device was placed in parallel with the hydrogen gas 

flow. After increasing the cryostat temperature to 650 K and holding the temperature for 

about two hours with hydrogen introduced into the cryostat, ohmic contact was made 

between most NWs and the supporting Pt electrodes. The resulted contact electrical 

resistance was typically several hundreds of kΩ. The temperature was then lowered to 

room temperature with hydrogen introduced into the evacuated cryostat. Figure 3.4 

shows the SEM image of one representative NW for which electrical contact was made 

after annealing. During the annealing and cooling process, only the mechanical backing 

pump of the turbo pumping station was turned on to prevent the damage of the turbo 

pump by the hot hydrogen gas. When the cryostat temperature was decreased to room 

temperature, the hydrogen gas flow was shut down, and the turbo pump was turned on to 

achieve high vacuum on the 10-6 torr level that is needed for the TE measurements.  
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Figure 3.4. SEM image of silicon NW sample 5 assembled between the two membranes 

of the suspended device. The arrow points to one of the four platinum pads deposited 

with EBIMD. Scale bar: 5 μm.  

 Table 3.1 summarizes eleven NW samples that were tested with the four different 

approaches for making electrical contact to the NW. The fourth approach was tested on 

six silicon NWs. Electrical contact was made to five of the six NWs, only one of which is 

included in Table 3.1 as Sample K.     

  



31 
 

Table 3.1. Experimental conditions for making electrical contacts to silicon NWs 

Sample 

Label 

Surface 

Treatment 

Metal 

Deposition 

Beam 

Condition 

Gas 

Flow 

Annealing 

Temperature  

Annealing 

Time 

Annealing 

Environment 

Electrical 

Contact  

A NO NO N/A No 600 K 12 Hrs Cryostat No 

B NO NO N/A Ar 673 K 3 Hrs Furnace No 

C NO Pt 
EBIMD 

30 KeV 
H2 650 K 12 Hrs Cryostat No 

D NO Pt 
IBIMD  

1 pA 
H2 650 K 4 Hrs Cryostat No 

E 

H2O2/NH3

H2O 

+NH4F 

Ni 
EBIMD 

30 KeV 

5% 

H2 in 

N2 

480 K 12 Hrs Cryostat No 

F 

H2O2/NH3

H2O 

+NH4F 

Pt 
EBIMD  

5 KeV 
No 600 K 12 Hrs Cryostat No 

G 

H2O2/NH3

H2O 

+NH4F 

Pt 
EBIMD 

30 KeV 
No 600 K 12 Hrs Cryostat No 

H 

H2O2/NH3

H2O 

+NH4F 

Pt 
IBIMD  1 

pA 
No 600 K 6 Hrs Cryostat No 

I 

H2O2/NH3

H2O 

+NH4F 

Pt 
IBIMD  

  10 pA 
No 600 K 6 Hrs Cryostat No 

J 5% HF Pt 
EBIMD 

30 KeV 
No 650 K 12 Hrs Cryostat No 

K§ 5% HF Pt 
EBIMD 

30 KeV 
H2 650 K 2 Hrs Cryostat Yes 
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§This NW is labeled as NW1 in the following plots. 

3. 3 Structural characterization of the measured silicon NWs 

 
 In order to evaluate potential contamination of the NWs by the EBIMD process 

and measure the NW diameter, six NW samples were characterized using high resolution 

(HR) TEM and tilted SEM after the thermoelectric measurement was completed. During 

the TEM characterization, Energy Dispersive X-ray Spectroscopy (EDX), and Electron 

Energy-Loss Spectroscopy (EELS) were employed to characterize the chemical 

composition of the NWs. These structure characterization results are shown in Figs. 3.5- 

3.11.   
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Figure 3.5. (a) SEM image of NW 1 after TE measurement. (b) TEM image and 

diffraction pattern of NW 1. (c) Dark field TEM of NW 1 and (d) HRTEM of the the dark 

region in (b). (e) 45° and (f) 80° tilted SEM images of NW 1. Also shown in (g) and (h) 

are TEM images of EE Si NWs reported by Hochbaum et al. (Hochbaum et al., 2008, 

Boukai et al., 2008). Scale bars for (a) to (h) are 200 nm, 200 nm, 100 nm, 10 nm, 100 

nm, 200 nm, 20 nm and 4 nm, respectively. Note that NW 1 was broken by handling after 

taking (a-d) and before obtaining (e-f). This sample could be contaminated or oxidized 

during the device processing. Based on the TEM characterization, they have relatively 

thick oxide layer and low surface roughness, and are apparently different from those 

shown by Hochbaum et al. in (g) and (h). Typical rough nanowires reported by 

Hochbaum et al. should have thin oxide layer and be free of major structural defects. 

 Hence, given the significant structural differences in the samples, it would be 

scientifically inappropriate to compare the transport properties obtained from the two 

different studies.    
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Figure 3.5 continued… 
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Figure 3.6. Structure characterizations of NW 2.  (a) TEM image. (b) HRTEM image. 

The inset is the diffraction pattern. (c) TEM image of the side edge of the NW. (d) TEM 

image of the broken edge of the NW. The NW was broken during TEM sample 

preparation. 
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Figure 3.7. Chemical composition analysis of NW 2. (a) EDX line scan across the NW 

cross section for Si, Pt, oxygen, and carbon. (b) EDX line scan for Pt. (c) EDX line scan 

for oxygen. (d) EDX line scan for carbon. (e) EELS line scan for oxygen. (f) EELS line 

scan for oxygen and carbon.  
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Figure 3.8. Structure characterizations of NW3. (a) TEM image. (b) HRTEM. (c) 0° tilted 

SEM image. (d) 45° tilted SEM image. Scale bars for (a) to (d) are 100 nm, 5 nm, 100 nm 

and 200 nm, respectively. 
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Figure 3.9. Structure characterizations of NW 4. (a) TEM image. (b) HRTEM. (c) 0° 

tilted SEM image. (d) 45° tilted SEM image. (e) 80° tilted SEM image. Scale bars for (a) 

to (e) are 200 nm, 5 nm, 100 nm, 200 nm, and 100 nm, respectively. 
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Figure 3.9 continued… 

 

 

Figure 3.10. Structure characterizations of NW5. (a) TEM image. (b) HRTEM image of 

one edge of the NW. Scale bars for (a) and (b) are 20 nm and 5 nm, respectively. 
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Figure 3.11. Structure characterizations of NW6. (a) TEM image. (b) HRTEM image. 

The inset is the diffraction pattern. Scale bars for (a) and (b) are 20 nm and 5 nm, 

respectively.  

 Diffraction patterns were collected on NW 1, NW 2 and NW 6 in order to 

determine the NW growth direction. The growth direction was found to be along <111> 

direction for NW 1 and NW 2 that were from the same wafer. NW 6 from a different 

wafer was found to grow along <100> direction. The lattice fringes and the diffraction 

patterns reveal the crystalline structure of the silicon NWs. 

The TEM results reveal that there exists a 5-15 nm amorphous surface layer 

surrounding the crystalline silicon NW core on each of the NW samples. The EDX 

results in Fig. 3.7 (c-d) and EELS results in Fig. 3.7 (e-f) reveal that the amorphous shell 

contains a high oxygen concentration, suggesting that the amorphous shell was mainly 

silicon oxide. The oxide shell could have been formed by re-oxidation after HF etching, 

likely due to residual oxygen molecules in the cryostat during the annealing process.  
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The TEM images in Figs. 3.5-3.11 also reveal isolated black dots on the NW 

surfaces. As shown in the TEM images such as Figs. 3.10 and 3.11, the black particles 

are located near the interface between the amorphous shell and the Si core. Moreover, in 

Fig. 3.6 (d), no apparent black dots can be observed on the broken edge of the Si NW 

formed after the TE measurement. The EDX results in Fig. 3.7(b) and (d) reveal the 

presence of Pt and carbon signals, which appear to be higher near one edge of the NW 

than at the center. Hence, the black dots are likely Pt/carbon particles near the interface 

between the oxide shell and the silicon core. As discussed in the proceeding section, no 

electrical connection was found between any of the four contacts to the NW after the 

EBIMD and annealing process when the silicon NW was not etched in HF. This finding 

rules out the possibility of the formation of a continuous and conducting Pt layer on the 

NW surface, in agreement with the observation of isolated black Pt/carbon dots near the 

oxide-silicon interface.  

It has been found that Pt deposited by EBIMD could agglomerate to form Pt 

particles embedded in an amorphous carbon matrix after annealing (Gopal et al., 2004a, 

Inkson et al., 2004). The deposited Pt-carbon composites did not undergo phase 

transformation upon annealing at 600 °C and the structure remains stable for 

temperatures up to 900 °C, when a Pt carbide phase was formed. It was reported that Pt 

did not diffuse out of the carbon matrix at temperatures below 900 °C (Gopal et al., 

2004a). In addition, it was found that the diffusion of amorphous carbon through a SiO2 

thin film deposited on Si could occur at 500 °C (Mizushima et al., 1997, Mori et al., 

1994). The diffused carbon atoms were found to segregate into clusters at the SiO2 side of 
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the SiO2/Si interface and could be positively charged. Diffusion of Si into amorphous 

carbon did not occur at temperature below 1100 °C (Vainonen-Ahlgren et al., 2001), 

above which carbon accumulation can be found on the Si side of the SiO2/Si interface in 

the form of SiC precipitates (Krafcsik et al., 2001). The annealing temperature used in 

this experiment was close to the 500 °C temperature where carbon could diffuse through 

the oxide shell, but was much lower than that needed to form SiC precipitates on the Si 

surface. Hence, it is possible that the deposited carbon matrix with embedded Pt atoms 

could have diffused through an originally thin oxide shell of the etched Si NW and 

aggregated into possibly positively charged clusters at the oxide-silicon interface. 

Platium atoms diffused through the oxide shell to the silicon core surface is 

expected to form Pt2Si phase at 210°C to 280°C until the Pt atoms are entirely exhausted 

(Ley et al., 1995, Larrieu et al., 2003). At above 300 °C, the formation of PtSi phase 

takes place starting from the interface between Pt2Si and silicon by in-diffusion of silicon 

atoms into Pt2Si (Wawro et al., 2005). The final PtSi phase stays stable without Pt 

diffusion into silicon at temperatures below 700°C (Prabhakar et al., 1983). It was found 

that Pt diffusion into silicon could occur only at annealing temperatures above 700 °C to 

1000 °C in a number of studies (Ventura et al., 2003, Catania et al., 1991, Prabhakar et 

al., 1983, Brotherton et al., 1979). After diffusion into Si at the very high temperature, Pt 

becomes impurity dopants of energy levels typically 0.3 eV lower than the conduction 

band edge or higher than the valence band edge (Brotherton et al., 1979, Valdinoci et al., 

1996). The annealing temperature used in this work was much lower than that needed to 

drive the diffusion of Pt into silicon and form such deep level dopants. On the other hand, 
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PtSi phase could have formed on the surface of the Si core of the NW at the four contact 

areas because the 377 °C annealing temperature was within the temperature range for the 

formation of the PtSi phase that could have resulted in electrical contact to the NW.  

While TEM results are insufficient to quantify whether there was a large variation 

in the black spot concentration among the different NWs, the TEM and SEM images 

show that the surface of NW1 was much rougher than NWs 2-6. The tilted SEM images 

in Fig. 3.5 (e) and (f) clearly shows that NW 1 has very rough and irregular surfaces. In 

addition, the bright region in the dark field TEM image of Fig. 3.5 (c) for NW 1 and the 

TEM image of Fig. 3.5 (b) of the same region indicate that this region could be thinner 

than at nearby locations. The sharp contrast in the bright field lattice fringe image of the 

same region in Fig. 3.5 (d) further confirms that this region was thinner, i.e. there was a 

void on the surface at that location, resulting in a smaller cross section that is equivalent 

to a local constriction. In addition, the tilted SEM images of NW 3 in Fig. 3.8 show that 

the surface of NW 3 is rougher than other NWs (such as NW 4 in Fig. 3.9) except for 

NW 1. Except for NW 1 and NW 3, the surfaces of the other measured NWs do not 

appear to be very rough.  

The lateral widths of NW 1, NW 3 and NW 4 were measured using tilted SEM at 

three different tilt angles (0°, 45° and 80°), with ten measurements at each angle. The 

averge width ( dθ ) and the standard deviation ( dθδ ) obtained at each angle, the average 

diameter (d ) and standard deviation ( dδ ) obtained by averaging all the total 30 lateral 

width measurements are listed in Table 3.2, Table 3.3 and Table 3.4 for NW 1, NW 3 and 
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NW 4, respectively. Because of the irregular roughness of the NWs 1 and 3, the lateral 

width values measured at the same tilt angle exhibit large variations. In addition, for both 

the rough and smooth NWs, the dθ values obtained at different tilt angles can be quite 

different, indicating that the NW cross section is not circular. Because of the irregular 

roughness and the non-circualr cross section, the obtained d  contains large uncertainties. 

Moreover, the oxide shell thickness cannot be determined from the SEM measurements, 

and needs to be measured using TEM, which could not be conducted at tilt angles more 

than a few degrees because the through-substrate hole under the NW was small. Hence, 

the average Si NW core diameter (din) and outer oxide shell diameter (dout) were measured 

using TEM at 0° tilt angle. The cross sections of the Si core and the oxide shell were 

calculated by assuming a circular cross section with diameters din and dout.             To 

account for the different lateral width values measured by SEM at different tilt angles, the 

relative uncertinay d dδ found by titled SEM measurements was used to calculate the 

uncertainty in the din and dout values obtained by TEM at 0° tilt angle. TEM was not 

conduced on NW 7, for which dout was determined using SEM at 0° tilt angle and din was 

determined by assuming an oxide shell thickness of 5 nm. In addition, tilted SEM was not 

conducted on NWs 2, 5, 6, which do not appear to be rough, the d dδ value of 14% 

found on NW 4 of a comparable roughness was used as the uncertainty in the din and dout 

values obtained on these four NWs.  
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Table 3.2. Diameter measurement of NW 1 with titled SEM at different tilt angles (θ)  

θ 0° 45° 80° 

dθ (nm) 165 154 121 

dθδ (nm) 20 18 24 

d (nm) 
147 

 

dδ (nm) 27 
 

d dδ  19% 
 

 

Table 3.3. Diameter measurement of NW 3 with titled SEM at different tilt angles (θ) 

θ 0° 45° 80° 

dθ (nm) 89 93 77 

dθδ (nm) 9 9 4 

d (nm) 86 
 

dδ (nm) 10 
 

d dδ (%) 
12% 

 
 

Table 3.4. Diameter measurement of NW 4 with titled SEM at different tilt angles (θ) 

θ 0° 45° 80° 

dθ (nm) 96 107 78 

dθδ (nm) 5 4 4 

d (nm) 93 

dδ (nm) 13 

d dδ  14% 
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These NW samples could be contaminated or oxidized during the device 

processing. Based on the TEM characterization, they have relatively thick oxide layer and 

low surface roughness, and are apparently different from the EE Si NWs reported by 

Hochbaum et al. (Hochbaum et al., 2008) and shown in Fig. 3.5 (g) and Fig. 3.5 (h). 

Typical rough nanowires reported by Hochbaum et al. should have thin oxide layer and 

be free of major structural defects.  Hence, given the significant structural differences in 

the samples, it would be scientifically inappropriate to compare the transport properties 

obtained from the two different studies. 

