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Thermoelectric materials and devices have attracted extensive research interests. Great progress has been 

obtained in improving the thermoelectric figure of merit ZT of several one-dimensional (1D) nanostructural 

materials. Simultaneously, tremendous efforts were devoted to characterize thermoelectric performance of 

nanostructural materials and associated devices. Accurate measurements of Seebeck coefficient and thermal 

conductivity of 1D nanostructural materials were still stiff task. This review explored the latest research results on 

measuring methods for thermoelectric properties of 1D nanostructural materials. Five frequently used methods to 

measure Seebeck coefficient would be presented. Twelve kinds of popular methods to measure thermal 

conductivity would be described. Device structures, measuring principles, merits and shortages, and application 

examples of every method would be discussed in details. Two potential hot topics in measuring thermoelectric 

properties of 1D nanostructural materials would be proposed.  

 

I Introduction 

 

One of the great challenges of modern society is the energy crisis, including energy storage, consumption, and 

dissipation. Consequently, functional materials and devices, having the ability to reduce power dissipation routes, 

have attracted enormous interests.1-4 Among these, thermoelectric materials, which could direct transform thermal 

and electrical energy in solid-state based on Seebeck and Peltier effects,5 hold great promise for improving energy 

conversion and harvesting.6,7 These materials could be associated with solar system,8-10 sensors11 and etc..12-14 For 

example, the performances of ever-shrinking electronic chips were historically enhanced by increasing power and 

increasing on-chip power density. Heat generation from the chips, however, was spatially non-uniform, resulting 

in regions of localized high heat fluxes known as hotspots (>1000 W/cm2) which presented a cooling challenge.13 

The localized, on-chip, solid-state thermoelectric refrigeration was expected to open up the possibility of 

microelectronic chips with efficient thermal control. However, there was only modest progress for several years 

because of the real challenges faced by researchers trying to enhance the thermoelectric performance. Fortunately, 

low dimensional nanostructures, compared with their bulk counterparts, have been proposed to have better 

thermoelectric performance due to increased phonon scattering and quantum confinement in the early 1990s by 

Hicks et al..15 Later, several 1D nanostructures, such as nanowires (NWs),16-18 nanotubes (NTs),19-21 have been 

extensively investigated. Up to now, a tremendous amount of work was committed to manufacture 1D materials 

and characterize their thermoelectric performance.22-31 Nevertheless, the measuring methods for thermoelectric 

properties of 1D nanostructure materials were still key issues to obtain materials with improved thermoelectric 

performance. 
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I-1 Principles of thermoelectricity  

The thermoelectric effect was fundamentally a direct solid-state conversion of between thermal and electrical 

energy by Seebeck and Peltier effects. For conducting or semiconducting materials, the microscopic mechanism 

of the Seebeck effect mostly depended on the carriers distribution under a temperature gradient. The carriers 

(electrons or holes) were uniformly distributed without the temperature gradient. However, once the temperature 

gradient existed, the carriers at the hot end hosted larger kinetic energy and tended to diffuse to the cold end. As a 

consequence of the charge carrier diffusion, the accumulation of the electric charge established an internal electric 

field to prevent the further diffusion of the carriers. In the end, the diffusion caused by the temperature gradient 

and the drift of carriers caused by the internal electric field reached their dynamic equilibrium. Consequently, the 

Seebeck potential between the hot and cold extremity of the material was established.  

In order to quantify the Seebeck effect of various materials, Seebeck coefficient/thermoelectric power (TEP) 

was defined as the ratio between the thermoelectric induced voltage and the temperature difference across the 

material. That was 

 
V

S
T

∆
= −

∆
        (1-1) 

where ∆T, ∆V are the temperature difference along the NW and the thermoelectric voltage induced by 

temperature difference, respectively. The sign depended on characteristics of materials: positive for p-type 

semiconductor and minus for n-type semiconductor. 

As for the performance of a thermoelectric material, it was tightly correlated with its electronic and phononic 

transportion characterization and was normally described by the dimensionless thermoelectric figure of merit,32,33 

                   
2

ZT
S Tσ
κ

=                              (1-2) 

where T represents the environmental temperature of a working device, S, σ, k are the Seebeck coefficient, 

electrical conductivity, and thermal conductivity of the thermoelectric material, respectively. From the equation 

(1-2), a large power factor, S2σ, implied that the material could output large voltage or current, and a material 

with low heat conductivity possessed high ZT. 

 

I-2 ZT of 1D nanostructural materials 

To enhance the performance of thermoelectric materials, a great effort had been made to reduce their electrical 

conductivities and increase the Seebeck coefficients. For example, doping had been proved to be a promising 

approach to improve ZT of nanoscale materials because of its remarkable impact on thermoelectric properties of 

nanomaterials.34-37 Band engineering materials, had been proved to have remarkable figure of merits.38,39 

Composites and alloys, due to their relatively low thermal conductivities and high electric conductivities 

compared with their bulk counterparts, have attracted extensive interests.40-47 Low dimensional nanostructures had 

been confirmed to exhibit good thermoelectric performance.48-53 These materials provided a promising building 

block for practical thermoelectric applications in nanoelectronics.12 Especially, reducing the scale of the material 

had a huge impact on its thermoelectric property, which could be explained as following:14,33,54 i) improvement of 

the density of states near the Fermi level owing to the quantum effect, and thus the enhancement of Seebeck 
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coefficient compared to the bulk materials. ii) severe phonon scattering at the interfaces and boundaries, resulting 

in decreasing thermal conductivity. 

From published papers, most of thermoelectric materials have ZT value of around 1.0.55-57 For power 

generation, an optimistic energy conversion efficiency of the thermoelectric materials at heat source temperature 

about 750 K was predicted to be 30% when the ZT value reached 4.0, which would be an attractive choice for 

energy harvesting.58 In experimental measurements, the ZT values of 1D nanostructures based on Bi-Sb-Te-Se 

complexes were in the range of 1.5-2.5.59-61 Surface rough silicon (Si) NW exhibited a ZT of 0.6 at the room 

temperature while the ZT value of bulk Si was about 0.01.25 The ZT value of single-crystalline β-SiC NWs was 

measured to be 0.12, which was around 120 times higher than the reported maximum value of bulk β-SiC.62 From 

theoretical calculation, Bi2Te3 1D quantum wire with width 5 Å square cross section had a ZT up to 14.15 Based 

on the quantum-limited effect of electrons and phonons, the ZT of bismuth NT with 10 nm diameter and 2 nm 

thickness was theoretically predicted up to about 6.63 The ZT of Si1−xGex NWs, oriented along the [110] direction 

with rectangular cross section area of 2.3 nm2, was theoretically predicted to be above 4.64 Furthermore, the room 

temperature ZT of a 1.1 nm diameter GaAs NW was predicted to reach as high as 1.34, exhibiting more than 

100-fold improvement over the bulk counterpart.65 The ZT of ZnO NW increased 30 times compared with its bulk, 

when its diameter decreased to 8 Å.66 Therefore, it was a possible approach to improve thermoelectric 

performance by converting bulk material into 1D nanostructures.  