3.4 Measured Electrical Conductivity and Seebeck coefficient of EE Silicon NWs  

 
 Among the five NWs where electrical contact was made using the fourth 

approach discussed in section 3.2, only three electrodes made ohmic electrical contact to 

NW 2, so that the four probe electrical conductivity was not obtained on NW 2. For the 

remaining four samples, four-probe electrical resistance was measured, and the electrical 

conductivity was obtained using the four-probe electrical resistance and the cross section 

area of the Si core determined according to the procedure described above. As shown in 

Fig. 3.12, the obtained four-probe electrical conductivity of the four NWs decreases with 

temperature, revealing that the carrier mobility is dominated by phonon scattering in the 

300-600 K temperature range of the measurement. For comparison, Figure 3.12 also 

shows the reported electrical conductivity of two bulk p-type silicon samples at a doping 

concentration of 3.8 x 1019 cm-3 and 5 x 1020 cm-3, respectively. The bulk values show a 

similar decrease with temperature in the same temperature range. Except for NW 1, the 
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electrical conductivity values of the NWs fall in between those of the two bulk samples. 

The electrical conductivity of NW 1 is much lower than those of the NWs and the bulk 

samples.  

 

Figure 3.12.  Electrical conductivity of the silicon NWs. The silicon core diameter (dcore) 

and the outer diameter (dout) of the amorphous shell are shown as (dcore/ dout) in the legend 

of this and other figures of this chapter. The large uncertainty is mainly caused by the 

uncertainty in cross section of the Si core. Bulk data reproduced from Yamashita and 

Sadatomi (Yamashita and Sadatomi, 1999) are shown for comparison.  

 

The Seebeck coefficient was measured on the five NWs where electrical contact 

was made to three or four contacts to the NW. Figure 3.13 shows the two-probe Seebeck 

coefficient, which was measured between the two outer Pt contacts to the NW except for 

NW 2. For NW 2, the two-probe Seebeck coefficient was measured between one inner 

electrode and one outer electrode on the other membrane because the other outer 



48 
 

electrode did not make ohmic contact to the NW. The positive sign of the Seebeck 

coefficient suggests that the NWs were p-type. Except for NW 6, the measured Seebeck 

coefficient data of each sample can be fitted with a single linear fitting. The linear 

behavior resembles the behavior of the diffusion thermopower of a degenerately doped 

semiconductor. The linear fit extrapolates to 5-90 µV/K at T = 0 K for the six samples.  

 

Figure 3.13.  Seebeck coefficient of the silicon NWs. Lines are linear fits to the 

measurement data. For NW 6, two different linear fits were made to the measurement 

data at different temperatures. For the other four samples, the measurement data can be 

fitted with a single linear fit.  

 

We have compared the measured Seebeck coefficient of the NWs with those 

reported in the literature for p-type bulk silicon at different doping concentrations. Figure 

3.14 shows the data reported by Geballe et al. (T. H. Geballe, 1955) for p doping between 

2.6 x 1016 cm-3 and 1.5 x 1019 cm-3. Figure 3.15 shows the bulk data reported by 
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Yamashita and Sadatomi (Yamashita and Sadatomi, 1999) for higher p doping 

concentrations between 3.8 x 1019 cm-3 and 5 x 1020 cm-3. A peak in the Seebck coefficient 

at around 100 K can be observed in the bulk data for p doping concentration of 1 x 1018 

cm-3 or below. In comparison, when the p doping concentration is above 1.5 x 1019 cm-3, 

the bulk Seebeck coefficient is linear and the linear fit extrapolates to a positive value 

between 30 and 270 µV/K at zero K.  

 

 

Figure 3.14. (a) Seebeck coefficient for p-type bulk silicon samples of different doping 

concentrations as a function of T. Lines are linear fits of the low-temperature data. (b) 

Phonon drag contribution to the Seebeck coefficient as a function of temperature for p-

type bulk silicon samples. Data are reproduced from Geballe (T. H. Geballe, 1955).   
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Figure 3.15. Seebeck coefficient as a function of temperature for heavily doped p-type 

bulk silicon samples. Data are reproduced from Yamashita and Sadatomi (Yamashita and 

Sadatomi, 1999). 

 The measured Seebeck coefficient of the NWs and bulk silicon can be understood 

by examining the two contributions to the Seebeck coefficient, namely the diffusion term 

(Sd) and the phonon drag contribution (Sp), 

pd SSS +=                                                     (3.1)                                                                 

Sd is obtained from the Boltzmann Transport Equation by assuming that electron-phonon 

scattering does not alter the distribution of the phonon population (Goldsmid, 1964). The 

additional phonon drag contribution Sp would arise when momentum transfer between 

phonons and electrons during electron-phonon scattering is taken into account. In a 

highly degenerate p type semiconductor, the diffusion term can be calculated as (Ziman, 

1962):  

                          T
eE

r
S

F

p
d

)
2
3(

3

2 +
=
π                                             (3.2)                                           
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where kB is the Boltzmann’s constant, e is the elemental charge, EF is the Fermi level 

measured from the band edge, and rp is a parameter describing energy (E) dependence of 

the hole relaxation time, pr
p E0ττ = , with τ0 being a constant. This equation gives a linear 

temperature dependence of the diffusion term.  

The phonon drag contribution for a p-type semiconductor is given by (C.Herring, 

1954, Weber and Gmelin, 1991):                                             

T
pel

S pp
p σ

βν
=                                                    (3.3) 

where lp is the mean free path of those phonons that scatter electrons, β is a parameter 

that characterizes the strength of the electron-phonon scattering, vp is the phonon group 

velocity, p is the hole concentration, and σ is the electrical conductivity. The phonon drag 

term is appreciable usually only in semiconductors with long phonon mean free path, 

large thermal conductivity so that electron-phonon scattering could influence phonon 

transport, and with low electron mobility and conductivity as a result of electron-phonon 

scattering instead of electron-impurity scattering. In lightly doped silicon where the 

phonon mean free path is long and the carrier mobility is limited by electron-phonon 

scattering, the phonon drag contribution is rather large, and can constitute about 90% of 

the total Seebeck coefficient at 30 K, as shown in Figs. 3.14 (a) and (b). In addition, the 

phonon drag contribution shows strong temperature dependence. At low temperatures, 

the phonon population is small, so that the phonon drag term is small. At high 

temperatures, phonon transport is dominated by phonon-phonon scattering instead of 

phonon-electron scattering, resulting in a decreasing phonon drag contribution with 
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increasing temperature. These effects lead to a peak of the phonon drag term at 

temperatrue near about 100 K in lightly doped silicon. On the other hand, in heavily 

doped silicon, the phonon mean free path is reduced considerably by impurity scattering, 

resulting in a small phonon drag contribution. Consequently, S of highly doped bulk 

silicon is dominated by the diffusion term that increases linearly with increasing 

temperature, as revealed by the data in Fig. 3.15 for the highly p-doped bulk Silicon 

(Yamashita and Sadatomi, 1999).                                                   

 The sketch in Fig. 3.16 can help to explain the non-zero positive intercept at zero 

K found for both the highly p-doped bulk silicon samples and the EE silicon NWs. While 

the linear diffusion term extrapolates to zero at T = 0 K, a small phonon drag contribution 

that varies with temperature can change the slope of the total Seebeck coefficient, 

resulting in a positive intercept at zero K when the high temperature Seebeck data are 

fitted with a linear fit. In addition, Figures 3.14 and 3.15 show that for p-type silicon, the 

linear fit of either the high-temperature or low-temperature Seebeck coefficient data can 

only extrapolate to either a positive number or zero at zero K, but not a negative number. 

For the high temperature data, the phonon drag contribution is expected to be small if the 

data extrapolates to a small positive number close to zero at zero K.       
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Figure 3.16. Schematic showing the two contributions to the total Seebeck coefficient 

(Stotal) as a function of temperature. The dashed line is a linear fit to the high temperature 

Stotal.  

 

With the assumption that the high-temperature Seebeck coefficient data are 

dominated by the diffusion term and the phonon drag contribution is negligible, the 

measured Seebeck coefficient and electrical conductivity data are used to extract the 

Fermi level, carrier concentration, and mobility in the NWs based on a single band 

transport model. The assumption of negligible phonon drag contribution is more valid for 

NW 5 than for other NWs because the Seebeck coefficient extrapolates to nearly zero at 

zero K for NW 5. The details of the model can be found in Seol et al. (Seol et al., 2007) 

and Zhou et al. (Zhou et al., 2007b). Because the de Broglie wavelength of electrons is 

around 1 nm at room temperature in silicon (G. Chen, 2004), a bulk-type three 

dimensional electron density of states (DOS) is used in all calculations. Because the NW 
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samples are determined to be degenerately p doped, the Seebeck coefficient is calculated 

using the following single valence band model: 
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In Eq. 3.4, kB is Boltzmann’s constant, EF is the Fermi energy measured from the valence 

band edge (Ev) and increases when it moves down into the valence band, and )(ηrF is the 

Fermi-Dirac integral given as  
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Besides EF, the Seebeck coefficient also depends on the exponent (rp) in the energy (E) 

dependence of the hole relaxation time, i.e. pr
p E0ττ = . The parameter rp takes a value of 

−0.5 when the mobility is limited by either acoustic phonon scattering or boundary 

scattering (Ziman, 1962, Seol et al., 2007), and a value of 0.5 when impurity scattering is 

dominant (Ziman, 1962). Both rp = −0.5 and rp = 0.5 have been used to extract the Fermi 

levels.  

The hole concentration (p) can be calculated from the extracted EF using the bulk 

band parameters according to the following                                                                       
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where m*
p=0.81m0 is the density of states (DOS) hole effective mass and m0 is the 

electron reset mass (Zeghbroeck, 2007). We note that this effective mass value can 

become inaccurate in degenerately doped Si because of the non-parabolic shape of the 
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heavy hole band in silicon. The calculated hole concentration and the measured electrical 

conductivity were used to obtain the carrier mobility (µ) based on the relation µσ pe= .   

Figure 3.17 shows the extracted Fermi level, hole concentration and mobility 

using rp = −0.5, which corresponds to the case that charge transport is limited by either 

phonon scattering or boundary scattering. Figure 3.18 shows the extracted Fermi level, 

hole concentration and mobility using rp = 0.5, which is appropriate when impurity 

scattering is dominant. For NW 1, 4, and 6, the obtained mobility for both rp values 

decreases with increasing temperature, suggesting that phonon scattering is likely the 

dominant mechanism. Hence, the results obtained using rp=−0.5 should be more 

applicable to these three NWs than rp= 0.5. For NW 5 that was found to have the highest 

hole concentration among the NWs, the mobility remains approximately independent of 

temperature. This behavior could be caused by the boundary scattering process or a 

competition between impurity scattering and phonon scattering, the former and latter of 

which result in an increasing and decreasing mobility with temperature (Ziman, 1962), 

respectively. If boundary scattering is dominant, the results obtained using rp = −0.5 

would be appropriate for NW 5. If impurity scattering also plays a large role in addition 

to phonon and boundary scattering, the transport parameters would fall between the two 

limiting cases given by rp = −0.5 and rp = 0.5. 
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Figure 3.17. Extracted transport parameters using rp = −0.5 for the case that the mobility 

is limited by either acoustic phonon scattering or boundary scattering. (a) Fermi energy 

(EF) of the NW as a function of T. (b) Hole concentration (p) as a function of T. (c) Hole 

mobility (μ) as a function of T.  
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Figure 3.18. Extracted transport parameters using rp = 0.5 for the case that the mobility is 

limited by impurity scattering. (a) Fermi energy (EF) of the NW as a function of T. (b) 

Hole concentration (p) as a function of T. (c) Hole mobility (μ) as a function of T.  

 

For rp=−0.5, the obtained EF is about 0.02 – 0.09 eV in the valence band. In 

addition, the obtained EF values decrease with increasing temperature for NW 4 and NW 

5, remain relatively flat with increasing temperature for NW 6, and shows a small 

increase with temperature for NW 1. We note that EF is expected to be independent of 

temperature in the dopant freeze out regime and decreases with increasing temperature 
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when the temperature is increased from the freeze out regime to the saturation regime 

(Streetman and Banerjee, 2000).  

 The obtained EF values suggest that the NWs are degenerately doped. In this case, 

Equation 3.4 can be reduced to Equation 3.2 given for the diffusion thermopower for the 

degenerate case. In fact, for rp=−0.5 and Ef = 0.06 eV at room temperature, Equation 3.2 

gives a Seebeck value of 122 μV/K, which is quite consistent with the experimental 

values for the EE silicon NWs at room temperature. 

 The same approach has been employed to extract the Fermi Level, carrier 

concentration and mobility of a heavily doped p-type bulk silicon sample from the 

reported Seebeck coefficient and electrical conductivity data (Yamashita and Sadatomi, 

1999). The results are plotted together with the NWs in Fig. 3.17 and Fig. 3.18 for 

rp=−0.5 and rp=0.5, respectively. For this bulk p-type sample at 5 x 1020 cm-3 doping, the 

mobility does not show a clear decrease or increase with temperature at below 400 K. 

This behavior could be caused by the competition between impurity scattering and 

phonon scattering, respectively. In this case, rp could range between −0.5 and 0.5 for 

temperatures below 400 K. At temperatures above 400 K, the mobility for this bulk 

sample shows a gradual decrease with increasing temperature, suggesting that phonon 

scattering becomes increasingly dominant at higher temperatures. However, impurity 

scattering could have played a role at the high temperature range, thus rp falls between 

−0.5 and 0.5. For this bulk sample, the hole concentrations obtained using rp =−0.5 and rp 

= 0.5 are about 1.18 x 1020 and 3.07 x 1020 cm-3, respectively. These values are on the 

same order of magnitude as the doping concentration of 5 x 1020 cm-3 (Yamashita and 
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Sadatomi, 1999). The Hall carrier concentration was reported to be close to the doping 

concentration for this bulk sample. The discrepancy between the extracted hole 

contrentration and the Hall carrier concentration can be attributed to the ignorance of the 

phonon drag contribution in the extraction of the Fermi level and the inaccuracy of the 

effective mass used for calculating the hole concentration in the highly degenerate case.  

Figure 3.19 shows the extracted mobility of the NWs and the bulk sample 

obtained using rp values within the two limits of 0.5 and -0.5 as a function of the 

extracted carrier concentration. In comparison, the reported Hall mobility values of 

different p-type bulk silicon samples are shown in the same plot as a function of the 

doping concentration. The extracted mobility for the bulk sample at 5 x 1020 doping is 

about 2 – 4 times higher than the measured Hall mobility (Yamashita and Sadatomi, 

1999) because the extracted hole concentration range is 2 – 4 times lower than the Hall 

carrier concentration. As discussed above, the discrepancy was caused by the ignorance 

of the phonon drag contribution and uncertainty in the effective mass used for the 

calculations of the Fermi energy and the hole concentration, respectively. These two 

factors could have also caused a factor of 2-5 times higher hole mobility extracted for 

NW 4 than the bulk value at the same carrier concentration. In comparison, the extracted 

mobility of NW 5 is closer to the bulk mobility at the same carrier concentration than 

other NWs. As discussed above, the phonon drag contribution in NW 5 with the highest 

hole concentration among the measured NWs was found to be small. Hence, it can be 

expected that the extracted Fermi level, carrier concentration and mobility values for NW 

5 are more accurate than those obtained for other NWs. On the other hand, the extracted 
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mobility of NW 1, which exhibited a very low electrical conductivity, was 4 – 20 times 

lower than the bulk value at the same carrier concentration.  

 

 

Figure 3.19. Extracted mobility of three NWs and one bulk sample obtained using (a) 

rp=−0.5 and (b) rp=0.5 as a function of the extracted carrier concentration. The error bars 

for the NW data only account for the uncertainty in the measured electrical conductivity. 

Also shown are the reported Hall mobility of p-type bulk samples as a function of doping 

concentrations (Yamashita and Sadatomi, 1999, Dorkel and Ph, 1981, Jacoboni et al., 

1977).  
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We have also calculated the hole mean free path (mfp or l) from the hole mobility 

(Kittel, 2005, Ashcroft and Mermin, 1976):                            

*
Con

p p
ml v v
e
µ

τ= =                                                    (3.7)        

where vp is the hole velocity, τ is the hole relaxation time, μ is the hole mobility and 

*
00.386Conm m= is the conductivity effective mass(Zeghbroeck, 2007). In comparison, the 

DOS effective mass is *
00.81DOSm m= . In moderately doped silicon where the Fermi 

energy is less than the thermal energy, vp is the hole thermal velocity *3th B hhv k T m=  

where *
00.49hhm m=  is the hole effective mass near the heavy hole band edge (Weber, 

1991). In highly degenerately doped silicon where the Fermi energy is larger than the 

thermal energy, vp is the Fermi velocity given as *2 f DOSE m , where Ef is the Fermi level 

measured from the valence band edge. The Fermi level was calculated from the hole 

concentration and used to calculate vp. 

Figure 3.20 shows the obtained hole mfp values for the bulk sample at 5 x 1020 

doping and three NWs based on the extracted hole concentration and mobility results, and 

for other bulk samples at different doping concentrations based on the Hall concentration 

and mobility results. For the bulk samples, the hole mean free path is below 10 nm at 

doping concentration higher than 1 x 1017 cm-3. Because the NW diameter is much larger 

than 10 nm, diffuse surface scattering of holes in the NWs is insufficient to result in the 

significant suppression of the hole mean free path values extracted for NW 1.  
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Figure 3.20. Extracted hole mean free path of three NWs and one bulk sample obtained 

using (a) rp=−0.5 and (b) rp=0.5 as a function of the extracted carrier concentration. The 

error bars for the NW data only account for the uncertainty in the measured electrical 

conductivity. Also shown are the calculated hole mean free path of other bulk samples 

based on the Hall mobility as a function of doping concentrations (Yamashita and 

Sadatomi, 1999, Dorkel and Ph, 1981, Jacoboni et al., 1977).  

 

On the other hand, the presence of positively charged surface states (such as 

carbon clusters discussed above) at the interface between the oxide shell and silicon core 

could result in a surface depletion region in the Si NW core, leading to the largely 
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suppressed hole mobility and mean free path values that have been calculated without 

taking into account the surface depletion layer.   

It is intriguing to note that NW 1 with the lowest electrical conductivity and 

extracted mobility has a much rougher surface than other NWs. It is unclear whether the 

very rough surface plays any role in the very low electrical conductivity measured on this 

NW or correlates with the formulation of a large depletion layer on the rough NW 

surface.    

3. 5 Broken silicon NWs and background thermal conductance  

 
      Besides electrical conductivity and Seebeck coefficient of the above five NW 

samples, the thermal conductance of these five and additional four silicon NW samples 

have been measured. For two of the samples, the measured thermal conductance (Gm) is 

very small and comparable to the measured background thermal conductance (Gbg) of a 

blank device without any NWs bridging the two membranes, as shown in Fig. 3.21. Note 

that the as-measured Gbg from the blank device was caused by heating of the substrate 

that has a finite spreading thermal resistance, heat transfer via radiation and residual air 

molecules between the two suspended membranes. The diameters of the two NW 

samples are 60 nm and 70 nm, respectively. If the Gm of the two samples is used to 

calculate the thermal conductivity without subtracting Gbg, the obtained thermal 

conductivity in Fig. 3.22 would be lower than those of amorphous silicon oxide or 

amorphous silicon (Callard et al., 1999, Wada and Kamijoh, 1996). If Gbg is subtracted 

from Gm of the NW sample, the obtained thermal conductivity would be close to zero. In 
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addition, electrical resistance measurement across the suspended NW segment suggests 

that the sample was not electrically conducting.  

The unusual thermal conductance measurement results prompted us to examine 

the NW sample using high resolution SEM after the thermal measurement. At low or 

medium magnification, the two silicon NWs appear to be intact, as shown in Fig. 3.23 

and Fig. 3.25. However, the high magnification SEM images in Figs. 3.24 and 3.26 

reveal that the NW was actually broken near one membrane. For NW 8, the broken NW 

might have touched the edge of the membrane. This finding has made it necessary for us 

to examine the other NW samples with high resolution SEM and TEM after the 

thermoelectric measurement was completed so as to ensure that the NW was intact during 

the measurement.     

 

 

Figure 3.21.  As-measured total thermal conductance (Gm) of NWs 8 and 9 and a blank 

device without any NWs bridging the two suspended membranes.  
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Figure 3.22.  Calculated thermal conductivity of NWs 8 and 9 based on the as-measured 

thermal conductance without subtracting the background thermal conductance. 

 

 

Figure 3.23.  Low resolution SEM image of NW 8 after measurement. Scale bar is 2 μm. 
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Figure 3.24.  High resolution SEM image of NW 8 after measurement. Scale bar is 200 

nm. 

 

Figure 3.25.  Low resolution SEM image of NW 9 after measurement. Scale bar is 2 μm. 
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Figure 3.26.  High resolution SEM image of NW 9 after measurement. Scale bar is 400 

nm. 

          

3. 6 Two probe thermal conductivity and ZT of EE silicon NWs  

Figure 3.27 shows the measurement results of thermal conductance (Gm) of seven 

silicon NWs from different batches. For NWs 1-6, small Pt pads were deposited on the 

four contact areas with EBIMD in order to obtain electrical contact and also reduce the 

thermal contact resistance between the NW and the two membranes. On the other hand, 

NW 7 was measured without any depositions at the contacts. The measured thermal 

conductance (Gm) values of the silicon NW samples shown in Fig. 3.27 are one to two 

orders of magnitude higher than Gbg, which is subtracted from Gm to obtain the total 

thermal conductance (Gtotal) of each NW sample.  
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Figure 3.27.  As-measured total thermal conductance (Gm) of six silicon NWs.  

 

       The thermal conductance contribution from the amorphous shell was considered. 

Temperature dependent thermal conductivity data of silicon dioxide films from Lee and 

Cahill (Lee and Cahill, 1997) were used together with the dimension obtained by TEM to 

calculate the thermal conductance (Gshell) of the oxide shell, as discussed below. The 

thermal conductance (Gcore) of the crystalline core was obtained by subtracting Gbg and 

Gshell from the as-measured thermal conductance (Gm). The obtained Gcore of the six 

silicon NWs are shown in Fig. 3.28. For NW 6 as an example, the average TEM 

measured diameters of the crystalline core and the amorphous shell are 100 and 124 nm, 

respectively. For this sample, the contribution of Gbg to Gm increases from 0.3% to 4% 

when the temperature increases from 100 K to 600 K; whereas the contribution of Gshell to 

Gm increases from 6% to 10% when the temperature increases from 100 K to 600 K.  
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Figure 3.28.  The obtained thermal conductance of the crystalline core of seven NWs. 

            

The two-probe thermal conductivity κ2pr of the crystalline silicon core was 

calculated from the as-obtained Gcore of each NW sample, the Si core cross section 

determined based on the TEM measured diameter, and the length of the suspended 

segment of the NW. The obtained κ2pr is plotted together with those reported by Li et al. 

(Li et al., 2003b) for silicon NWs grown by the VLS method, as shown in Fig. 3.29. All 

of the EE NWs except for NW1 have thermal conductivity within the 5 to 11 W/m-K 

range at room-temperature. Compared with the VLS NWs of a similar diameter, the EE 

NWs show much lower thermal conductivity. Moreover, NW 1 shows one order of 

magnitude reduction in thermal conductivity compared to a VLS NW with a similar 

diameter. Because the measured thermal conductance values of this sample are much 

higher than the background thermal conductance and the suspended segment of this 
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sample was electrically conducting during the measurement, this NW should not have 

been broken during measurement. This conclusion is supported by high resolution SEM 

taken after the thermoelectric measurement, as shown in Fig. 3.5 (a).  

 

Figure 3.29.  Two-probe thermal conductivity of EE silicon NWs together with VLS 

silicon NWs (Li et al., 2003b). The large uncertainty in the EE NW data is caused by the 

uncertainty in the cross section of the Si core. Note that EBIMD was not used for NW 7.  

 

In Fig. 3.30, the measured thermal conductivity of both the VLS NWs (Li et al., 

2003b) and the EE NWs measured in this work were plotted as a function of diameter. 

The thermal conductivity of the VLS NWs decreases with decreasing diameter, revealing 

the effect of phonon surface scattering. On the other hand, the thermal conductivity of the 

EE NWs does not show a clear diameter dependence. Figure 3.30 also shows the lattice 
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thermal conductivity of Si NWs calculated by Koh and Cahill (Koh and Cahill, 2009) 

using a modified Callaway model with the assumption that phonon scattering with the 

NW surface is completely diffuse. In this calculation, the Si NWs are undoped and 

scatterd by isotopes of Si. Most of the VLS NW except for the 22 nm diameter one agrees 

with the calculation results. On the other hand, the thermal conductivity values of EE 

silicon NWs are much lower than the calculation results and do not correlate with the 

diameter.  

 

Figure 3.30. Measured thermal conductivity of EE Si NWs near room temperature in this 

work and VLS Si NWs from (Li et al., 2003b). Also shown are the calculation results 

from Koh and Cahill (Koh and Cahill, 2009) and by the MHS model for different doping 

concentrations. 

 

 To account for the high impurity doping concentration in the EE NWs, we have 

calculated the lattice thermal conductivity by using a modified Callaway model 
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(Callaway, 1959) reported by Morelli, Heremans, and Slack (Morelli et al., 2002), 

hereafter referred as the MHS model. The model consists of two adjustable parameters, 

namely the boundary scattering mean free path and the constant A in the frequency (ω)-

dependant impurity scattering rate, τi
-1= Aω4. The parameter A depends on the doping 

concentration and type, and was obtained for pure, 4 x 1016 cm-3, and 3 x 1020 cm-3 boron 

doped silicon by fitting the MHS model to the thermal conductivity data at the same 

doping levels from Slack (Slack, 1964), who reported a factor of three lower thermal 

conductivity at room-temperature for the 3 x 1020 cm-3 doped bulk sample than the pure 

bulk sample. By setting the boundary scattering mean free path equal to the NW diameter 

for the case of diffuse NW surface, we calculated the NW thermal conductivity at 300 K 

temperature as a function of the diameter for the three doping levels. As shown in Fig. 

3.30, the calculation result for pure Si NW is close to that obtained by Koh and Cahill 

(Koh and Cahill, 2009). When the doping level is increased from pure to 3 x 1020 cm-3, the 

calculated thermal conductivity for 100 nm diameter NW is reduced from about 40 W/m-

K to about 20 W/m-K.  

To gain a better understanding of the calculation results for the diffuse NW 

surface case, we have further calculated the average bulk phonon mean free path lph, Bulk at 

300 K from 

       ∑ ∫=
i

iibulkphl
ZBi

dvCl
ω

ωωωκ
0

, )()(
3
1              (3.8)     

where the summation is over the different phonon polarizations i, κl is the thermal 

conductivity reported by Slack (Slack, 1964) for different doping concentrations, Ci(ω) is 
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the spectral specific heat, and vi(ω) and ωZBi are the frequency dependent phonon velocity 

and the frequency at the zone boundary for polarization i as given by the phonon 

dispersion relation of silicon, respectively. Solving Eq. 3.8 and substituting for the 

specific heat gives 

∑∫ ∂
><∂

=

i
i

l
Bulkph

ZB d
T
nDv

kl
ω

ω
ω

ωωω
0

, )()()(

3


    (3.9) 

where  is the reduced Planck’s constant, D(ω) is the phonon density of states,  and 

>< )(ωn  is the Bose-Einstein distribution. It should be noted that the obtained phonon 

mean free path includes effects from Normal phonon-phonon scattering processes. If a 

frequency-independent velocity is assumed for each phonon polarization as in Morelli et 

al. (Morelli et al., 2002), the obtained average phonon mean free path is 556 nm, 527 nm, 

and 173 nm for bulk silicon samples of pure, 4 x 1016 cm-3, and 3 x 1020 cm-3 doping 

levels, respectively. For the case of diffuse phonon scattering by the surface of a 100 nm 

diameter NW doped with 3 x 1020 cm-3 boron, the phonon-boundary scattering mean free 

path is close to the NW diameter so that the effective phonon mean free path obtained 

from the Mathiessen’s rule is about 63 nm. Consequently, the thermal conductivity of 

such a NW is expected to be a factor of 2.7 lower than the bulk value at the same doping 

concentration, in agreement with the calculation results in Fig. 3.30.  

However, the calculation results shown in Fig. 3.30 for the 3 x 1020 cm-3doping 

level is still considerably higher than the measured thermal conductivity of the EE NWs, 

even the relatively smooth ones. Hence, the very low thermal conductivity in the EE Si 
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NWs could have other origins that are not captured by the model that considers diffuse 

NW surface and a doping concentration of 3 x 1020 cm-3 and below.  

While the measured thermal conductivity of the EE NWs does not correlate with 

the diameter, Figure 3.31 shows that the measured thermal conductivity values of the four 

NWs at 450 K are approximately proportional to the measured electrical conductivity 

values of the corresponding NWs. In particular, NW 1, which has the lowest thermal 

conductivity value among the measured NWs, also shows the lowest electrical 

conductivity or mobility. The electrical conductivity difference (Δσ) between NW 1 and 

NW 4 is about 67000 S/m. The difference between the electronic thermal conductivity 

Δκe of the two samples is calculated using the Wiediemann-Franz law, Δκe = 

LT Δσ(kB/e)2 , where L is the dimensionless Lorenz number, kB is the Boltzmann 

constant, and e is the elemental charge. In semiconductors, L generally falls between the 

degenerate limit of π2/3 and the intrinsic limit of 2 (Goldsmid, 1964). This L range 

correspond to a Δκe range of 0.45 W/m-K to 0.74 W/m-K, which is much smaller than the 

measured thermal conductivity difference (Δκ) between NW 1 and NW 4, which is 6.72 

W/m-K. Hence, the proportionality between the measured thermal conductivity and the 

electrical conductivity is not due to the electronic contribution to the thermal 

conductivity. 
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Figure 3.31.  Measured two-probe thermal conductivity versus electrical conductivity at 

450 K for four EE silicon NWs.   

Next, we examine whether there is a correlation between the surface roughness 

and the measured thermal conductivity and electrical conductivity. TEM and tilted SEM 

images show that the surface of NW 1 with the lowest thermal conductivity and electrical 

conductivity was much rougher than those of other measured NWs. In addition, by 

comparing Fig. 3.8 and Fig. 3.9, the surface of NW 3 appears to be rougher than NW 4; 

whereas the thermal conductivity of NW 3 is about 25% lower than that of NW 4 with a 

similar diameter. Hence, it appears that the variations in the measured thermal 

conductivity and electrical conductivity values of NWs of similar diameters correlates 

with the different surface roughness.  