 

I-3 Methods for measuring thermoelectric properties 

Although great progress has been obtained in increasing thermoelectric figure of merit of 1D nanostructural 

material,37,67,68 thermoelectric propriety measurements of nanoscale materials and devices were still a severe 

challenge. This might be attribute to the difficulty in dealing with the fabrication of measuring structures, issues of 

electrical contacts and the signal noises from nanostructural devices. Therefore, the measuring methods must be 

improved and optimized so as to explore high performance thermoelectric materials. Along with the technological 

development, the properties of thermoelectric materials with scale decreasing to a few microns or even a few 

nanometers, could be characterized. Hitherto, several methods have been developed to measure the thermal 

properties of NWs, such as self-heating 3ω method,69 thermal flash method,70 and the method using a suspend 

micro-device71-73 In additional, a few reviews had been reported involving thermoelectric properties and structures 

of NWs.74-80 Only few reviews, however, involved the measuring methods of thermoelectric properties of 1D 

nanostructural materials.81-83 

This review explored the latest research results on the measuring methods for thermoelectric properties of 1D 

nanostructural materials. Five often used methods to measure Seebeck coefficient would be discussed. Similarly, 

twelve kinds of the most popular methods to measure thermal conductivity would be described. In each method, 

its principle, applications, merits and shortages would be presented in order to provide a comprehensive 

understanding of the method. Furthermore, two potential hot topics in measuring the 1D nanostructure 

thermoelectric properties would be proposed. 

 

II Measurements of Seebeck coefficient of 1D nanostructural material 
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An accurate measurement of the Seebeck coefficient was essential with the aim to investigate and evaluate 

thermoelectric properties of new materials. However, measuring the Seebeck coefficient of an individual NW was 

fraught with difficulty for the requirement to extract the Seebeck voltage, ∆V, and temperature drop, ∆T, across 

the NW precisely. Therefore, there were at least two challenges associated with the measurement of Seebeck 

coefficient. One was applying a sufficient temperature difference along the NW, and another was measuring the 

Seebeck voltage accurately, which was a few microvolts. 

In this section, five methods for measuring the Seebeck coefficient of NWs would be discussed. The methods 

using mesoscopic or microfabriccated suspended device had been extensively used and various similar devices 

had been built during the last decade. Methods using thermocouples or reference films were developed to 

characterize the Seebeck coefficient of NWs, offering other accesses to obtain the temperature difference besides 

temperature coefficient of resistance (TCR =(dR/dT)/R). The last method using ac signal could suppress unwanted 

noise so to improve the measuring accuracy. The discussions below focused on the principles of these methods. 

Furthermore, the main advantages and disadvantages of the methods were presented as well as their applications. 

A summary of these methods was presented in Table 1. 

 

Table 1 Summary of measurements of Seebeck coefficient of 1D nanostructural material 

Methods Source Sensor Merits Shortages Ref 

Mesoscopic device Direct 

current (DC) 

Based on TCR Simple device 

Easy sample placement 

Long thermal 

stabilization period 

Extra effort to achieve 

ohmic contact 

[16] 

[21] 

Microfabriccated 

suspended device 

DC Based on TCR Thermal stabilization 

within several seconds 

Complex device 

Difficult sample 

placement 

Extra effort to achieve 

electrical contact 

[73] 

[110] 

Mircodevice with 

thermocouples 

DC Thermocouple The temperature 

obtained near the 

contacts 

Careful noise cancelling 

and circuit design for 

thermocouple 

 

[114] 

[115] 

Measurement with 

a reference film 

 

DC 

Based on a 

reference film 

Without direct 

temperature 

measurement 

Difficult to achieve 

electrical contactExtra 

effort to obtain the SR 

and SC 

 

[117] 

[118] 

2ω technique Alternating 

current( AC) 

Based on TCR Simple device 

High signal/noise ratio  

Small singal at high 

frequency 

[111] 

[119] 
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II-1 Mesoscopic device 

 

II-1.1 Structure 

 

 

Fig. 1 Mesoscopic devices for measurement of Seebeck coefficient of individual 1D nanostructure: (a) Typical 
device with platinum(Pt) line heater; (b) Scanning electron micrographs of a device used to quantitate the 
thermopower of the NW. Reprinted with permission from ref. 84 and 16, AIP Publishing LLC and Nature 
Publishing Group. 
 
 

In this method, a schematic layout of a typical structure for the Seebeck coefficient/TEP measurement, as well 

as its scanning electron microscope (SEM) image, was shown in Fig. 1(a). The NW was placed on a silicon 

oxide/silicon (SiO2/Si) substrate and then followed by a deposition of two metallic wires (e.g. Pt) contacting both 

ends of the NW. These wires, in a four-probe configuration, were served as both electrodes and thermometers. To 

generate Joule heat, a microfabricated heater was fabricated adjacent to one of the NW-wires contacts. A direct 

current (DC), I, was applied to this heater and raised the temperature locally around the neighboring contact area. 

Furthermore, temperature gradient (∆T) would be obtained from the resistances of the two thermometers, Rn and 

Rf, based on their TCR which had been previously calibrated. Fig. 1(b) showed another device which was almost 

the same as the former. However, two zigzag heaters, labeled as H1 and H2, were symmetrically fabricated. Four 

metallic wires (C1, C2, Th1 and Th2 ) comprised 4-point electrical contacts to characterize the electrical property 

of the NW. In additional, it was worth noting that Th1 and Th2 also served as resistive thermometers. 

 

II-1.2 Principle 

This Seebeck coefficient measurement relied on the heater to provide temperature difference across the NW. 

Once a direct current, I, crossed through the heater as schematically illustrated in Fig. 1(a), the temperature around 

the adjacent contact area would rise as a consequence of Joule heating. Part of the heat flowed through the NW 

and the SiO2 layer, creating a temperature gradient along the NW. Then, instruments (voltage and current meters) 

were implemented to read resistances of the thermometers as well as the resultant thermoelectric voltage, ∆V 

(TEV), simultaneously.85 Next, temperature gradient, ∆T, between the two thermometers was calculated based on 

the relationship between the thermometers’ resistances and temperatures. The temperature of the thermometer was 

a function of the TCR, so, the resistance measured could be converted to average temperature of the thermometers 

direct.21 Consequencely, the TEP could be obtained from equation (1-1). 
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Before carrying out the measurement, it was necessary to determine the relationship between resistance and 

temperature of the thermometer. In other words, the TCR needed to be determined.86 For this purpose, four point 

probe technique was adopted.73 Shin et al.,85 for example, used four-probe to assure a significant improvement in 

accuracy. Compared with two-point-probe technique, the contact contribution and the resistance of wires outside 

the substrate could be eliminated when four point probe technique was used. Therefore, it was possible to obtain 

accurate signals through the resistances of the thermometers. 

 

II-1.3 Merits and shortages 

In order to minimize the heat loss due to air convection, the device was put in a vacuum chamber. Furthermore, 

the temperature difference along the NW provided by the heater was sufficient to facilitate the Seebeck coefficient 

measurement. Therefore, a tight control of energy flow in the device was not necessary.87 Another merit was that 

the NW was put on the substrate followed by the deposition of metallic wires which resulted in easy sample 

placement. However, the Seebeck voltage, ∆V, was small (a few millivolts) and was measured by a nanovoltmeter. 