When quasi-particles such as phonons and electrons are scattered by a surface, the 

surface specularity parameter (p) is often used to describe the probability of specular 
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scattering, with p = 1 for completely specular scattering and 0 for completely diffuse 

scattering (Ziman, 1962). In a NW with random surface roughness that is comparable to 

or larger than the wavelength of the quasi particle, diffuse surface scattering results in a 

minimum boundary scattering mean free path equal to the NW diameter, which has been 

used in the calculation results in Fig. 3.30. Since the measured thermal conductivity 

values of NW 1 is considerably lower than the calculation results, the effective phonon 

mean free path in NW 1 should be much smaller than the NW diameter. It has been 

suggested that a phonon-boundary scattering mean free path smaller than the NW 

diameter can possibly be caused by periodic sawtooth surface roughness that causes 

phonon backscattering (Moore et al., 2008b). Besides the backscattering effect and an 

impurity concentration higher than 3 x 1020 cm-3, other phenomena that are not captured 

by the MHS model need to be considered in order to explain the very low thermal 

conductivity observed in NW 1.  

 The measured two-probe Seebeck coefficient and thermal conductivity and the 

four-probe electrical conductivity are used to calculate the ZT of each NW for which all 

three TE properties were measured on the same NW. The as-obtained ZT values are 

shown in Fig. 3.32. Among the four NWs, NW 4 with the highest mobility and thermal 

conductivity shows the highest ZT value of about 0.08 near room temperature; whereas 

the very rough NW 1 with the lowest thermal conductivity and lowest mobility shows the 

lowest ZT of about 0.01 at room temperature.  
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Figure 3.32.  ZT calculated using the two-probe Seebeck coefficient and thermal 

conductivity and four-probe electrical conductivity of four EE silicon NWs. The 

uncertainty in the cross section does not propagate into the ZT obtained from the three 

properties measured on the same NW because the cross section can be eliminated in the 

ZT expression obtained directly from the measured electrical resistance and thermal 

conductance.  

3. 7 Four probe thermal conductivity and ZT of EE silicon NWs  

 
 The thermal conductivity and Seebeck coefficient reported above are based on a 

two probe thermal measurement method. A major error of the two probe method is that 

the measured total thermal resistance consists of the contact thermal resistance between 

the NW and the two membranes.  

 In order to investigate whether or not the observed very low two-probe thermal 

conductivity of the EE Si NWs was caused by the contact thermal resistance, the four-
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probe TE measurement method described in Chapter 2 was used to evaluate and 

eliminate the error caused by contact resistance. In this method, the four thermocouple 

junctions between the NW and the four Pt electrodes were used to measure the 

temperature drops along the two segments in contact with the two membranes. The 

intrinsic thermal conductance of the NW was obtained as Gs � 1/ Rs =αGtotal, where α = 

(Th-Ts)/(Th’-Ts’) is the measured ratio between the temperature difference between the two 

membranes and the temperature drop across the suspended segment of the NW. The 

intrinsic thermal conductance of the crystalline core (Gcore,4p) was obtained as Gcore,4p = Gs 

– Gshell. Figure 3.33 compares the two-probe and four-probe thermal conductance, i.e. 

Gcore and Gcore,4p. The Gcore,4p was used to calculate the four probe thermal conductivity 

shown in Fig. 3.34. The four-probe thermal conductance or conductivity is about 20% 

higher than the corresponding two-probe values, i.e. the contact thermal resistance  

contributes to about 20% of the measured total thermal resistance (Rtotal). This error is 

much smaller than the large difference between the measured two-probe thermal 

conductivity and the theoretical calculation shown in Fig. 3.30. 
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Figure 3.33. Measured two probe (Gcore) and four probe (Gcore,4p) thermal conductance of 

silicon NWs.  

 

Figure 3.34. Measured two probe and four probe thermal conductivity of three silicon 

NWs.  
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 The four-probe Seebeck coefficient is usually found to be very close to the two-

probe Seebeck coefficient measured between the two outer electrodes, where the 

temperatures are close to Th and Ts. The four-probe thermal conductivity, electrical 

conductivity, and Seebeck coefficient are used to calculate the four-probe ZT shown in 

Fig. 3.35 together with the values obtained based on two-probe thermal conductivity and 

Seebeck coefficient and four-probe electrical conductivity. The four-probe ZT values are 

lower than the latter values based on the two-probe thermal conductivity, because the 

four-probe thermal conductivity is about 20% higher than the two-probe thermal 

conductivity. 

 

Figure 3.35. Measured two probe and four probe ZT of two silicon NWs.  

3. 8 Summary 
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An attempt was made to use a suspended device to characterize S, σ, κ, and ZT of 

the same individual EE silicon NWs. A method that combines HF etching, focused 

electron beam induced platinum deposition, and annealing in hydrogen was developed to 

make electrical contacts between the NWs and the supporting Pt electrodes on the 

suspended membrane. Platinum was chosen as the contact metal because it has been used 

for making electrical contact to Si field effect transistors and diodes via the formation of 

silicide and cannot diffuse into Si at temperatures below 700oC.  

TEM was used to characterize spreading of the deposited organometallic species 

on the NWs upon completion of the TE measurement. The TEM results reveal a 5-15 nm 

thick amorphous layer. EDS and EELS analysis shows a high oxygen concentration in the 

amorphous layer, suggesting that the amorphous layer was mainly silicon oxide. EDX 

analysis also shows the presence of the Pt and C; whereas TEM images show isolated 

black spots near the interface between the amorphous shell and the Si core. The black 

spots are thought to be Pt-C particles, in agreement with the electrical measurement 

results on un-etched NWs that suggest the absence of a continuous Pt coating on the NW 

surface. The annealing temperature of 377oC is close to the 500oC temperature where 

amorphous carbon can diffuse through a SiO2 film and aggregate into positively charged 

clusters at the interface between SiO2 and Si, and within the temperature range for the 

formation of PtSi phase at the contact area to the NW, but much lower than the 700 oC or 

higher temperatures needed for the deposited Pt to diffuse across the PtSi/Si interface into 

the Si core of the NW.  
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Moreover, it is found in the TEM and tilted SEM analysis that the surface 

roughness varied among the measured NWs. In particular, one NW was found to be much 

rougher than the other NWs. The cross sections of both the rough and smooth NWs were 

found to be non-circular based on titled SEM analysis. The irregular surface roughness 

and non-circualr cross section resulted in large uncertainties in the measurement results 

of the equivalent NW diameter, cross section area, electrical conductivity, and thermal 

conductivity. 

The measured electrical conductivity of the NW with very rough surface is much 

lower than those of other NWs with smoother surfaces. The measured Seebeck 

coefficient is positive and shows a linear dependence on temperature, suggesting 

degenerately p-typed doping of the NWs. Extrapolation of the high-temperature linear 

Seebeck coefficient yields a 5 to 90 µV/K intercept at zero K temperature. The positive 

intercepts are attributed to a small phonon drag contribution in the degenerately doped 

NWs. By ignoring the phonon drag contribution, the Fermi level, carrier concentration, 

and carrier mobility in the NWs have been extracted from the measured Seebeck 

coefficient and electrical conductivity. For the NW with a very rough surface, the carrier 

mobility was found to be much lower than the corresponding bulk mobility and those of 

other measured NWs. Because the NW diameter is much larger than the hole mean free 

path in p-type bulk silicon of doping level of 1019 or higher, the very low mobility in the 

very rough NW cannot be attributed only to diffuse surface scattering of holes, and could 

have also been caused by surface depletion due to positive surface charge states such as 
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carbon clusters on the NW surface. It is unclear why the very large suppression in charge 

transport was found only in the very rough NW.  

A four-probe TE measurement method was used to evaluate and eliminate the 

error due to contact thermal resistance for three samples. The contact thermal resistance 

was found to account for 20% error in the measured two-probe thermal conductivity of 

the three NWs. The thermal conductivity of EE silicon NW was found to be lower than 

VLS silicon NWs. Except for the very rough NW with a very low room-temperature 

thermal conductivity, the room temperature thermal conductivity was in the range of 5 

and 11 W/m-K for five silicon NWs in the diameter range between 45 nm and 118 nm. 

No apparent diameter dependence was observed for the measured thermal conductivity 

values of the NWs. The rough NW with the lowest electrical conductivity was also found 

to possess the lowest thermal conductivity. The difference in the thermal conductivity 

between this rough NW and another smoother NW is much larger than the difference in 

the calculated electron thermal conductivity of the two NWs. Among the other three 

NWs, a NW with a rougher surface was found to have a lower thermal conductivity than 

another smoother NW with a similar diameter. Hence, it appears that the observed 

thermal conductivity variation in EE Si NWs is correlated with the variation in the 

surface roughness. The thermal conductivity values of the EE NWs, even the ones with 

relatively smooth surfaces, are lower than the theoretical calculation result for a NW with 

3 x 1020 cm-3 doping and diffuse surface. Hence, the very low thermal conductivity in the 

EE Si NWs could have origins that are not captured by the theoretical model. 
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The ZT at near room temperature obtained from the three as-measured properties 

on the same NW was found to be between 0.01 of a very rough NW and 0.08 of a 

relatively smooth NW, the latter of which is about four times higher than that reported for 

bulk p-type Si at the optimum doping concentration  

These NW samples could be contaminated or oxidized during the device 

processing. Based on the TEM characterization, they have relatively thick oxide layer and 

low surface roughness, and are apparently different those reported by Hochbuam et al. 

(Hochbaum et al., 2008). Typical rough nanowires reported by Hochbuam et al. should 

have thin oxide layer and be free of major structural defects. Hence, given the significant 

structural differences in the samples, it would be scientifically inappropriate to compare 

the transport properties obtained from the two different studies.  
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CHAPTER 4: THERMOELECTRIC PROPERTIES OF INDIUM 
ARSENIDE NANOWIRES 

4. 1 Introduction 

 
Indium Arsenide (InAs) is a semiconductor with small band gap of 0.35 eV. It is 

widely used in diode lasers and infrared detectors (Gong et al., 1995, Shenoi et al., 2008, 

Mou et al., 2008). The electron mobility of InAs is high due to the small electron 

effective mass me*=0.023m0 (Khayer and Lake, 2008), where m0 is the electron rest mass, 

making it suitable for high speed device applications.  

 In this chapter, the TE property measurement results of InAs NWs are presented. 

The InAs NWs were provided by the Samuelson group of Lund University in Sweden.  

4. 2 Experimental Method 

 
The growth of III-V NWs using chemical beam epitaxy (CBE) method was 

developed by the Samuelson group (Ohlsson et al., 2001, Froberg et al., 2007, Persson et 

al., 2007). The growth mechanism is believed to be a type of surface selective growth 

where a metal seed particle (liquid or solid) acts as preferred site for growth. Gold (Au) 

aerosol particles (Magnusson et al., 1999) were deposited on InAs (111)B substrates and 

served as the seed particles for NW growth. The base pressure of the CBE growth 

chamber was maintained at high vacuum to prevent gas-phase reactions in the beams and 

to provide a mean free path that is longer than the distance between the source inlet and 

the substrate, which is approximately 25 cm. For InAs NW growth, trimethylindium 
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(TMIn) and tertiarybutylarsine (TBAs) precursors were used to supply the indium and 

arsenic sources, respectively. The InAs NW growth took place at 430 °. The NWs grown 

using this method were single crystal and the diameter of the NW was determined by the 

gold catalyst particle size. A representative image of the sample is shown in Fig. 4.1, 

which was provided by Dr. Linus Fröberg from Samuelson group. It is worth noting that 

the small amounts of carbon from the methyl groups could be incorporated into the InAs 

crystal, resulting in n-type doping of the NWs.   

 

Figure 4.1. SEM Image of the as-grown InAs NWs on an InAs substrate. The image was 

provided by Dr. Linus Fröberg from the Samuelson group.  

 

The wafer with InAs NWs arrays was cut into small pieces and immersed into 

IPA. Gentle sonication of the wafer piece in IPA for five seconds was used to remove the 

NWs from the substrate and generate InAs NW suspension in IPA. A micro-fabricated 
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suspended device described in Chapter 2 was used to characterize κ, S, and σ of 

individual InAs NWs. An InAs NW was occasionally trapped between the two 

membranes of a micro-device after a drop of the NW suspension in IPA was placed on a 

wafer piece containing eight devices. A total of seven individual NW samples were 

measured using the suspended devices, with two of them shown in Figures 4.2. 

 

 

Figure 4.2. SEM images of the two central membranes of two different devices with one 

InAs NW trapped between the two membranes. (a) NW sample 4. (b) NW sample 2.  The 

arrow in each figure points to one of the four metal pads deposited on the NW with 

focused electron beam induced metal deposition (EBIMD). The metal pad is Pt in (a) and 

nickel in (b).  

On each of the four platinum electrodes deposited on the two membranes of the 

suspended device, a 200 nm wide, 500 nm long, and 100 nm thick platinum pad was 

deposited on the NW using a focused electron beam induced metal deposition (EBIMD) 
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method, as shown in Fig. 4.2 (a). Alternatively, a small Ni pad was deposited at each 

contact area using EBIMD, as shown in Fig. 4.2 (b). The Pt or Ni deposition was used to 

reduce the thermal contact resistance between the NW and the suspended membrane. 

During the deposition process, efforts were taken to prevent contamination of the NW 

except at the four contact areas, as discussed in details in Chapter 3. 

The existence of a thin layer of native oxide on the surface of the InAs NW 

prevents electrical contact between the NW and the underlying Pt electrodes or the metal 

pads deposited by EBIMD on top of the NW. In order to remove the surface oxide and 

passivate the NW surface, two different etching methods were experimented. In one 

method, the wafer piece containing the NW arrays was dipped for 5 seconds in 6% HF in 

DI water, followed by 60 seconds of etching in HCL:H2O (1:1). In another method, the 

surface oxide of the NWs on a wafer piece was etched using a NH4Sx:H2O solution, 

resulting in an oxide-free surface covered by a layer of sulfur atoms (Suyatin et al., 

2007). After etching, the procedure described above was used to prepare NW suspension 

in IPA from the etched wafer piece, and a drop of the suspension was placed on the 

measurement device to prepare individual NWs bridging the two membranes. However, 

electrical contact between the etched NW and the supporting Pt electrode or the deposited 

Pt pad was not obtained, likely because of re-oxidation of the NW surface between the 

etching and EBIMD process. In addition, one concern for both etching methods is 

whether the etching process could overetch the NWs because of etching non-uniformity. 

On the other hand, it was found that electrical contact to two of the un-etched 

NWs could be obtained after depositing Pt pads on the contacts with EBIMD and 
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annealing the sample in hydrogen at temperatures between 600 and 650 K. Table 4.1 lists 

the etching procedures, deposited metals, and annealing temperatures for seven InAs 

NWs measured in this work.  