What's more, the major error source in this method would be ∆T due to various noises, for instance, the 

fluctuation of ambient temperature and the rectification of TCR. Therefore, low noise configuration was required 

for an accurate measurement of the Seebeck coefficient, for example, high vacuum and lock-in amplifiers for 

measuring the resistance of the temperature sensors. It was worth noting that this method required a thermal 

stabilization period after a heating power change, and cannot avoid uncertainty when reading the temperature 

owing to the existence of the substrate.85 To tackle this, Shin et al, removed the backside Si underlying the SiO2 

layer, and the membrane structure allowed for faster thermal stabilization within several seconds relative to the 

traditional bulk substrate.85 

Another difficulty was the formation of ohmic contacts which was historically a challenge for NWs. On the one 

hand, the contact at the interface of the electrode and NW was mostly nonideal because of the extremely small 

contact area ( < 0.05 µm2 ) and the unsubstantial contact. On the other hand, the oxide layer existed on the surface 

of the NWs and Schottky barrier at the contact area increased the experimental difficulty.84 It had been reported 

that a 40nn Bi NW would consist of a 25 nm crystalline Bi core and a 7 nm thick amorphous oxide coating which 

resulted in nearly 1×106 Ω electrical contact resistance between the Bi NW and metal electrode.88 Nevertheless, in 

order to accurately obtain the Seebeck coefficient, it was necessary to couple the NW and electrode with ohmic 

contact. From published papers, there were several methods to obtain ohmic contact. In most of the measurements, 

electrical contacts were formed by depositing noble metals, such as Pt and tungsten (W), or carbon (C) films using 

focused ion beam (FIB) or Electron Beam Induced Deposition (EBID) due to its high accuracy on the selected 

region, followed by thermal annealing.89 SEM and electrical measurements could be used to ensure the good 

ohmic contacts. For example, Valentin et al, utilized FIB to deposit Pt electrodes on the β-silicon carbide NW to 

obtain electrical contact.90 Their SEM image showed that part of the NW was exactly covered by the deposited Pt 

and confirmed that an unsubstantial contact had been formed. It was noteworthy that FIB could also be used to 

expose the surface of the NW. Murata et al,91,92 implemented a FIB processing to remove a selected portion of the 

quartz covered on bismuth (Bi) NW, and then deposit carbon films on the NW to form electrical contacts. The 

total contact resistances, however, based on their two-wire and four-wire measuring results, could be more than 

2×105Ω. Notablely, this approach was time consuming and might contaminate or even damage the NWs.88,93 An 
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electrothermal annealing process prior to the measurement could also lead to the electrical contacts. Shapira et 

al.94 used a staircase sweep of potential with steps of 0.5 V crossing the contact of a 30 nm nickel (Ni) NW and 

gold (Au) electrode to break down the native oxide until the resistance of the NW was dropped from its initial 

value of ~108 Ω to <104 Ω, which implied that the dielectrical contact resistance between Ni NW and Au could be 

approximately 108 Ω. The same process was also found in literature 95. A DC voltage pulse of 1.5V for 0.5 s had 

been applied across the SiGe NW and aluminium (Al) contact. It was found that part of the NW became welded to 

the Al lead and was inserted into the metal due to Joule heating. Nevertheless, special attention should be paid to 

the voltage magnitude when a DC voltage was applied because the NWs was fragile and could be broken due to 

Joule heat. Additionally, it had been proved that thermal annealing and doping had a significant effect on 

metal-NW contact. For example, Yu et al.96 found that, after thermal annealing, the measured resistivity could 

drop from 103 Ω cm to ~1Ω cm for Si NWs with Au contact. The thermal annealing process not only led to 

improved metal-NW contact but also facilitated NW doping via diffusion and ionization of the metal.96 To obtain 

good ohmic contacts, other techniques had also been developed. Jang et al.97 carried out an etching and depositing 

process of the electrodes without breaking the vacuum so as to prevent the further formation of the oxide layer. A 

proper plasma treatment was also used on the contact area prior to form electrical contact by Chul-Ho et al..84 

Interestingly, Wang et al.98 developed a novel method to locally evaporate Pt metal between the NW and the 

electrodes using a shadow mask process. 

 

II-1.4 Applications 

The mesoscopic device was one of the most convenient and useful method to measure the TEP of a single NW, 

which could achieve both the temperature difference and measuring the Seebeck voltage. Small et al.,21 in 2004, 

obtained the Seebeck coefficient of single wall CNTs (SWCNTs) using the microdevice and the measured 

thermoelectric power was ∼ 200 µV/K at room temperature. Boukai et al.16 fabricated a thermoelectric device 

platform to quantitate the thermopower and electrical conductivity of Si NW arrays, as shown in Fig. 1(b). The 

SiNW array was at the central area and under the wires (Th1 and Th2). The heaters were labeled as H1 and H2. 

Th1 and Th2 were 4-point devices which served as resistive thermometers. C1, C2, Th1 and Th2 comprised the 

4-point electrical contacts to the Si NWs, with C1 and C2 utilized as the current source and drain for those 

electrical conductivity measurements. With this device, the TEP of Si NWs for cross-sectional area of 

20nm×20nm was measured to be about 400 µV/K. More importantly, they found that ZT values representing an 

approximately 100-fold improvement over bulk Si are achieved including ZT ≈1 at 200 K. Lee, et al.84 

investigated the temperature-dependent TEP of individual wide band gap ZnO. The device the used was illustrated 

in Fig. 1(a). Their result showed that the TEP value of the ZnO NWs was as high as -400 µV/K at room 

temperature. Recently, Xu et al.,99 utilizing this method, obtained the Seebeck coefficient of individual 

singlecrystalline SnTe NWs with different diameters ranging from ∼218 to ∼913 nm. The result showed that, 

when the diameter was decreased to 218 nm, the Seebeck coefficient turned out to be -41µV/K. 

Compared with the line heater, platinum resistance thermometer (PRT) coil was designed to generate bigger 

temperature difference between both ends of the NWs (see Fig. 1(b)).16,99,100 This makes the measurement of TEV 

easier. To obtain the temperature more accurately, two PRTs was adopted to alternately serve as the heat source.72 

In additional, scanning thermal microscopy (SThM) or numerical simulations are also used to correct the 
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measured temperature difference.81,94,101 Furthermore, taking into account the temperature distribution over the 

structure, infrared image was used to directly obtain the temperature distribution of the device and this method 

was found to be appropriable to examine thermoelectric characteristics.102 

Up to now, the mesoscopic structures had been successfully applied to characterize the thermoelectric 

properties of various NWs, such as Sb2Te3,
103 InAs,100,104 GeSn,105 InSb,106 Ni 107 as well as fibres.108  

 

II-2 Microfabricated suspended device 

 

II-2.1 Structure 

 

 

Fig. 2 (a) Microfabriccated suspended device and (b) SEM image of a SiC NW over the suspended 

microresistance thermometry device, platinum contacts are deposited on the NW-electrode contact area 

using ion beam induced deposition. Reprinted with permission from ref. 133 and 90, American Chemical 

Society and AIP Publishing LLC. 

 

The outline of the suspended microstrcture device incorporated two adjacent thick ultra-low-stress Si nitride 

(SiNx) platforms, each around 15 µm2, suspended by several long (200-400 µm) and narrow (2-4 µm) SiNx beams, 

as shown in Fig. 2(a). On each platform, a PRT was deposited and acted as not only a heater to achieve 

temperature difference but also as a thermometer. Furthermore, two electrodes were lithographically patterned for 

connecting the NW. Once a NW was placed on the device and bridged on the two electrodes designed on each 

island, the NW was connected to the outside pads via Pt wires deposited on each SiNx beam. A SiO2 film was 

deposited on top of the thermometers to isolate the NW from PRTs.73,95 Fig.2(b) showed another device with a 

SiC NW suspending over the electrodes, platinum contacts are deposited on the NW-electrode contact area using 

FIB.90 

 

II-2.2 Principle 

In this suspended device, when a direct current flowed through one of the PRTs, the temperature at one end of 

the NW was increased by Joule heating. Part of the heat would flow through the NW and created a temperature 

gradient along the NW. The Seebeck voltage, ∆V, was, then, induced by the temperature gradient and could be 
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measured through the contact pads which connected the NW. Furthermore, the temperature difference ∆T could 

be obtained through the PRT’s TCR. The Seebeck coefficient, consequently, determined from equation (1-1). 