Table 4.1. Measurement conditions and dimensions of the InAs NW samples  

Sample  
Diameter     

    (nm) 

 Growth 

Direction 
Etching EBIMD  

Annealing 

Temperature 

Electrical 

Contact 

Measurement 

Sequence  
1 62 N/A No Platinum 650K Yes 650 K to 500 K 

2 67 <0001> NH4Sx:H2O Nickel 475K No 550 K to 300 K 

3 63 N/A NH4Sx:H2O Platinum 475K No 100 K to 450 K 

4 46 N/A No Platinum No No 30 K to 450 K 

5 49 N/A No Platinum No No 30 K to 450 K 

6 57 <0001> No Platinum 600K No 30 K to 450 K 

7 65 <0001> No Platinum 600K Yes 

100 K to 350, 

followed by 350 

K to 100 K 

4.3 Structural characterization of the measured InAs NWs  

 
 Upon completion of the TE measurements, the crystal structure of the measured 

NW samples was characterized using TEM. The diameter (d) values measured with TEM 

are shown in Table 4.1. The high resolution TEM (HRTEM) image in Fig. 4.3 (a) shows 

the lattice resolved fringes of NW 7. From the diffraction pattern in Fig. 4.3 (b), the 

structure of this NW was determined to be wurtzite structure with growth direction along 

the c-axis, i.e., the <0001> direction. The growth directions of the other two NWs were 

also found to be along the <0001> direction, consistent with previous observations by the 
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Samuelson group of InAs NWs grown by CBE (Larsson et al., 2007, Froeberg et al., 

2008).  

 

Figure 4.3.  (a) HRTEM image and (b) diffraction pattern of NW 7.  

4. 4 Thermal conductivity of the wurtzite InAs NWs 

 
 Figure 4.4 shows that the thermal conductance of seven InAs NWs from different 

batches. The diameters of these NWs were measured using TEM after the TE property 

measurement. The thermal conductance values of the NWs are more than 10 times larger 

than the background thermal conductance (Gbg) measured on a blank device without a 

NW bridging the two membranes. As discussed in Chapter 3, Gbg is caused by heating of 

the substrate with a finite spreading thermal resistance, heat transfer between the two 

membranes due to residual air molecules and radiation. To correct the small Gbg, it was 

subtracted from the measured thermal conductance of each sample and the results are 

shown in Fig. 4.4.  
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Figure 4.4. Measured thermal conductance of InAs NWs after correcting for the 

background thermal conductance. The numbers shown in the legend are the NW 

diameters.  

 

 The thermal conductivity κ  was calculated from the background-corrected 

thermal conductance, TEM measured diameter, and the length of the suspended segment 

of the NW. It is worth noting that we exclude the native oxide layer (usually about 3 nm) 

when determining the NW diameter for both thermal and electrical conductivity 

calculations. This may cause some errors in the calculated thermal conductivity but the 

effect should be small because the thermal conductivity of the amorphous oxide is 

expected to be much smaller than the single-crystal InAs core of the NW.  

Figure 4.5 shows the measured thermal conductivity of seven InAs NWs. For NW 

7, we first measured the thermal conductivity from 100 K to 350 K. After annealing the 

sample at 600 K in hydrogen introduced into the evacuated cryostat for 2 hours, electrical 
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contact was made between the NW and the Pt pads deposited with EBIMD on the NW. 

After the electrical contact was established, the thermal conductivity was measured again 

together with Seebeck coefficient when the temperature was decreased from 350 K to 

100 K. The differences between the measured thermal conductivity values before and 

after annealing were found to be within the uncertainty of the measurement results. 

 

Figure 4.5. Measured thermal conductivity of seven InAs NWs.  

 

At room temperature and below, the thermal conductivity of the NW appears to 

decrease with decreasing diameter except for NW 2, which has the largest diameter but 

the lowest thermal conductivity at room temperature. We note that NWs 2 and 3 were 

etched in NH4Sx:H2O before the two NWs were trapped on the suspended device; 

whereas the other measured NWs were not etched. One possibility is that the etching 

process could have modified the NW surface or created defects in the NWs, resulting in 

suppression of phonon transport in the NWs. However, the TEM images shows that the 
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surface of NW 2 is rather smooth and no apparent difference in surface roughness can be 

observed betwwen NW 2 and other un-etched NWs. We also note that Ni was deposited 

on the contacts to NW 2 while Pt was deposited on the contacts to the other NWs. As 

shown in the SEM images of NW 2 in Fig. 4.2(b) and NW 4 in Fig. 4.2(a), the Ni Pads 

deposited on NW 2 is much thinner than the platinum pads deposited on NW 4. We 

suspect that the lower thermal conductivity of NW 2 was caused by an appreciable 

contact thermal resistance to NW 2 because of the much thinner Ni contact pads. The 

reported thermal conductivity results in Fig. 4.5 are based on two-probe thermal 

measurement, where the contact thermal resistance was not eliminated. As discussed in 

the previous chapters, contact resistance accounts for about 20% of the measurement 

error in the two-probe thermal conductivity results of the Si NWs. In order to eliminate 

the contact thermal resistance, four-probe TE measurement described in the previous 

chapters is needed. However, four-probe measurement could not be conducted on the 

seven NWs because no more than three electrical contacts were made to any of the NWs.  

In Fig. 4.6, the two-probe thermal conductivity of the five InAs NWs of wurtzite 

structure is plotted together with those of bulk InAs of zinc-blende phase reported by 

Tamarin et al. (Bowers et al., 1959, Tamarin and Shalyt, 1971). The measured thermal 

conductivity results of the NWs are 5 to 10 times lower than the bulk values. In addition, 

different temperature dependences of the thermal conductivity can be found in the bulk 

and the NWs of different diameters.  
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Figure 4.6.  Measured thermal conductivity of InAs NWs in this work and bulk zinc-

blende InAs samples reported by Tamarin and Shalyt (Tamarin and Shalyt, 1971). The 

two dashed lines and the solid line are the fitting results for the bulk InAs, 65 nm 

diameter and 46 nm diameter NWs using Callaway method for the ZB phase. The 

numbers in the figure are NW diameters in nanometer.  

 

In both the bulk and NW InAs samples, thermal transport is dominated by the 

lattice thermal conductivity that is much larger than the electronic contribution in the 

semiconductor. The lattice thermal conductivity can be calculated according to the kinetic 

theory,                                           

                 21 1
3 3p ph ph ph ph ph phC v l C vκ τ= =                                      (4.1) 

where Cph is the phonon specific heat, vph is the phonon group velocity, lph is the phonon 

mean free path, and τph is the phonon scattering mean free time. The difference between 
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the NW thermal conductivity results and the bulk values can be caused by a reduced lph in 

the NWs because of increased phonon-boundary scattering as well as different Cph and vph 

values in the zinc-blende bulk structure and the wurtzite NW structure. 

We first examine phonon scattering by the NW surface. The phonon mean free 

path can be calculated according to the Matthiessen’s rule:                                                    

        
Umklappboundarydefectph llll
1111

++=                                   (4.2) 

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

phonon-boundary scattering, and Umklapp phonon-phonon scattering. The normal 

phonon –phonon scattering process do not contribute directly to the thermal resistance, 

but result in a re-distribution of momentum and energy amongst phonons and generate 

phonons with sufficiently large wave vectors for Umklapp scattering (Callaway, 1959). 

At low temperatures, the population of excited phonons is small and the 

probability of phonon-phonon scattering is low. Furthermore, at low temperatures the 

thermally excited phonons have small wave vectors, and the scattering of two short- wave 

vector phonons will produce phonons within the first Brillouin zone. These Normal 

scattering processes do not directly contribute to thermal resistance. Therefore, phonon-

boundary and phonon-impurity scatterings instead of the Umklapp process play the 

dominant roles at low temperatures.  

Phonon scattering with defects or impurities follow the nature of Raleigh 

scattering and the mean free path is given as follows (Majumdar, 1993):                                     
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where R is the radius of impurities and λph is the phonon wavelength. Since only long 

wavelength phonons are thermally excited at low temperatures, the phonon-defect 

scattering mean free path ldefect is long. Thus, the phonon mean free path is dominated by 

the phonon-boundary scattering at low temperatures. The phonon boundary scattering 

mean free path depends mainly on the diameter of the NW and is approximately 

temperature independent. As temperature increases to an intermediate temperature, the 

dominant phonon wavelength becomes comparable to the radius of atomic impurities and 

defects, reducing ldefect and lph.  

As temperature increases further, Umklapp phonon-phonon scattering becomes 

dominant, with the mean free path described by (Ashcroft and Mermin, 1976):                                             

    T
Umklapp

D

el
θ

∝                                                (4.4) 

where θD is the Debye temperature of the material. The obtained Umklapp phonon 

scattering mean free path decreases with increasing temperatures.  

In addition, the specific heat increases with temperature until at above the Debye 

temperature, where the specific heat approaches the classical limit given by 3kB per atom. 

Because of the increasing specific heat with temperature at temperatures below the Debye 

temperature, the thermal conductivity increases with temperature until when lph starts to 

decrease with increasing temperature because lUmklapp becomes comparable to or shorter 

than lboundary and ldefect..  
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For NWs of a smaller diameter, lboundary is small so that lUmklapp becomes comparable 

to lboundary at a higher temperature than for the bulk or a NW with a larger diameter. 

Consequently, the thermal conductivity peak is shifted to a higher temperature in a 

smaller diameter NW. In addition, the thermal conductivity is expected to decrease with 

decreasing diameter until at very high temperatures where the Umklapp process 

dominates the phonon-boundary scattering process. These trends are observed in the 

thermal conductivity data of the NWs, which decreases with decreasing NW diameter at 

below room temperatures and appears to converge to a similar value as the temperature is 

increased to be above room temperature. 

 In Fig. 4.6, the two dashed lines and the solid line are the simulation results for 

the bulk InAs, 65 nm diameter and 46 nm diameter NWs using Callaway method 

(Callaway, 1959) based on the phonon dispersion of the ZB phase InAs (Tamarin and 

Shalyt, 1971). The measured thermal conductivity of the WZ phase InAs NWs are still 

much lower than the results for ZB InAs NWs, for which surface-phonon scattering is 

assumed to be diffuse in the calculation. This suggests that other origins besides the 

increased phonon-boundary scattering are contributing to the much lower thermal 

conductivity in WZ phase InAs NWs. Here, we examine the effect of different crystal 

phases on the thermal conductivity. Only zinc blende (ZB) phase has been observed for 

bulk InAs; whereas both ZB and WZ structures has been found in InAs NWs synthesized 

by different methods (Koguchi et al., 1992, Martensson et al., 2004). In the WZ phase, 

each atom is tetrahedrally coordinated with ABAB stacking sequence, similar to the ZB 

phase. The nearest neighbor arrangement for each atom in the WZ phase is the same as 
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that for the ZB phase, which is achieved when the c/a ratio is 1.633. In fact, the [111] 

direction for the ZB phase is equivalent to the [0001] direction of the WZ phase.  

Electron transport measurement results of WZ InAs NWs have been reported 

recently (Bjork et al., 2005, Thelander et al., 2004, Suyatin et al., 2007, Fasth et al., 

2007). In addition, the electronic band structure of WZ InAs NWs has been calculated 

(Zanolli et al., 2007). On the other hand, few efforts have been made to analyze thermal 

transport in WZ phase InAs NWs.  

Among bulk semiconductors, SiC, GaN and AlN have both ZB and WZ phases, 

the thermal properties of which have been investigated in theoretical and experimental 

works (Vurgaftman et al., 2001). For AlN and GaN, the phonon dispersion curves for 

both phases have been reported (AlShaikhi and Srivastava, 2007, Siegle et al., 1997). 

There are two atoms per primitive unit cell in the ZB phase so that there are six phonon 

branches including three acoustic (ac) modes and three optical (op) modes. In 

comparison, there are four atoms per primitive unit cell in the WZ phase, giving rise to 

twelve phonon branches including three acoustic, three low-lying optical, and six high-

lying optical branches. The many more optical phonon modes in the WZ phase can in 

principle result in a lower average phonon group velocity than that of the ZB phase 

because the group velocity of the optical phonons is usually very small. A numerical 

calculation has shown that the average phonon group velocity in the WZ phase is smaller 

than that of the ZB phase in AlN (Siegle et al., 1997). In addition, the presence of nine 

optical phonon branches in the WZ phase increases the phonon-phonon scattering rate 

especially the scattering between acoustic and optical phonons. The increased scattering 
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rate in WZ phase has been experimentally confirmed using Raman spectroscopy (Siegle 

et al., 1997).   

While the lattice specific heat has been predicted to be similar for the ZB and WZ 

phases (AlShaikhi and Srivastava, 2006), the lower average phonon group velocity (vph) 

and increased scattering rate (1/τph) can lower the thermal conductivity of the WZ phase. 

It has been shown in theory that the combined reduction in phonon velocity and 

relaxation time in the WZ phase AlN would lead to approximately 2.7 times thermal 

conductivity reduction than the ZB phase (AlShaikhi and Srivastava, 2007). On the other 

hand, the electrical properties of the two phases are quite similar in AlN (AlShaikhi and 

Srivastava, 2007). 

The above discussions show that the thermal conductivity suppression in the WZ 

InAs NWs can be caused by reduced phonon group velocity in the WZ phase compared 

to the ZB phase and diffuse phonon-surface scattering in the NWs, the latter of which is 

a classical size effect. On the other hand, quantum size effects on the phonon dispersion 

as well as the phonon group velocity are expected to be small in the NWs in this 

measurement. The phonon wavelength (λph) can range from as small as two times of the 

primitive unit cell size (a) of the lattice to as large as the size of the crystal. At low 

temperatures, the dominant wavelength (λph,max) of phonons that carry the maximum 

spectral energy density is given by an expression that resembles the Wien’s 

displacement law for phonons (Chen, 2005), i.e. 

B

ph
ph

hv
T

κ
λ

8.2max, ≈                                          (4.5) 
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For an average phonon group velocity phv ≈ 3000 m/s, Equation 4.5 is reduced to 

50max, ≈Tphλ nm-K. Equation 4.5 fails at sufficiently high temperatures, where λph,max 

approaches the minimum allowable wavelength on the order of 2a, corresponding to the 

edge of the first Brillouin zone of the reciprocal lattice. For this measurement, λph,max 

ranges from below 2 nm at 30 K and well below 1 nm at room temperature and above. 

The NW diameters are much larger than these phonon wavelength values, and not 

sufficiently small to modify the phonon dispersion. 

4. 5 Electrical Conductivity, Seebeck coefficient and ZT of InAs NWs     

     
 Besides thermal conductivity measurements, the Seebeck coefficient and 

electrical measurements were conducted on NW 1 and NW 7. For NW 1, electrical 

contact was made between the NW and three supporting electrodes after annealing the 

deposited Pt pads in hydrogen at 650 K for 2 hours. The NW was not long enough to 

contact all four Pt electrodes. Hence, only three probe resistance was measured for NW 1. 

In this case, the four probe resistance was estimated by subtracting the electrical 

resistance of the platinum electrode. The Pt electrode resistance was measured during the 

thermal measurement by a subtracting the coil resistacne from the total resistance of the 

total device. The as-obtained resistance could be higher than the actual four probe 

resistance of the NW because the contact resistance between the Pt electrode and the NW 

was not eliminated.  
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For NW 7, a new design of micro-device with shorter separation between two 

membranes was used for the measurement so that the NW was in contact with all four 

supporting Pt electrodes. However, the NW makes electrical contact to only the two 

middle contacts to the NW after the four Pt pads deposited by EBIMD on the NW was 

annealed in hydrogen at 600 K for 2 hours. Consequently, the four-probe electrical 

conductivity was not obtained for NW 7.  

Figure 4.7 shows the measurement results of S versus T for the two NWs together 

with those reported by Weiss et al. and Bowers et al. for bulk InAs crystals (Schon and 

Welker, 1956, Bowers et al., 1959). Figure 4.8 shows the as-measured electrical 

conductivity of NW 1 together with two bulk crystals (Schon and Welker, 1956, Bowers 

et al., 1959). The electrical conductivity of NW 1 is about 450 Ω-1cm-1 at 450K. The 

room temperature resistance was reported by Suyatin et al. to be 10-20 KΩ for a 60 nm 

diameter, 1.5 µm length NW (Suyatin et al., 2007), and the corresponding electrical 

conductivity is within 250 – 500 Ω-1cm-1, which is comparable to the measurement result 

of NW 1.  
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Figure 4.7.  Seebeck coefficient as a function of temperature for NW 1 and NW 7 and 

bulk samples reported in the literature (Schon and Welker, 1956, Bowers et al., 1959). 

 

Figure 4.8. Electrical conductivity as a function of temperature for NW 1 and bulk 

samples.  

 

Using a single band transport model, the Fermi level, carrier concentration, and 

mobility have been extracted from the measured Seebeck coefficient and electrical 
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conductivity data. The details of this procedure can be found in Chaper 3 and some 

previous publications (Zhou et al., 2007a, Seol et al., 2007). The negative sign of the 

measured Seebeck coefficient values suggests that the measured NWs are n-type, which 

is consistent with Samuelson group’s previous observations (Bjork et al., 2002). The ratio 

of electron mobility to hole mobility is approximately 100 for bulk n-type InAs 

(Willardson and Beer, 1966). Therefore, only electron transport was considered in the 

analysis and hole contributions to the transport coefficients were not included. We have 

considered whether the bulk density of states (DOS) is valid for the NW by calculating 

the energy separation between the lowest two energy subands as:  

                                
2

2

*8
3
dm
hE =Δ                                                    (4.6)  

where h is the Planck’s constant, m* is the electron effective mass, and d is the diameter 

of the NW. Vurgaftman et al. (Vurgaftman et al., 2001) have compared the band 

parameters of both wurtzite and zinc-bended phases of GaN, AlN and InN. The effective 

masses of the two different phases were found to be very close to each other. Note that 

the effective mass increases from m* = 0.023 m0 for intrinsic zinc blende InAs to m* = 

0.06 m0 at carrier concentration of 1018 cm-3. Based on this finding, m* = 0.06 m0 is used 

here for the wurzite phase NW to obtain ΔE of about 0.005 eV, which is much smaller 

than the thermal energy kBT for the temperature range of the measurement for NW 1.  

Hence, the following bulk 3D DOS has been used for the extraction of the Fermi level,  
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      Figure 4.9 shows the extracted Fermi levels of the two NWs as a function of 

temperature for the case that the scattering parameter (re) first introduced in Chapter 3 is 

−0.5, which was used because the extracted mobility was found to be dominated by 

electron-phonon scattering. The extracted Fermi level is on the same order of magnitude 

as that reported by Samuelson group for similar NWs (Persson et al., 2006). In addition, 

the extracted Fermi level appears to increase slightly with increasing temperature. For 

typical n-type semiconductors such as silicon, the Fermi level usually decreases with 

increasing temperature at the transition from the donor freeze-out region to the saturation 

region. The slight increase of the extracted Fermi level with temperature could be caused 

by the accuracy of the single-band model at high temperatures for the small-band gap 

InSb with the presence of surface states. 

 

Figure 4.9.  Fermi energy (EF) of the NW1 as a function of T.  
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The obtained EF was used to calculate the carrier concentration n. Figure 4.10 

shows that the obtained n for NW 1 increases with temperature, likely because of thermal 

excitation of electrons into the conduction band. 

 

Figure 4.10.  Carrier concentration of the NW 1 as a function of T.  

 

      The carrier mobility μ was determined from the measured electrical conductivity σ 

and extracted carrier concentration n. As shown in Fig. 4.11, the extracted electron 

mobility of the NW is slightly lower than bulk InAs at a carrier concentration of 1.6x1016 

cm-3. It is likely that the electrical conductivity and mobility of the NW are lowered by 

the contact electrical resistance that was not subtracted from the three probe 
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measurement. It is also possible that the mobility reduction in the NW is due to the higher 

doping level, increased electron-boundary scattering in NWs, or different crystal 

structures between the ZB bulk sample and the WZ NW. We note that Ford et al. 

reported a linear dependence of the mobility with NW diameter on zinc blende InAs NWs 

and the mobility reduction was attributed to increased surface scattering in the NWs 

(Ford et al., 2009). 

 

Figure 4.11.  Mobility of the NW 1 and bulk InAs (Willardson and Beer, 1966) as a 

function of T. 
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Figure 4.12.  Figure of Merit versus temperature. 

 

 The ZT of NW 1 is calculated from the three as-obtained transport properties of 

NW 1. Fig. 4.12 shows ZT values of NW 1 together with bulk ZB InAs with carrier 

concentration of 6 x 1017cm-3. Because of the obtained Seebeck coefficient and electrical 

conductivity of the NW are lower than the bulk values, the ZT of the NW is lower despite 

the thermal conductivity reduction in the NW.  

4.6 Thermal resistances at a nanoscale point contact between an InAs NW and a 
SiNx surface 

 
 Besides the seven InAs NW samples reported above, four additional InAs NWs 

have been measured. As shown in Fig. 4.13, the as-measured thermal conductance values 

are much lower compared to those for other NWs in Fig. 4.5. In addition, no electrical 

conduction was found across the suspended NW segment. Two of the NW samples (B 

and C) were found to have a measured thermal conductance value comparable to the 
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background thermal conductance (Gbg) measured on a blank device. Fig. 4.14 shows the 

corrected thermal conductance value after subtracting Gbg from the as-measured thermal 

conductance. The corrected thermal conductance of NW B and NW C is within noise 

level from zero; whereas those of NW A and NW D are well above zero. It was found in 

subsequent SEM analysis that NW B and C were broken in the middle of the suspended 

segment between the two membranes, as shown in Fig. 4.15 for NW B. SEM 

examination of the NW A at low magnification shows the NW appears to be intact, as 

shown in Fig. 4.16. However, the high magnification SEM images in Fig. 4.17 reveals 

that the NW was actually broken near one membrane and the broken segment still 

touched the edge of one membrane. High resolution SEM measurement was not 

conducted for NW D, so that it is unclear whether the NW was also broken and touched 

one membrane as in the case of NW A of a similar thermal conductance. 
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Figure 4.13. Measurd thermal conductance of four InAs NWs.  

 

Figure 4.14. Thermal conductance of four InAs NWs after subtracting the background 

signal. 

 

Figure 4.15. High magnification SEM image of the broken InAs NW B. 
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Figure 4.16. Low magnification SEM image of the broken InAs NW A. 

 

Figure 4.17. High magnification SEM image of the broken InAs NW A. 
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      The broken NW A and the membrane form a nanoscale point contact that allows us to 

determine the thermal interface resistance at the nanoscale. Thermal transport at 

nanometer scale point contact is a fundamental problem that is important for a number of 

applications. For example, Bi-based and III-V NW materials have been actively 

investigated for thermoelectric energy conversion applicaitons (Lin et al., 2000, Mingo, 

2006). Little has been known about phonon transport across nanoscale point contacts 

between the NWs and the metal electrode, which can play a very important role on the 

device performance. For another application, the super high thermal conductivity of 

carbon nanotubes has inspired several experimental efforts where CNTs are employed as 

thermal interface materials for electronic packaging (Chuang et al., 2004, Xu and Fisher, 

2006). One intriguing problem in these efforts is the thermal resistance at the nanometer 

point contacts between a CNT and a planar surface. One measurement result (Hu et al., 

2005) has suggested that this resistance is rather high, but the mechanism is not well 

understood. While there have been extensive theoretical studies of contact thermal 

resistance of a point contact between two solids (Yovanovich, 2005), most of the 

analytical models have been developed for point contacts in the micro to macro scale. 

 For a point constriction of radius a formed at the interface between two semi-

infinite medium of the same materials, Wexler (Wexler, 1966) proposed that the 

constriction resistance can be calculated as:   

                 ( ) 2 4 /3  R K a K aγ κ πκ= +                                    (4.8)                
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where κ  is the thermal conductivity, γ(K) is a slowly varying function with γ(0) = 1 and 

γ(∞ ) = 0.694, and K ≡ l/a is the Knudsen number where l is the phonon mean free path. 

The first term of the right hand side of Eq. 4.8 is essentially the diffusive resistance (Rd) 

multiplied by a correction factor γ, and the second term is the ballistic resistance (Rb) 

(Sharvin, 1965). Note that Rd scales with 1/a and Rb scales as 1/a2 because K ≡ l/a. At 

small a or large K, Rb becomes much larger than Rd.  

Prasher and Phelan (Prasher and Phelan, 2006) proposed a simplified expression 

of the thermal resistance of point constriction, i.e. R = Rd + Rb, where the ballistic thermal 

resistance can be written in the following form independent of the size and shape of the 

constriction:     

                            Rb = 4/C vg A = 4l/3kA,                                      (4.9)  

In Eq. 4.9, C is the specific heat, vg is the phonon group velocity, and A is the area of the 

constriction. For a circular orifice, Eq. 4.9 can be reduced to the second term in the right 

hand side of Eq. 4.8. Equations 4.8 and 4.9 are for the case when the two materials at the 

two sides of the constriction are the same. When the two materials are different, phonon 

scattering at the interface reduces the phonon transmission coefficient and increase the 

thermal resistance. Based on the diffuse mismatch model, Prasher (Prasher and Phelan, 

2006) suggested modifying Eq. 4.9 for the ballistic resistance to obtain the interface 

thermal resistance (Ri) between two dissimilar materials  

        Ri = 4/α12C1vg1A                                           (4.10)   
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where α12 is the transmission coefficient from material 1 to material 2 at the two sides 

of the interface, and C1 and vg1 are respectively the specific heat and phonon group 

velocity in material 1. 

As of today, few measurement results of thermal resistances of nano-point 

contacts are available to verify these analytical models. Here, the measurement results 

accidentally obtained on the broken InAs NW can allow us to measure the interface 

resistance of a nanoscale point contact. NW 3 in Fig. 4.5 is 4.1 µm long and 63 nm in 

diameter. The length and diameter are close to those of NW A with a 4 µm length 70 nm 

diameter. The diffusive thermal resistance along the suspended length of NW A is thus 

expected to be similar to that of NW 3, which is 2 times smaller than the measured 

thermal resistance of NW A that made a pint contact to the side edge of one SiNx 

membrane, as shown in Fig. 4.18. By subtracting the measured thermal resistance of the 

intact NW sample 3 from the measured thermal resistance of the broken NW A, we 

eliminate the diffusive thermal resistance component and obtain the interface thermal 

resistance between the NW A and the side edge of the SiNx membrane. As shown in Fig. 

4.18, the obtained Ri is 6 x 108 K/W at 350 K.                           
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Figure 4.18 Measured thermal resistance of NW A and NW 3 after correcting the 

background thermal conductance.  

 

 We have compared the obtained thermal interface resistance with the analytical 

model. We first calculated the phonon transmission coefficient α12 from InAs to SiNx 

using the diffuse mismatch model (DMM) (Swartz and Pohl, 1987, Swartz and Pohl, 

1989, Chen, 1998, Chen et al., 2004):  

                             2 2
1 2

1 1 2 2

C v
C v C v

α → =
+

                                   (4.15)  

where C1,2 is the specific heat and v1,2 is the sound velocity in material 1 and 2, 

respectively. Using the heat capacity and sound velocity values of ZB InAs C ∼ 1.8 x 106 

J/m3 and v ∼ 5.5 x 103 m/s, and silicon nitride C ∼ 1.9 x 106 J/m3 and v ∼ 1.1 x 104 m/s, 

we obtained α12 to be about 0.6. Using this value, we used Eq. 4.10 to obtain the contact 



115 
 

radius as of 5 nm between the 70 nm diameter NW and the SiNx membrane. Further 

characterization of the contact area using advanced electron microscopy technique will 

allow for the comparison between the measurement results and the theoretical model.   

4. 7 Summary 

 
 The thermal conductivity of wurtzite structured InAs NWs were characterized in 

detail. At room temperature and below, the thermal conductivity of the NWs with proper 

thermal contacts was found to decrease with decreasing diameter, revealing the effect of 

increased phonon surface scattering with decreasing NW diameter. At temperature above 

the room temperature, the difference in the thermal conductivity of NWs of different 

diameters was found to decrease with increasing temperature, suggesting that Umklapp 

phonon scattering starts to become the dominant scattering process. Compared to bulk 

InAs of zinc blend phase, a five to ten fold reduction in thermal conductivity was 

observed in the wurtzite NWs. In addition to a reduced phonon boundary scattering mean 

free path in the NWs, the thermal conductivity reduction is attributed to lower average 

phonon group velocity in the InAs NWs of wurtzite structure that has more atoms in the 

primitive unit cell and thus more optical phonon branches than the zinc blende phase.    

 The Seebeck coefficient of two InAs NWs and the three-probe electrical 

conductivity σ of one InAs NW were measured. The electrical conductivity and mobility 

of the NW were found to be lowered than bulk zinc blende InAs of similar carrier 

concentration, possibly due to the contact electrical resistance that was not subtracted 

from the three probe measurement, increased electron-boundary scattering in the NWs, or 
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different crystal structures. Because of the lower measured Seebeck coefficient and 

electrical conductivity, the obtained ZT of the NW was lower than bulk zinc blende InAs 

despite the thermal conductivity reduction in the NWs.  

 Using one broken InAs sample where the broken InAs made a point contact to the 

side surface of the SiNx membrane, we measured the interface thermal resistances (Ri) at 

the ~70 nm diameter point contact to be 6x108 K/W, which suggests a 5 nm contact 

radius between the 70 nm diameter broken InAs NW and the SiNx membrane. Further 

characterization of the contact area using advanced electron microscopy technique will 

allow for the comparison between the measurement results and the theoretical model. 

 

CHAPTER 5: SYNTHESIS AND THERMOELECTRIC 
PROPERTIES OF INDIUM ANTIMONIDE NANOWIRES 

 

5. 1 Introduction 

 
 Indium antimonide (InSb) is a narrow bandgap semiconductor (0.18 eV at room 

temperature), and is commonly used in optoelectronic devices and magnetic field sensors 

(Heremans, 1993, Zhang and Williamson, 1982). Yamaguchi et al. recently reported a 

peak ZT of 0.6 at 673K for bulk InSb (Yamaguchi et al., 2005). Mingo has calculated the 

TE properties of several group III-V NWs and predicted that the ZT value of InSb NWs 

of diameter smaller than 15 nm can be much higher than unity at room temperature 

because the very small electron effective mass (0.014 m0) in InSb leads to long electron 
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wavelength and quantum enhancement of the power factor in addition to thermal 

conductivity reduction in the NWs (Mingo, 2004). This prediction has motivated 

experimental investigation of InSb NWs. Ye et al.(Ye et al., 2006) and Park et al. (Park 

et al., 2007) reported the synthesis of single-crystal InSb NWs using the vapor liquid 

solid (VLS) process with either indium or gold as growth catalyst respectively. The 

electrical conductivity and Seebeck coefficient of some of Ye et al.’s samples grown at 

ambient have been measured by Seol et al. using a nanofabricated device on an oxidized 

Si wafer (Zhou et al., 2006, Seol et al., 2007). It was found that the InSb NWs 

synthesized at ambient base pressure were n-type and highly degenerately doped.  