 

II-2.3 Merits and shortages 

The microfabricated suspended device was a powerful tool for the measurement of one-dimensional 

nanostructures, offering significant advantages such as measuring Seebeck coefficient, electric conductivity and 

thermal conductivity of the same NW. One of the main outcomes of this device was that it provided an effective 

approach to measure the thermal properties of NWs with small diameter down to a few nanometres, for example, 

10nm in ref. 73. Compared with the mesoscopic device, this suspended device allowed for faster thermal 

stabilization within several seconds after each temperature change due to thermal decoupling of the electrical 

heaters/sensors from the carrier substrate. However, this method involved additional preparation efforts such as 

the fabrication of these suspended devices and difficult sample placement. Complex processes and very specific 

equipments were required to fabricate the suspended structures. For example, more than five process steps and 

electron beam lithography were involved. Additionally, the devices in this method also ran into inevitable issues 

with controlled placement of the single NWs exactly between the two Pt electrodes designed on each island due to 

the small size of the NWs (<100 nm) and the suspended structure. From published papers, there were two main 

strategies to place the NWs. In the first strategy, the NWs were first dispersed into a volatile solvent by sonivation, 

and then dropped cast onto a wafer containing many suspended devices. After drying the solvent, statistically, 

some of the NWs were exactly adsorbed on the two Pt electrodes.73,110 It was worth noting that high density of the 

devices on a wafer significantly improved the yield of testable NWs since the drop dispense method of NW 

deposition was inherently a random process.111 In the second strategy, individual NWs were picked up by a tip 

from the hosting bundle, and then a nanomanipulator was used to place the NW at a desired location for 

characterization. Being highly selective and reproducible, this strategy, provided a reliable way to manipulate a 

single NW for certain applications.62,112 Nevertheless, it was a time consuming work and special instruments were 

required, such as FIB and the nanomanipulator. Another difficulty was the formation of ohmic contacts. To reduce 

the electrical contact resistance between the NW and the electrodes, the FIB, thermal annealing and other novel 

strategies were adopted, which have been discussed in section II-1.3. 

 

II-2.4 Applications 

By employing this method, the Seebeck coefficient of individual SWCN bundle as a function of temperature 

were measured. it showed linear temperature dependence in the temperature range of 30–250 K, and saturated 

above 250 K.73 To investigate the thermoelectric properties of Bi2Te3 NWs, Li et al.,110 using this suspended 

microdevice, found the Seebeck coefficient of the 391 nm Bi2Te3 NW to be ~50 µV/K at room temperature, and 

the results showed it had the same trend as bulk Bi2Te3 material. Valentín et al.,90 recently, investigated the 

thermal properties of β-SiC NWs as shown in Fig. 2(b). The temperature dependence of the Seebeck coefficient 

was studied, and the largest value for NW in 90 nm turned to be -68 µV/K at 370 K. Moreover, Lee et al.113 

simultaneously measured all thermoelectric properties of the SiGe NWs which exhibited a large thermoelectric ZT 

of ~0.46 at 450 K. 
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II-3 Mircodevice with thermocouples 

 

II-3.1 Structure 

 

 

Fig. 3 (a) A device including two meander heaters and two Ag/Ni thermocouples for measurement of S and σ 

for NW arrays; (b) Plots of Seebeck coefficient against annealing temperature for PbTe NWs; (c) Photograph of 

the suspended microdevice for evaluating thermoelectric properties of nanomaterial; (d) Measurement of the 

temperature from the two microthermocouples in the short-circuit configuration during heating. Reprinted with 

permission from ref. 114 and 115, American Chemical Society and IOP Publishing. 

 

A microfabricated device structures with thermocouples for the Seebeck measurement was shown in Fig. 3(a). 

The device consisted of two outside microfabricated heaters and two microthermocouples fabricated on a Si3N4 

wafer. The NW was put under the two electrical contacts. 

 

II-3.2 Principle 

The individual NWs were placed between the two heaters for characterizing thermoelectric properties as shown 

in Fig. 3(a). In order to evaluate the Seebeck coefficient, the NWs were heated by feeding a current into the heater 

from either side. Therefore, a temperature gradient was then generated along the NWs. From the two electrical 

contacts, the Seebeck voltage and temperatures at two ends of the NW were measured individually. More 

specifically, the temperature difference, ∆T, of the NWs could be obtained from the two microthermocouples 
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(TC1 and TC2); the Seebeck voltage, ∆V, could be measured from the two electrical contacts. Finally, from the 

temperature difference ∆T and the Seebeck voltage ∆V, the Seebeck coefficient at a specific temperature could be 

approximated as115 

 1metal

V
S S

T

∆
= +

∆
                      (2-1) 

where Smetal1 is the Seebeck coefficient of the metal contacted with the NWs.  

 

II-3.3 Merits and shortages 

It should be noted that the temperature difference of the NW could be obtained from the TCR of the heaters as 

described in sections above. However, it was difficult to make precise measurements of the temperature at the end 

of the NW since the temperature along the heater was nonuniform and the resistance was measured as an average 

value. As for the temperature sensor involved in this method, it conferred the advantage that the 

microthermocouple had the ability of precise temperature measurement at a very small area near electrical 

contact.114 Additionally, thermocouple was ideal simple measurement device, with each temperature being 

characterized by a precise temperature-voltage curve, independent of any other details. Nonetheless, in reality, 

thermocouple was affected by issues such as ambient temperature fluctuation and circuit design mistakes. 

Furthermore, the NW had to be placed over/under the same metal, otherwise, the Seebeck voltage could not be 

accurately detected due to different contacts at two ends of the NW. It should also be pointed out that, before 

applying this measurement, the thermocouples should be calibrated. 

 

II-3.4 Applications 

Yang et al.,114 using a device with two meander heaters and two thermocouples deposited on top of an array of 

∼200 PbTe NWs as shown in Fig. 3(a), analyzed the annealing effect of PbTe NWs. Fig. 3(b) showed that the 

measured Seebeck coefficient was -479 µV/K for annealed NWs which was 80% larger in magnitude than the 

Seebeck coefficient of bulk PbTe. Ono et al.115 developed a platform with build-in microthermocouples to 

evaluate the thermoelectric properties of low-dimensional materials. As shown in Fig. 3(c), the device consisted of 

freely suspended heating elements opposite to each other, and a thermocouple integrated into the individual 

heating element. The temperature was obtained from two microthermocouples with a Cr–Al junction during 

heating, which was shown in Fig. 3(d). Their obtained Seebeck coefficient of a Bi2Te3 bundle was about 19 µV/K. 

 

II-4 Measurement with a reference film 

 

II-4.1 Structure 
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Fig. 4 Schematic diagram of Seebeck coefficient measuring device with a reference film. 

 

The microchip was shown in Fig. 4, which consisted of two identical pairs of metallic contacts anchored on 

SiO2 layer. A NW was suspended over one pair of them, and a reference film with a known Seebeck coefficient 

between the other. To generate a temperature between the NW and the film, a thin film heater was also designed 

beside the sample. 

 

II-4.2 Principle 

As shown in Fig. 4, a direct current was fed through the thin film heater in order to generate an identical 

temperature difference, ∆T, on both pairs of the contact film. With the reference film, the temperature difference 

between two ends of the NW could be determined through the reference voltage UR of the Seebeck reference film, 

                                ( )R R CU S S T= − ∆                  (2-2) 

where SR and SC are the known Seebeck coefficient of the reference film and the contact pads, respectively. 

Therefore, when the Seebeck voltage UN of the NW was measured, the NW’s Seebeck coefficient SN could be 

obtained according to116 

            ( )/ /N C N N R C RS S U T U S S U− = ∆ = −          (2-3) 

 

II-4.3 Merits and shortages 

The main advantage of this method was that it avoided determining the temperature difference between two 

NWs contacts comparing with the TCR method. Thus, the influence of nonuniform temperature distribution could 

be minimized, if the device was properly designed, such as symmetrical structure. However, more effort should be 

done to investigate the Seebeck coefficient of the reference film and the contact pads at different temperature 

since they were required in this method. Furthermore, to obtain a correct Seebeck voltage, one had to solve the 

ohmic contact problem before applying this method. The Seebeck voltage could not be obtained if non-ohmic 

contacts were existed.117 Depositing noble metals, such as Pt and Ti, using FIB, or annealing procedure were 

recommended to guarantee electrical contacts.90,91 

 

II-4.4 Applications 

Cronin et al.117 used a reference film with known Seebeck coefficient to measure the Seeheck coefficient and 

resistivity of an individual Bi NW. The Seebeck voltage, however, could not be obtained owing to the high 

resistance of the non-ohmic contacts. Volklein et al.118 further developed this method and carried out a simulation 

to demonstrate that temperature differences between two ends of the NW could be obtained. Furthermore, 

together with a steady-state dc thermal bridge method (DCTBM), this measurement was further developed to 

investigate the thermoelectric transport coefficient S, κ and σ of NWs, so to obtain the figure of merit ZT of the 

measuring material.116 

 

II-5 2ω technique 
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II-5.1 Structure 

The related schematic of the device structures for the Seebeck coefficient measurement in a vacuum was shown 

in Fig. 1(a). The device consisted of one microfabricated heater and two thermometers patterned on a Si substrate 

covered with a thin SiO2 layer.  

 

II-5.2 Principle 

When an ac current at frequency ω was fed into the mircoheater, which resulted in Joule heating with a 

frequency 2ω. This heat diffusion caused a temperature oscillation which propagated through the substrate to the 

NW. Therefore, a temperature difference was established, and both the temperatures associated with the frequency 

2ω. TH(2ω) and TL(2ω), at two ends of the NW could be determined by measuring four-probe resistance of the Pt 

wires. Consequently,the temperature difference ∆T(2ω), could be obtained by 

 ( ) ( ) ( )2 2 2H LT T Tω ω ω∆ = −                (2-4) 

Employing lock-in amplifiers, both the Seebeck voltage ∆V(2ω) and ∆T(2ω) could be measured. Finally,the 

Seebeck coefficient, S, of the NW calculated as119 

 
(2 )

(2 )

V
S

T

ω
ω

∆
= −

∆
  (2-5) 

 

II-5.3 Merits and shortages 

The thermoelectric power measurement essentially incorporated reading the voltage generated by a temperature 

gradient. In order to produce the temperature gradient, the described method used the AC current to heat the 

heater via Joule heating. By employing a lock-in amplifier to obtain the 2nd harmonic voltage, the influence of 

environmental factors, such as temperature and pressure fluctuation, was minimized due to the high signal/noise 

ratio of the lock-in amplifier. Furthermore, the Seebeck voltage, ∆V(2ω), was clearly proportional to the 

temperature difference, ∆T(2ω), without any offset, because there was no phase lag between them.119 Nevertheless, 

it should be noted that, as the frequency increased, the temperature fluctuation amplitude (although the average 

temperature over time would remain the same) would be decayed, resulting in a reduction of measured 

thermoelectric voltage.111 As a result, the frequency in this method was recommended below the inverse of the 

thermal time constant of the heater. For example, below 1kHz in ref. 111. Additionally, if a bulk substrate device 

was adopted, a period of time to build thermal equilibrium was required. This situation could be improved by the 

suspended structure. 

 

II-5.4 Applications 

Duarte et al.111 measured the Seebeck coefficient of an individual NW with this method. In their measurement, 

the mircoheater and the NW were suspended to prevent substrate-coupling effects.73,120 In additional, they also 

observed thermopower enhancement in“junctioned” gold NWs near room temperature.23 Kirihara et al.119 recently 

fabricated a device with Pt microelectrodes and microheater. It was reported that the Seebeck coefficient of 

single-crystalline boron nanobelt (20 nm in average thickness) was measured to be 174 µV/K at 300k. 

Furthermore, the thermopower of quantum dots defined in heterostructure NWs were also measured so to obtain a 

comprehensive understanding of the quantum dot’s thermopower as a function of the Fermi energy.121,122 
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III Measurement of thermal conductivity of 1D nanostructural material 

 

In this section, twelve measurements of thermal conductivity of 1D nanostructural material were covered. The 

method with microfabriccated suspended device, 3ω method and transient electrothermal method (TET) had been 

extensively used and the thermal conductivities of various NWs had been measured by these methods.69,73,123 

T-type nanosensor method was initially developed to characterize the thermal conductivity of a carbon nanotube 

and was later developed to measure the thermal conductivity of a NW. the DCTBM could be utilized to evaluate 

both conductive and nonconductive fibers. When compared with the existing techniques, this method appeared to 

present a reasonable alternative due to its simplicity and a high degree of reliability.124 Optical heating and 

electrical thermal sensing method (OHETS) was developed to characterize the thermal diffusivity of individual 

nonconductive submicron/nanoscale wires/tubes. Transient photoelectrothermal (TPET) and pulse laser-assisted 

thermal relaxation (PLTR) techniques were both based on laser irradiation and featured significant signal/noise 

ratio in millivolts.125 Measurements based on Raman thermography or thermoreflectance techniques were 

methods that could be used to measure absolute temperature. With these noncontact temperature measuring 

methods, the influence of thermal contact resistances could be eliminated. Thermal flash method could be carried 

out without calling for any knowledge or estimate of the interfacial/contact resistances.126 3ω-scanning thermal 

microscopy (SThM) technique which was based on third harmonic voltage at the thermoresistive probe could 

obtain the thermal conductivities of a wide range of individual NWs embedded in a matrix. 

This section briefly introduced the principles of these methods. The main advantages and disadvantages of the 

methods were presented as well as their applications. A summary of these methods was presented in Table 2
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Table 2 summary of measurements of thermal conductivity of 1D nanostructural material 

Methods Principle Samples in references Uncertainty Merits Shortages Ref 

Microfabricated 

suspended device 

MEMS 

Steady-state method 

Conductive NWs  

Minimum diameter 10 nm  

[73] 

Thermal conductivity from 1.1 

to 3000 W/mK [128,129] 

 

>9% [73] Platform for the Seebeck 

coefficient, electrical and 

thermal conductivity 

Measurement sensitivity 

down to ~1pW/K with special 

configuration[112,140] 

Complicated structure 

Difficult sample placement 

Extra effort to achieve 

ohmic contact  

Influence of the unknown 

thermal contact resistance 

[71] 

[73] 

[140] 

3ω method 3ω theory 

Dynamic method 

Conductive NWs  

Minimum diameter 45 nm  

[189] 

Thermal conductivity from 0.5 

to 830 W/mK [159,189] 

 

9% [191] Simple structure  

Convenient manufacture 

High signal-to-noise ratio 

Exist truncating error and 

radial heat loss 

Difficult for nonconductive 

NWs 

Low signal level (µV) 

[69] 

[191] 

T-type nanosensor 1D transient 

conduction theory 

Steady state method 

Conductive NWs 

Minimum diameter 9.8 nm  

[195] 

Thermal conductivity from 

110 to 2000 W/mK [199,195] 

 

7% [196] Simple structure 

Thermal contact resistance 

could be theoretically 

extracted 

Insufficient sensitivity with 

small diameters 

Considerable influence of 

the thermal contact 

resistance 

 

[195] 

[199] 

DCTBM 1D transient 

conduction theory 

Steady state method 

Conductive fibers 

Nonconductive fibers 

(additional metallic coating)  

Minimum diameter ~15 µm 

[205] 

Thermal conductivity from 7 

11% [124] Simple structure 

High degree of reliability 

Both conductive and 

nonconductive fibers 

 

Only larger fibers had been 

measured 

Difficult to evaluate the 

thermal contact resistance 

[124] 
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to 27 W/mK [205,124] 

 