 The aim of this chapter is to investigate the effect of the base pressure during the 

growth on the TE properties of InSb NWs. InSb NWs synthesized at the ambient base 

pressure (or 760 Torr) was provide by Ye et al. (Ye et al., 2006). In addition, a low 

vacuum (~10-3 Torr) and high vacuum (~10-6 Torr) growth setup was developed in this 

work to grow InSb NWs. The thermal conductivity, Seebeck coefficient, and electrical 

conductivity of NWs from three different growth conditions were characterized using the 

suspended device described in Chapter 2 (Shi et al., 2003, Zhou et al., 2007a, 

Mavrokefalos et al., 2007b). The crystal structure of the measured NWs was 

characterized by TEM in order to correlate the measured transport properties with the 

crystal structure.   

5. 2 Synthesis of InSb NWs and structural characterizations 
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 InSb NWs were grown using the VLS method in a tube furnace. High purity InSb 

power (99.999% from Alfa Aesar) was loaded in a quartz boat that was placed in the 

middle part of the quartz tube as the source material. Pieces of Si wafers coated with 300 

nm thick thermally evaporated indium layer were loaded into the quartz tube and located 

downstream from the source, as shown in Figure 5.1. Repeat of the ambient growth 

method of Ye et al. (Ye et al., 2006) was performed. The tube furnace was first cleaned 

with argon gas for 30 minutes. Subsequently, the quartz tube was heated to 550 oC with 

the flow of high purity hydrogen gas. The temperature was maintained for typically 4-5 

hours. One representative SEM image of InSb NWs from the ambient growth was shown 

in Figure 5.2. The diameter varies from 80 nm to 200 nm and the length is typically 20-

40 µm.  

 

Figure 5.1. Schematic diagram of the InSb NW growth setup. 
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Figure 5.2 SEM image of the InSb NWs grown at ambient base pressure.  

 

For growth under vacuum, the quartz tube was pumped for one hour using either a 

mechanical pump or a turbo pumping station to a base pressure of 10-3 Torr or 10-6 Torr, 

respectively. After the two ends of the quartz tube were sealed with vacuum valves, the 

furnace temperature was heated to 650 oC to melt the source material and initiate the NW 

growth. The furnace temperature for vacuum growth was higher than that for ambient 

growth because of the elimination of convective heat transfer from the heated quartz tube 

to the source materials. In addition, the height of the vacuum sealed tube was raised to 

match the height of the pumping station. This resulted in poor thermal contact between 

the heater wires of the furnace and the quartz tube, thus necessitating a higher furnace 

temperature. At each base pressure under vacuum, the furnace temperature was kept at 

650 oC for 2-3 hours. Subsequently, the heater was turned off and the temperature was 

decreased to room temperature within 4-5 hours.   
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      Figure 5.3 shows a typical SEM image of the as-grown InSb NWs under high 

vacuum. The diameter varies from 80 nm to 200 nm and the length is typically 10-30 µm. 

The NWs were randomly oriented on the surface of the substrate. The XRD pattern of a 

one square centimeter wafer of NWs from a high vacuum growth was shown in Figure 

5.4. Peaks were found at 2θ =23.77 °, 39.31 ° and 46.46 °. The diffraction peaks can be 

indexed to cubic F 43m space group for the zinc blende InSb with cell constants of 

478.6=a  Å. JCPDS-PDF card number 00-006-0208 (RDB) was used for analysis 

(Swanson et al., 1955). It is worth noting that <220> is the highest peak and <111> is the 

second highest peak in Figure 5.4. While <311> is the second highest peak in the Powder 

Diffraction File (PDF) card. The height increase of the <111> peak is due to the 

orientation preference of the NW sample because of the random orientation of the as-

grown NWs (Son et al., 2007, Dong et al., 2005). In2O3 peaks (denoted by **) have also 

been detected, and are likely caused by the oxidation of the catalyst indium film during 

the growth process. Figure 5.5 shows the high resolution TEM image of one InSb NW 

grown at high vacuum base pressure. High quality single crystalline NW can be observed 

with clear lattice fringes. 
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Figure 5.3 SEM image of InSb NWs grown at high vacuum base pressure.  

 
 
 

 

Figure 5.4 XRD pattern of InSb NWs at synthesized at high vacuum base pressure. The 

primary reflections corresponding to In2O3 are indicated with “**”. 
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Figure 5.5 High resolution TEM image of one InSb NW grown at high vacuum base 

pressure.  

 

The TE properties of four InSb NWs were measured. NW 1 was grown by Ye et 

al. at ambient base pressure (Ye et al., 2006). NW 2 was from low vacuum growth. NW 3 

and NW 4 were from high vacuum growth. After the TE measurements, the crystal 

structures of NW 2 and NW 4 were characterized using TEM. TEM was not performed 

on NW 1 because the NW was measured using a measurement device from a previous 

design that did not have an etched-through hole on the device for TEM. NW 3 was 

broken during TEM sample preparation. Figure 5.6 shows the high resolution TEM 
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(HRTEM) image of NW 2 after the TE measurement. The inset is the selective area 

electron diffraction (SAED) pattern along [113] zone axis, which suggests that the NW is 

single crystal and zinc-blende structure. The growth direction of NW 2 is <110> 

direction. As shown in Fig. 5.7, the HRTEM image taken at one edge of NW 2 shows the 

presence of a somwwhat rough amorphous layer on the surface. The diffraction pattern 

for NW 4 in Fig. 5.8 suggested that NW 4 was also zinc-blende structure. This finding is 

consistent with the XRD results and similar to the common lattice structure of bulk InSb. 

In addition, the growth direction of NW 4 was found to be <110>.  

 

Figure 5.6. HRTEM and Diffraction pattern of the InSb NW 2. 
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Figure 5.7. HRTEM image of InSb NW 2. The amorphous layer on the NW surface 

appears to be rough and about 4 nm thick. . The NW surface appears to be clean. 

 

Figure 5.8. Diffraction pattern of InSb NW 4.  
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5. 3 Thermoelectric Measurement Methods for InSb NWs 

 
The TE measurements were conducted in a Janis continuous flow liquid Helium 

cryostat where the sample space is in high vacuum. The thermal resistance of the NW 

was obtained according to those described in Chapter 2 and previous publications (Shi et 

al., 2003, Mavrokefalos et al., 2007b).  A four-probe thermal measurement method based 

on fin heat transfer analysis has been developed by Mavrokefalos et al. (Mavrokefalos et 

al., 2007b) to obtain the contact temperatures drops and contact thermal resistances to the 

NW. For NW 2 and NW 3, the Seebeck coefficient between the two inner electrodes and 

the two outer electrodes were measured so that the four-probe thermal measurement 

method can be used to evaluate the contact thermal resistance and to obtain the intrinsic 

or four probe thermal conductivity of these two NWs. On the other hand, the intrinsic or 

four-probe Seebeck coefficient is found to be very close to that measured by using the 

two outer electrodes when the temperatures of the two outer electrodes are assumed to be 

the same as the temperatures of the corresponding membrane.   
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Figure 5.9. (a) SEM image of the suspended device. (b) SEM image of the two central 

membranes of the device showing InSb NW 3 trapped between the two membranes. Four 

small Pt pads labeled as 1, 2, 3, and 4 in the figure were deposited on the NW using 

EBIMD and made contact to the four pre-patterned Pt electrodes on the two membranes.  

5. 4 Seebeck coefficient and electrical conductivity of InSb NWs 

 
 Figure 5.10 shows the Seebeck coefficient of four NWs together with those 

reported by Yamaguchi et al. (Yamaguchi et al., 2005) and Bowers et al. (Bowers et al., 
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1959). One earlier measurement by Seol et al. (Seol et al., 2007) on an InSb NW grown 

by Ye et al. at ambient pressure was also plotted in Fig. 5.10 for comparison. Hence, the 

five NWs shown in Fig. 5.10 were synthesized under different base pressures, i.e. 

ambient (Amb) pressure for NW 1 and the NW measured by Seol et al., low vacuum 

(LV) for NW 2, and high vacuum (HV) for NW 3 and NW 4. The five InSb NWs all 

exhibit negative Seebeck coefficients, which indicates that the NWs were n-type. The 

absolute values of the Seebeck coefficient of the NWs are all smaller than the literature 

values shown in Fig. 5.10 for bulk InSb (Yamaguchi et al., 2005, Bowers et al., 1959), 

and increase with decreasing base pressure during the growth. For bulk InSb, the 

magnituge of Seebeck coefficient increases as temperature increases. We note that this 

behavior is not caued by the phonon-drag contribution, which is believed to be negligible 

in bulk InSb except for in the temperatures range between 10 K and 30 K (Puri et al., 

1964). In comparison, the measured Seebeck coefficient of the NWs, especially those 

grown at a higher base pressure, is more linear and metallic-like than the bulk data.  
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Figure 5.10. Seebeck coefficient (S) as a function of temperature (T) for five InSb NWs, 

bulk InSb reported by Yamaguchi et al. and Bowers et al. (Yamaguchi et al., 2005, 

Bowers et al., 1959). 

 

      Figure 5.11 shows the electrical conductivity of the InSb NWs together with the bulk 

results. Note that the electrical conductivity was not measured for NW 1 because the 

earlier batch of the measurement devices only had two contact electrodes and could not 

be used for four probe electrical measurements. A weak temperature dependence was 

observed in the measured electrical conductivity of the NWs. The NW measured by Seol 

et al. with the lowest Seebeck coefficient also shows the highest electrical conductivity 

among the four measured NWs. The NWs grown at vacuum base pressure with higher 

Seebeck coefficients have lower electrical conductivities than the NWs grown at ambient 
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pressure. This finding agrees with the general trend that the Seebeck coefficient increases 

and the electrical conductivity decreases with decreasing doping concentration. However, 

one abnormal behavior is observed by comparing NW 3 and NW 4, i.e. NW 4 shows both 

a 20 % higher Seebeck coefficient and 40 % higher electrical conductivity than NW 3 of 

a similar diameter and grown at the same high vacuum base pressure.    

 

 

Figure 5.11. Electrical conductivity (σ) of InSb NWs, bulk InSb reported by Yamaguchi 

et al. and Bowers et al..  

 

Seebeck coefficient depends on the Fermi level and the doping level (Lyeo et al., 

2004, Zhou et al., 2007a). Based on this dependence, we have extracted the Fermi level 

in the InSb NWs from the measured S based on an approach reported earlier (Zhou et al., 

2007a, Seol et al., 2007). The small negative Seebeck coefficient values suggest that the 
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measured InSb NWs were degenerately n-doped. Additionally, the ratio of electron 

mobility to hole mobility is approximately 100 for bulk n-type InSb (Jung et al., 1991). 

Thus, only electron transport was considered in the analysis and hole contributions to the 

transport coefficients were not included. The Seebeck coefficient of electrons in the 

conduction band is given by (Nolas et al., 2001): 
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where e is the electron charge, T is the absolute temperature, EF is the Fermi level 

measured from the conduction band edge, g(E) is the Density of States (DOS) for 

electrons, τe is the electron scattering mean free time, and 
1)exp(

1)(0
+

−
=

Tk
EEEf

B

F
 is 

the Fermi-Dirac distribution function with the Boltzmann constant represented by kB. 

Because the diameters of the NWs are much larger than the calculated electron 

wavelength in InSb as shown below, the bulk DOS was used in the calculations. The 

electron energy dependence of the scattering mean free time is assumed to take the form

er
e E0ττ = , where 0τ and re are constants. When boundary scattering or acoustic phonon 

scattering is the dominant electron scattering mechanism, re takes a value of – 0.5 

(Ziman, 1962). On the other hand, re takes a value of 0.5 when impurity scattering is the 

dominant mechanism (Ziman, 1962).  

      To better understand the measured electrical conductivity, we use the obtained EF to 

determine the carrier concentration n at the corresponding temperature via  
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The carrier mobility μ was then determined at each data point using 

µσ ne=                           (5.3) 

where σ is the measured electrical conductivity of the NW and n is the carrier 

concentration found using Eq. 5.2. 

      We used both re= -0.5 and re= 0.5 and Eq. 5.1 to obain the EF that matches the 

measured value of Seebeck coefficient at each data point. Figure 5.12 shows the extracted 

Fermi level, electron concentration and mobility using re = −0.5, which corresponds to the 

case that charge transport is limited by either phonon scattering or boundary scattering. 

Figure 5.13 shows the extracted Fermi level, electron concentration and mobility using re 

= 0.5, which is appropriate when impurity scattering is dominant. The calculated electron 

wavelength is between 20 nm and 40 nm corresponding to the Fermi level of 0.26 eV and 

0.06 eV for NW 1 and NW4, respectively. These values are much smaller than the NW 

diameter, validating our bulk DOS assumption for Ef extraction. For all the NWs and the 

bulk InSb, the Fermi Level increased with increasing temperature from 100 K to 600 K. 

We attribute this behavior to increased activation of donor impurities with temperature, 

which increases the electron concentration and Fermi level in the degenerate 

semiconductor. In addition, the Fermi levels of the NWs are all higher than that for the 

bulk, and increases with increasing growth base pressure. Consequnetly, the obtained 

carrier concentrations for the NWs are higher than the bulk values and increases with 

increased growth base pressure, suggesting that the NWs grown at high vacuum base 
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pressure still contains a high impurity concentration from the residual gas in the growth 

furnace or impurities in the source materials and growth setup. The dependence on the 

growth pressure suggests decreased impurity doping with decreasing base growth 

pressure. It has been found that oxygen can diffuse into InSb and alter the electrical 

properties of InSb film (Kreutz et al., 1977, Kreutz et al., 1985). Hence, the most possible 

scenario is that residual oxygen leads to increased n-type doping of the NW with 

increased base pressure during the growth process. 

 

Figure 5.12. Extracted transport parameters using re = −0.5 for the case that the mobility 

is limited by either acoustic phonon scattering or boundary scattering. (a) Fermi energy 

(EF) of the NW and Yamaguchi et al.’s bulk InSb as a function of T. (Yamaguchi et al., 

2005, Bowers et al., 1959). EF was measured from the conduction band edge. (b) Electron 
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concentration (n) as a function of T. (c) Electron mobility (μ) as a function of T. The 

mobility data reported by Rode et al. (Rode, 1971) are the Hall mobility. The other 

mobility data are extracted based on Eqs. 5.1-5.3.   

 

Figure 5.13. Extracted transport parameters using re = 0.5 for the case that the mobility is 

limited by impurity scattering. (a) Fermi energy (EF) of the NW and Yamaguchi et al.’s 

bulk InSb as a function of T (Yamaguchi et al., 2005, Bowers et al., 1959). EF was 

measured from the conduction band edge. (b) Electron concentration (n) as a function of 

T. (c) Electron mobility (μ) as a function of T. The mobility data reported by Rode et al. 

(Rode, 1971) are the Hall mobility. The other mobility data are extracted based on Eqs. 