OHETS 1D transient 

conduction theory 

Dynamic method 

Conductive fibers 

Nonconductive fibers 

(additional metallic coating)  

Minimum diameter ~800 nm 

[207] 

Thermal diffusivity from 

1.05×10-7 to 6.54×10-5 m2s-1 

[207,206] 

 

10% [206] Simple structure 

Both conductive and 

nonconductive sample 

Neglectful effect of the laser 

beam distribution 

The thermal diffusivity was 

obtained rather than the 

thermal conductivity 

Low signal level (µV) 

Complex configurations 

[206] 

[207] 

TET 1D transient 

conduction theory 

Transient method 

Conductive fibers 

Nonconductive fibers 

(additional metallic coating)  

Minimum diameter ~324 nm 

[211] 

Thermal diffusivity from 

1.53×10-7 to 6.67×10-5 m2s-1 

[211,123] 

 

10% [123] Simple structure 

Both conductive and 

nonconductive samples 

Strong signal level 

 

Only for the thermal 

diffusivity 

Nonconstant heating power 

due to the variation of 

sample resistance 

The results depended on the 

the rising time of the 

electric current 

 

[123] 

[215] 

TPET 1D transient 

conduction theory 

Transient method 

Conductive fibers 

Nonconductive fibers 

(additional metallic coating)  

Minimum diameter 10.4 µm 

[218] 

Thermal diffusivity from 

5×10-7 to 2.53×10-5 m2s-1 

----- Simple structure 

Both conductive and 

nonconductive samples 

Strong signal level 

Only for the thermal 

diffusivity 

Only larger fibers had been 

measured 

The results depended on the 

the rising time of the laser 

beam 

[218] 
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[218] 

 

PLTR 1D transient 

conduction theory 

Transient method 

Conductive fibers 

Nonconductive fibers 

(additional metallic coating) 

Minimum diameter 23 µm 

[210] 

Thermal diffusivity 1.05×10-5 

m2s-1 [210] 

 

10% [209] Simple structure 

Both conductive and 

nonconductive samples 

Negligible influence of the  

laser beam’s rising time  

Only for the thermal 

diffusivity 

Only larger fibers had been 

measured 

[209] 

[210] 

Raman 

Thermography 

Raman 

Thermography 

Steady state method 

Conductive NWs 

Minimum diameter 1.8 nm 

[220] 

Thermal conductivity from 

0.44 to 2630 W/mK [227,127] 

 

14.41% [227] Simple structure 

Negligible influence of the 

thermal contact resistance 

Limited resolution of the 

Raman spectrometer 

Raman spectrum should be 

corrected before 

measurements 

[127] 

[220] 

 

Thermal flash 

method 

Thermal flash 

Transient method  

Conductive fibers 

Nonconductive fibers 

Minimum diameter presented 

in this work 271nm [70] 

Thermal diffusivity from 

5.97×10-8 to 1.78×10-3 m2s-1 

[70,126] 

 

----- Both conductive and 

nonconductive samples 

Without concern for thermal 

contact resistance 

The thermal diffusivity was 

obtained rather than the 

thermal conductivity 

Limited by the data 

acquisition rate 

 

[70] 

[126] 

Thermoreflectance 

Technique 

Thermoreflectance 

Technique 

Steady state method 

Conductive NWs  

Minimum diameter presented 

in this work 115 nm  [238] 

----- 0.1 °C temperature resolution 

Without concern for thermal 

contact resistance 

Limited by the spatial 

resolution of the 

thermoreflectance 

[238] 
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Thermal conductivity 46 

W/mK [238] 

Thermoreflectance 

coefficient should be 

calibrated 

 

 

SThM Technique  3ω-SThM 

Dynamic method 

Conductive NWs  

Minimum diameter presented 

in this work 120nm  [247] 

Thermal conductivity from 0.5 

to 128W/mK [247,241] 

----- Spatial resolution around 100 

nm 

Non destructive method 

Consequential effect of the 

thermal contact resistance 

Complex theoretical models  

[241] 

[244] 
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III-1 microfabricated suspended device 

 

III-1.1 Structure 

The outline of the suspended structure was shown in Fig. 2(a) which has been described in section II-2.1. In this 

method, the suspended structure was loaded into a cryostat with an ambient pressure less than 1×10-5 Torr to 

ensure that the heat loss from the NW to ambient environment by convection was negligible. 

 

III-1.2 Principle 

 

 

Fig. 5 (a) Schematic of energy exchange, for the heater at Th, and the sensor at Ts; (b) Experimental setup of the 

Wheatstone bridge circuit for NW thermal measurement. Reprinted with permission from ref. 128, American 

Chemical Society. 

 

In this typical method, a dc current, Ih, was applied to the suspended heater so that the heater’s average 

temperature, Th, was elevated above the ambient temperature, T0, as shown in Fig. 5(a). With the PRT’s TCR, the 

temperature, Th, of the heater could be obtained by measuring the resistance of the heater, Rh, through the standard 

four-probe method. At the same time, the temperature of the sensor, Ts, was determined using a lock-in amplifier 

which generated a very small probing current so that the Joule heat of the sensor could be ignored. 

To determine the thermal conductivity of the NW, some assumptions were put forward as following:73 

i)  The temperature of the heater or sensor was uniform. 

ii)  The heat transfers between the two membranes by air conduction, convection and radiation were 

negligible.  

iii) The temperature at the junction between each beam and the substrate was equal to the substrate temperature 

which was considered to be a constant,T0, 

With the assumptions above, the energy exchange could be given as Fig. 5(a), where Qh and 2QL are the Joule 

heat of heater and two Pt wires generated by the current, Ih, respectively. Simultaneously, the Joule heat rose the 

temperature of the heater by ∆Th (≡Th-T0). Then, a certain part of heat (Qs) was conducted through the NW from 

the heater to the sensor which rised the temperature of sensor by ∆Ts(≡Ts-T0), and it was further transferred to the 

ambiance through the six beams supporting the sensor (2Q2). Furthermore, it was noteworthy that Qs was equal to 

Page 19 of 53 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

20 
 

2Q2. Another part of the heat, 2Q1, was conducted away through the six beams which connected to the heater. 

Hence, the energy conservation was invoked as 

               1 2 h2 +2 +2 LQ Q Q Q=                   (3-1) 

With careful calculation, one could find that the thermal conduction of beams which suspended the sensor, Gb, 

could be obtained as 

              h L
b

h s

Q Q
G

T T

+
=

∆ + ∆
                    (3-2) 

From the thermal resistance circuit shown in Fig. 5(a), thermal conduction of NW, Gs, could be determined as73 

            s
s b

h s

T
G G

T T

∆
=

∆ −∆
                   (3-3) 

Thus, the thermal conductivity of NW, κs, was obtained by 

           ( ) 2 2
s

s h L

h s s

T l
Q Q

T T A
κ

∆
= + ⋅ ⋅

∆ −∆
          (3-4) 

where l and As are the length, and cross section area of the NW sample, respectively. Additionally, temperature 

changes in each membrane (∆Th and ∆Ts) could be obtained from the measured resistances of the heater and 

sensor. Qh and QL could be calculated from the direct current passing through the heater and the measured 

resistance of the heating PRT as well as the Pt wires on the beams. 

 

III-1.3 Merits and shortages 

One of the main merits of these suspended devices was that they could access not only to the thermal 

conductivity but also to the Seebeck coefficient and the electric conductivity of the same individual NW. Hence, 

these nanostructures offered a convenient route to obtain the figure of merits of the NWs. Furthermore, the 

influence of the substrate could be minimized by suspended geometry. Heat transfer between the two membranes 

via radiation and air conduction were well below the measurement sensitivity (~1nW/K) at 300k and were 

negligible when the suspended structure was enclosed in a cryostat with a vacuum level better than 1×10-5 Torr.73 

Ever since this method was introduced,129 various approaches had been developed to improve the accuracy of 

the measurement, such as estimate of the thermal contact resistances,130-132 and using a Wheatstone bridge to 

cancel the temperature fluctuation.128 The measurement sensitivity of the standard devices had been demonstrated 

to be ~1nW/K.73 However, Consider the case of a NW with very small diameter (e.g. 10nm) and thermal 

conductivity as low as 1 W/mK, the thermal conductance would be 10 times lower than the sensitivity. 

Consequently, this method was feasible only when the thermal conductances of the NWs were larger than the 

sensitivity of the device. For instance, NTs133 and NWs with the thermal conductances lager than 1nW/K.134,135 

This limitation may be attributed to several reasons, including temperature noise of the device, parasitic heat loss, 

etc.82,136 Therefore, highly sensitive, micro-fabricated suspended devices were required to obtain thermal 

conductivities of single NWs with smaller diameter NWs, which may exhibit ultra-high figure of merit due to the 

quantum size effects.137-139 To this end, noise-canceling schemes had been exploited to cancel the temperature 

fluctuation in the sample environment, and, consequently, significantly enhanced this thermal bridge method 

capable of measuring thermal conductance values down to ~1pW/K.140,141 Very recently, careful calculation and 
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measurement had been also carried out to measure the NW samples with a low thermal conductance in the order 

of 10-10W/K.71,112 

The presence of an unknown thermal contact resistance between the NW and the contact electrodes was also a 

critical issue. There have been a few reports on molecular dynamic (MD) simulations and experimental 

investigations of the thermal contact resistance of the NW and CNT. For example, the thermal contact resistances 

of ZnTe NW with a diameter of 145.6 nm were obtained through the MD simulation, which were around 20% and 

5% of the total measured thermal resistance before and after Pt contact deposition, respectively.142 While another 

simulation implied that the thermal contact resistance of ZnTe NW with the same diameter was about 10% of the 

total measured thermal resistance and reduced to 3% after the Pt contact deposition.143 The different results might 

attribute to discrete simulation parameters. Shi et al.73 estimated the contribution of thermal contacts with Pt 

deposition to be less than 15% for 100nm SiNW. Additionally, for a 66 nm diameter multiwalled carbon nanotube, 

experimental result showed that thermal contact resistance could contribute up to 50% of the total measured 

thermal contact resistance.130 In practice, the thermal contact resistance could be much larger than the value of 

simulation or estimated due to nonideal contact.144 There were two main reasons that made this thermal contact 

resistance a challenge for measuring the thermoelectric properties of the NWs. First, when the contact area 

between the NW and the contact material became comparable to the mean free path of phonons or electrons, the 

thermal contact resistance would consist of an additional ballistic or interface resistance component besides the 

diffusive component given by the Fourier’s law.144 Second, the contact at the interface was nonideal for the 

extremely small contact area ( < 0.05 µm2 ). A conventional method to decrease the thermal contact resistance was 

depositing metallic material, such as Pt and W, on top of the contact using FIB so that the NW was sandwiched 

between two metallic layers since metals were good conductors of heat through electrons.145 Furthermore, careful 

examination of the contact condition was recommended so as to ensure that the obtained thermal conductivity did 

not deviate from the intrinsic thermal conductivity of the NW significantly. 

 

III-1.4 Applications 

To date, this method had been utilized to determine a number of NWs with various characteristics,146-151 and 

various materials. For example, CNTs,109 SiGe,113 Bi,152,153 Bi2Te3,
154 PbTe,155,156 InAs,53,157 and ZnTe,142,143 had 

been investigated using this suspended microdevice for the measurement of their thermal properties. 

Kim et al.129 measured the thermal conductivity of an individual MWNT of a diameter 14 nm using this 

microfabricated suspended device. The observed thermal conductivity was more than 3000W/K m at room 

temperature. The measurements were also performed with a 10 nm and a 148 nm SWCN bundles by Shi et al..73 

The observed thermal conductivities were low compared to that of an individual MWCN, and for the 148 nm 

bundle, the thermal conductivity exhibited a T1.5 in the temperature range of 20–100 K. More recently, Wingert et 

al.,128 using their suspended device with Wheatstone bridge circuit(See Fig. 5(b)), obtained the thermal 

conductivities of Ge and Ge−Si core−shell NWs with diameters less than 20 nm. The measured thermal 

conductivity for the 15 and 19 nm Ge NWs were (1.54 + 0.59/−0.30) and (2.26 + 0.60/−0.39) W/mK, respectively. 

And the thermal conductivities of the Ge−Si core-shell NWs were in the range of 1.1~2.6 W/mK at 108~388 K.  

 

III-2 3ω method 
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III-2.1 Structure 

 

 

Fig. 6 (a) Illustration of the four-probe configuration for measuring the specific heat and thermal conductivity of 
NW; (b) a SEM picture showing the nanoscale four-point probe for the 3ω measurement. Reprinted with 
permission from ref. 62, Springer. 

 

The NW sample was freely suspended across four electrodes in a four-probe configuration on a dielectric 

substrate. As shown in Fig. 6(a), the two outside electrodes, A and D, were used for feeding a sinusoidal electrical 

current, I0sin(ωt), and the two inside ones, B and C, were utilized for measuring the voltage across the sample. 

 

III-2.2 Principle 

The NW sample was freely suspended across four electrodes in a four-probe configuration and fed by a 

sinusoidal electrical current, I0sin(ωt), through the two outside electrodes, A and D, as shown in Fig. 6(a). As long 

as the current passed through the NW, the temperature fluctuation would be at frequency 2ω due to that the Joule 

heat was proportional to [I0sin(ωt)]2. Taking into account the NW’s TCR, the evoked harmonic resistance of the 

sample would fluctuate at frequency 2ω as well. Therefore, a small 3ω voltage signal between the two inside 

electrodes (B and C), V3ω,RMS, could be detected by a lock-in amplifier, from which the specific heat and thermal 

conductivity could be determined. In additional, the sample was put in a vacuum chamber to prevent heat loss 

from the NW to ambient environment by air convection. 

No external heater was required since most of the thermoelectric NWs were semiconductors, and themselves 

could sever as not only heaters but also sensors. However, the samples needed to be suspended in a high vacuum 

so as to allow the temperature fluctuation and avoid heat loss into the environment. Also, the electrodes had to be 

highly thermal conductive, so to heat sink the energy at these four points to substrate.69 In such case, the 

temperatures at the four electrodes were assumed to be stable at ambient temperature, T0. The heat was considered 

to diffuse along the NW and the one-dimensional transient conduction equation along the sample suspended 

between two inside electrodes was written as69 

 

( ) ( )

( )( )[ ]

2

p 2 2

2 2

0

0 0

C , ,

sin
,

s

T x t T x t
x x

I t
R R T x t T
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ρ κ

ω

∂ ∂
−
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′= + −

  (3-5) 
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where ρ, Cp, κ and R0 are mass density, specific heat, thermal conductivity and electric resistance of the NW, 

respectively. 
0

[ ( / ) ]
T

R dR dT′ = is the temperature gradient of the resistance at ambient temperature, T0, L is the 

length of the NW between the two inside contacts, t means time, and As is the cross section of the NW. 