5.1-5.3.  
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      The bulk mobility was found to decrease with temperature. In comparison, the 

mobility for the NW is much lower than that in the bulk and shows very weak 

temperature dependence. The mechanism for mobility reduction can be interpreted based 

on the temperature dependence of the mobility. When the electron mobility was 

dominated by impurity scattering, the mobility follows a 23T dependence. While phonon 

scattering dominates electron transprort, the mobility shows a 23−T  dependence 

(Streetman and Banerjee, 2000). If boundary scattering is the dominant scattering 

mechanism, the mean free path is limited by the NW diameter d, and the scattering mean 

free time and the mobility will decreases with increasing temperature because of 

increased electron energy and velocity. For bulk InSb, the mobility decreases with 

increasing temperature according to a power law 1.3T −  suggesting that phonon scattering 

is the dominant mechanism. For NW 3 and NW 4 that were grown at high vacuum, the 

mobility decreases as temperature increases at a power law of 0.83T − and 0.91T − , 

respectively, which indicates the dominance of phonon or boundary scattering in these 

two NWs. Therefore, for these two NWs and the bulk crystal, the use of re = -0.5 is 

approriapte. For re = -0.5, the corresponding mobility was found to be 114 % higher for 

NW 4 than NW 3 with a similar diameter, grown at the same base pressure, and the  

extracted carrier concentration of NW 3 is 48 % higher than NW 4. Higher impurity 

concentration in NW 3 could potentially result in a lower mobility. However, such an 

apparent reduction in the mobility and electrical conductivity in NW 3 is still rather 

unusual and intriguing given the small difference in carrier or impurity concentration. On 
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the other hand, for NW 2 which has the highest electron concentration among the NWs, 

the mobility remains approximately independent of temperature. This behavior could be 

caused by a competition between impurity scattering, phonon scattering, and boundary 

scattering. Consequently, re should fall in the range between -0.5 and 0.5.        

5. 5 Thermal conductivity and ZT of InSb NWs 

 
      Figure 5.14 (a) shows the measured two probe thermal conductivity as a function of 

temperature for the four NWs. For NW 2 and NW 3, the Seebeck coefficient between the 

two inner electrodes and the two outer electrodes were measured so that the four-probe 

thermal measurement method can be used to evaluate the contact thermal resistance and 

to obtain the four probe or intrinsic thermal conductivity of these two NWs, as shown in 

Fig. 5.14 (b). Because of the contact thermal resistance, the four-probe thermal 

conductivity is higher than the two-probe thermal conductivity by about 15 % for NW 2, 

and about 40 % for NW 3. Both the two-probe and the four-probe thermal conductivities 

of the InSb NWs were lower than the bulk values (Bowers et al., 1959, Stuckes, 1957, 

Yamaguchi et al., 2005). The thermal conductivity of the NWs increases with 

temperature until reaching a plateau at about 160 K, which is close to the Debye 

temperature of bulk InSb. At higher temperatures, the thermal conductivity decreases 

with increasing temperature because of Umklapp phonon scattering.  
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Figure 5.14. κ  as a function of temperature for InSb NWs and bulk InSb. (a) Two probe 

κ  as a function of temperature. (b) Four probe κ  (κ4p) of NW 2 and NW 3 as a function 

of temperature. Bulk InSb data were plotted together for comparison. (Yamaguchi et al., 

2005, Bowers et al., 1959, Stuckes, 1957). Dash and solid lines are calculation results 

using the Callaway model for bulk InSb and NWs with a diffuse surface and the same 

diameter as NW 2 and NW 3. 

 

      In order to understand the thermal conductivity suppression, we employed the 

Callaway model to investigate the phonon scattering mechanisms present in the NWs. 
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For InSb, the thermal conductivity is dominated by phonons at all but very high 

temperatures. Thus, we take the measured NW thermal conductivity values to represent 

the lattice thermal conductivity of each sample. The Callaway model takes into account 

phonon scattering by point defects, impurities, isotope scattering, Umklapp phonon-

phonon interactions, and boundary surfaces (Callaway, 1959). In this model, the material 

is considered isotropic and no distinction is made between longitudinal and transverse 

phonon modes. Instead, an average phonon velocity is used to represent the three acoustic 

branches. Contributions by optical phonons are considered negligible due to their small 

sound velocities.   

 The lattice thermal conductivity κ is given by the Callaway method as  
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where kB is Boltzmann’s constant, T is absolute temperature, vS is the average phonon 

velocity, ωc is the Debye cutoff frequency,   is the reduced Planck’s constant, ω is 

frequency, and τ(ω) is the frequency-dependent phonon mean free scattering time. The 

scattering mean free time is given by 
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where L is the characteristic dimension of the system (NW diameter for our case), and A, 

B, and C are fitting parameters obtained by matching the bulk thermal conductivity data 

using Eqs. 5.4 and 5.5. The first, second, and third term on the right hand side of Eq. 5.5 

represent the inverse impurity, boundary, and Umklapp scattering mean free times, 
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respectively. The fitting parameters B and C for InSb bulk and NWs are the same with B 

= 1.8 x 10-18 and C = 100 K. The impurity scattering parameter A is 2.4 x 10-43 for the 

bulk InSb whose doping level is 2 x 1016 cm-3. And the parameter A is 4 x 10-42 for InAs 

NW 2 whose doping level is 6 x 1017 cm-3. The larger A value in heavily doped NW 2 

indicates stronger phonon – impurity scattering in NWs than the less doped bulk InSb. 

The parameter F in Eq. 5.5 is also used to fit the bulk or NW data, but has an especially 

important physical interpretation. For the case of a perfectly specular NW surface, 

phonon-boundary interactions pose no thermal resistance and the phonon-boundary 

scattering mean free time (as well as F) approaches infinity. For a diffuse NW surface, 

the phonon mean free path in a single-crystal NW would be limited by the diameter such 

that the FL product should be comparable to the NW diameter with F being unity. Thus, 

the value of FL gives the effective phonon-boundary scattering mean free path. As 

mentioned above, the value of F in the Callaway model is adjusted in order to obtain the 

best possible fit with the measured thermal conductivity data. The parameter F can also 

be expressed in terms of Ziman’s specularity parameter p, which varies from 0 for diffuse 

scattering to 1 for specular scattering, using the relation F=(1+p)/(1-p) (Ziman, 1962). 

Physically, p represents the probability of a phonon being specularly reflected following 

a phonon-boundary interaction and can be estimated by 

)/16exp()( 223 λπλ rp −≈          (5.6) 

where r is the root-mean-square roughness of the NW surface relative to a reference 

plane and λ is the dominant phonon wavelength for the material in question at a given 

temperature (Ziman, 1962). It is important to note that the use of the single parameter p in 
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the range between 0 and 1 to represent surface roughness may be applicable to random 

surface roughness only (Moore et al., 2008a). Figure 5.14 (b) shows the fitting results for 

bulk InSb and two NWs. For all NWs in this work, the best fit was found to occur for 

diffuse surface scattering. Figure 5.7 shows the typical surface roughness of the InSb 

NWs were around 3-5 nm, which is larger than the dominant phonon wavelength. This 

surface roughness leads to the diffuse surface scattering with FL = d in all the InSb NWs 

we measured. 

   The ZT value of the NWs are obtained from the measured four-probe thermal 

conductivity, Seebeck coefficient, and electrical conductiivy, as shown in Figure 5.15. 

The ZT of the two NWs is about 10 times lower than the bulk values because of the much 

higher doping levels in NWs than the bulk as well as the observed mobility suppression 

in the NWs. In addition, NW 3 from the high vacuum growth shows higher ZT values 

than the low vacuum grown NW 2. Hence, an optimization of the doping level and better 

understanding of the mobility suppression are necessary to increase the ZT. 
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Figure 5.15. ZT as a function of temperature for the InSb NWs and bulk 

values.(Yamaguchi et al., 2005, Stuckes, 1957, Bowers et al., 1959).  

5. 6 Summary 

 
        InSb nanowires (NWs) have been synthesized at three different base pressures 

varying from ambient pressure to 10-6 Torr. The NWs were found to be zinc-blende 

structure with <110> growth direction. The thermoelectric properties of the NWs were 

characterized using a suspended device that allows transmission electron microscopy 

(TEM) characterization of the NWs. The Seebeck coefficient was found to increase with 

decreasing base pressure, indicating that oxygen is an n-type dopant. The thermal 

conductivity of the NWs was found to be suppressed by diffuse phonon-surface 

scattering. Despite the large thermal conductivity suppression, the ZT of the two NWs is 

about 10 times lower than the bulk values because of the much higher doping levels in 

NWs than the bulk as well as the observed mobility suppression in the NWs. In fact, one 
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NW from the high vacuum growth shows higher ZT values than another low vacuum 

grown NW. These results show that it is necessary to better control the impurity doping 

and improve the mobility in order to increase the ZT of the InSb NWs. 
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CHAPTER 6: CONCLUSION 

 

This dissertation presents the investigations of the TE transport properties in three 

NW systems, i.e. EE Si NWs, InAs NWs, and InSb NWs, with a focus on establishing of 

the property-structure relationships and better understanding of the size confinement 

effects on electron and phonon transport in these NW systems. At the same time, 

different methods of making electrical contact to NWs assembled on the suspended 

device for TE measurements were investigated and the issues due to Pt/C spreading 

during metal deposition was evaluated.     

The suspended device was used to characterize S, σ, κ, and ZT of the same 

individual EE silicon NWs. A method that combines HF etching, focused electron beam 

induced platinum deposition and annealing in hydrogen was developed to make electrical 

contacts between the NWs and the supporting Pt electrodes on the suspended membrane. 

The TEM results reveal a 5-15 nm thick amorphous layer that contains dark spots. EDS 

and EELS analysis shows that the amorphous layer was mainly silicon oxide. EDS 

analysis also shows the presence of the Pt and C in the amorphous shell; whereas TEM 

images show isolated black spots near the interface between the amorphous shell and the 

Si core. The black spots are thought to be Pt-C particles, in agreement with the electrical 

measurement results on un-etched NWs verifying the absence of a continuous Pt coating 

on the NW surface. The annealing temperature is not high enough to drive Pt-C to diffuse 

across the PtSi/Si interface into the Si core of the NW. However, it is possible that carbon 
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may diffuse through a SiO2 film and aggregate into positively charged clusters at the 

interface between the SiO2 and Si.    

     The measured Seebeck coefficient is positive and shows a linear dependence on 

temperature. Extrapolation of the high-temperature linear Seebeck coefficient yields a 

positive intercept at zero K, which can be attributed to a small phonon drag contribution 

in the degenerately doped NWs. The measured electrical conductivity of the very rough 

NW is much lower than those of other NWs with smoother surfaces.  

By ignoring the phonon drag contribution, the Fermi level, carrier concentration, 

and carrier mobility in the NWs were extracted from the measured Seebeck coefficient 

and electrical conductivity. For the very rough NW, the carrier mobility was found to be 

much lower than the corresponding bulk mobility and those of other measured NWs. 

Besides surface scattering, the large suppression of electrical transport in the very rough 

NW can be caused by the presence of a surface depletion layer due to positive surface 

charge states such as carbon clusters on the NW surface. However, it is unclear why the 

large suppression was found only in the very rough NW.  

      The thermal conductivity of EE silicon NW was found to be lower than VLS silicon 

NWs. The contact thermal resistance was found to account for 20% error in the measured 

two-probe thermal conductivity of the three NWs. Except for the very rough NW with a 

very low thermal conductivity, the room temperature thermal conductivity was in the 

range of 5 and 11 W/m-K for five EE silicon NWs in the diameter range between 45 nm 

and 118 nm. No apparent diameter dependence was observed. The rough NW with the 

lowest electrical conductivity was also found to possess the lowest thermal conductivity. 
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Among the other three NWs, a NW with a rougher surface was found to have a lower 

thermal conductivity than another smoother NW with a similar diameter. Hence, it 

appears that the observed thermal conductivity variation in EE Si NWs is correlated with 

the variation in the surface roughness. However, the thermal conductivity values of the 

EE NWs are much lower than theoretical values for highly doped NWs of diffuse surface. 

The low thermal conductivity in the EE Si NW could have other origins such as phonon 

backscattering by surface roughness or other phenomena that are not captured by the 

theoretical model.  

The ZT at near room temperature calculated from the three properties measured 

on the same NW was found to be between 0.01 of a very rough NW and 0.08 of a 

relatively smooth NW, the latter of which is about four times higher than that reported for 

bulk p-type Si at the optimum doping concentration. These Si NW samples could be 

contaminated or oxidized during the device processing. Based on the TEM 

characterization, they have relatively thick oxide layer and low surface roughness, and 

are apparently different from those reported by Hochbuam et al. (Hochbaum et al., 2008). 

Typical rough nanowires reported by Hochbuam et al. should have thin oxide layer and 

be free of major structural defects. Hence, given the significant structural differences in 

the samples, it would be scientifically inappropriate to compare the transport properties 

obtained from the two different studies. 

 The thermal conductivity of wurtzite structured InAs NWs were characterized in 

detail. At room temperature and below, the thermal conductivity of the NWs with proper 

thermal contacts was found to decrease with decreasing diameter, revealing the effect of 
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increased phonon surface scattering with decreasing NW diameter. The difference in the 

thermal conductivity of NWs of different diameter was found to decrease with increasing 

temperature, suggesting that Umklapp phonon scattering is the dominant scattering 

process at temperature above the room temperature. Compared to bulk InAs of zinc blend 

phase, a five to ten fold reduction in thermal conductivity was observed in the wurtzite 

NWs. In addition to a reduced phonon boundary scattering mean free path in the NWs, 

the thermal conductivity reduction is attributed to lower average phonon group velocity 

in the InAs NWs of wurtzite structure that has more atoms in the primitive unit cell and 

thus optical phonon branches than the zinc blended phase.    

 In addition, one InAs NW was broken where the broken edge made a point 

contact to the side surface of the SiNx membrane, allowing for the measurement of the 

interface resistance at the nanoscale contact. The measured interface thermal resistances 

(Ri) is compared with an analytical model. 

 InSb nanowires (NWs) have been synthesized at three different base pressures 

varying from ambient pressure to 10-6 Torr. The Seebeck coefficient was found to 

increase with decreasing base pressure, indicating that oxygen is an n-type dopant. The 

thermal conductivity of the NWs was found to be suppressed by diffuse phonon-surface 

scattering. The ZT of the two NWs is about 10 times lower than the bulk values because 

of the much higher doping levels in NWs than the bulk as well as the observed electron 

mobility suppression in the NWs. One NW from the high vacuum growth shows higher 

ZT values than another low vacuum grown NW.  
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      These experiments reveal intriguing TE transport phenomena in NWs, many of which 

are not yet well understood. While progresses has been made in this work for combined 

structure and TE characterizations of NWs, further improvements in TE characterization 

methods, especially new methods for making electrical contact to NWs, are required. In 

addition, advancements need to be made to better control the impurity concentration, 

surface roughness, and crystal structure of the NWs in order to fully understand the 

electron and phonon transport in NWs.    
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