From equation (3-5), the 3ω signal generated in the NW, V3ω=IR=I(R0+δR), was expressed as 
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+
  (3-6) 

where γ is a constant. When the measurement was performed at low frequency limit ωγ→0, V3ω was nearly 

frequency independent. Therefore, (3-6) could be expressed as a simpler expression,69 
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Consequently, 
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According to (3-6), as the frequency decreased, the magnitude of V3ω,RMS would gradually increase and 

eventually reached a frequency-independent value. This had been verified in a number of experiments.158,159 For 

this reason, one could obtain the thermal conductivity κ of a NW by fitting the experimental V3ω data to equation 

(3-6) with the measured frequency. Another strategy, by taking advantage of the relationship, V3ω,RMS ~IRMS
3, to 

obtain κ was measuring the V3ω,RMS values with different ac electrical currents at a low angular modulation 

frequency.160-162 

 

III-2.3 Merits and shortages 

The 3ω method had become a common method to determine the thermal physical properties because of its 

relatively simple structure and convenient manufacture. Furthermore, it had better signal-to-noise ratio (SNR) 

compared with the suspended device by employing a narrow-band detection technology, which had an advantage 

of eliminating spurious signals. The thermal contact resistance was negligible in this method, because they could 

only shift the amplitude of the signal, but not the frequency. However, analytical expression deducted by Lu et 

al.69 would introduce errors due to oversimplification and approximation, for instance, truncating part of terms of 

the infinite series and, furthermore, neglecting the radial heat loss. Special care was required when using this 

approach considering the truncating error and radial heat loss. Therefore, several improved models for measuring 

the thermal conductivities of the NWs accurately as well as experimental studies had been carried out.163,164 Hou 

et al.165 developed a comprehensive analytical solution including the NW-substrate interaction and radiation heat 

loss. Their study showed that for NWs with a diameter around 100 nm or thinner, the radiation heat loss from the 

wire surface would have a strong effect on the amplitude and phase shift of the 3ω signal.165 This influence 

became stronger for thinner NWs. More importantly, from the mechanism of this 3ω method, the samples were 

required to be electrical conductive and have linear I-V behaviors within the source range. Besides, the TCR of the 

NW had to be known,which needed to be measured separately. 
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III-2.4 Applications 

The 3ω method, coined by Corbino et al.166 in 1910, was based on the discovered small third-harmonic voltage 

component while applying an ac current with angular modulation frequency, ω, through a heater. Later, this 

method was systematic investigated and became practical.167-170 Theoretical analysis showed that the thermal 

parameters could be obtained by measuring the third harmonic component (3ω) of the voltage along a heating 

wire.171 Lu et al.69 further extended the 3ω method to simultaneously measure the specific heat and thermal 

conductivity of suspended fiber samples across two heat sinks, and, therefore, gave a relatively better SNR. 

Previously, it was mainly used to study the thermophysical properties of thin film,167,172-178 superlattices,179,180 and 

even liquid materials.170,181,182 

As for 1D nanostructural materials, this method had also been utilized to investigate the thermal properties of 

NWs62,183-188 CNTs,189,190 and fibers.159,191 Lee et al.62 fabricated a measurement platform with nanoscale 

four-point setup, as shown in Fig. 6(b), for characterizing the thermoelectric properties of individual β-SiC NW 

and utilized the 3ω method to obtain the thermal conductivity of the NW. The 3ω voltage as a function of current 

at 1 kHz was measured, from which the thermal conductivity of 86.5 ± 3.5 W/mK was obtained at room 

temperature. Similarly, Choi et al.189 found the thermal conductivity of individual MWCNTs (outer diameter of 45 

nm), by employing the 3ω method, to be 650–830 W/mK at room temperature. Furthermore, Finefrock et al.159 

measured the thermal conductivity of PbTe nanocrystal coated glass fibers using the self-heated 3ω method at low 

frequency. They also performed a simulation to correct the thermal radiation effect and extract the thermal 

conductivities of glass fibers which were in the range of 0.50−0.93 W/mK near room temperature. 

Recently, Dames et al.164 pointed out that, with an additional dc offset, the thermal conductivity could also be 

determined from 1ω and 2ω voltages. Feng et al.192 based on the numerical solution of heat conduction equation, 

presented an approach to measure the thermal properties of NWs with 2ω or 3ω voltage. This approach was also 

used to investigate a single Pt NW and carbon fiber and the result had a relative derivation within 4% using either 

2ω or 3ω method. However, the 3ω measurement was still superior, despite that the 2ω method was able to yield a 

larger harmonic signal, relatively, than 2ω method. 164,192 Recently, Xing et al.193 presented a complete model for 

characterizing the thermal properties of the NWs. With this 3ω technique, they also carried out a measurement of 

Pt NW as a reference sample using both voltage and current sources for sample excitation.191 In particular, a first 

harmonic (1ω) cancellation technique was developed, in their work, to measure all the relevant thermal properties 

independently and also improved the measurement precision. It was also observed that the mesoscopic device, 

which was mentioned in section 2.1 and employed to measure the Seebeck coefficient, had a similar structure with 

the structure in the 3ω method. Therefore, the mesoscopic device could be also used to perform the 3ω 

measurement, thus to obtain the figure of merit ZT. For example, Lee et al.194 provided a platform with built-in 

heaters and electrodes to measure electrical resistivity, thermal conductivity, and Seebeck coefficient 

simultaneously. The result showed that the thermal conductivity of a single crystalline Bi1.75Sb0.25Te2.02 NW of 

250 nm in diameter increased from 0.5 W/mK at 10 K to 1.2 W/mK at 120 K, then followed by a slight increase to 

1.4 W/mK at 300 K. In literature 185, the three thermoelectric related properties of Bi2Te3 NWs were also 

successfully measured using this versatile microfabrication approach. 
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III-3 T-type nanosensor 

 

III-3.1 Structure 

 

 

Fig. 7 (a) Schematic diagram of T-type nanosensor, in which the NW is attached a hot wire at one end and a 
heat sink at another end; (b) SEM image of the T-type nanosensor with suspended hot wire. Reprinted with 
permission from ref. 195, John Wiley and Sons. 

 

Zhang et al.196 developed a steady-state short-hot-wire method, in which a sample-attached T-type nanosensor 

was fabricated to measure the thermal conductivity of a single NW. The measuring system was schematically 

showed in Fig. 7(a). The hot wire of length lh, radius rh and thermal conductivity κh was suspended by two electric 

contacts, Fh1 and Fh2, which also severed as heat sinks, at each end. The sample of length ls and radius rs was 

supported with a another electric contact, (Fs) at one end, and the other end was attached to the hot wire in the 

mid-point. The lengths between the attached point and left/right (Fh1/Fh2) heat sinks were lh1 and lh2, respectively.  

 

III-3.2 Principle 

Once a constant direct current, Idc, passed through the hot wire, a uniform Joule heat was generated, and during 

the entire measurement, all the ends connected with the heat sinks were maintained at the initial temperature,T0. 

What’s more, the temperature of the hot wire and the sample depended on their thermal properties and the heat 

generation rate of the hot wire. With the solutions of one-dimensional steady-state heat conduction along the hot 

wire and the sample, one could obtain the thermal conductivity of the sample by measuring the average 

temperature of the hot wire and calculating the heat generation rate. This method was theoretically applicable to 

any kind of individual nanofiber and NW.197,198 

Assuming the heat loss was neglected when the measurement was carried out in a vacuum, and the effect of 

radiation was also neglected because of the small temperature gradient along the hot wire. Furthermore, the 

thermal resistance of the contact was also ignored in order to simplify this model. Then, the relevant 

one-dimensional heat conduction equations of hot wire could be expressed as199 
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where Th1(xh1) and Th2(xh2) are the temperature at xh1 and xh2, respectively. κh is the thermal conductivity of the 

hot wire, and qv, defined as IV/(Ahlh), is the volumetric heat generation rate, where I,V and Ah are the supplied 

electrical current, the voltage and the cross area of hot wire, respectively. 

As for the sample, the equation of heat conduction could be written as 

 
( )
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0s s

s

s
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κ =   (3-10) 

where Ts(xs) is the temperature of the sample at xs , and κs is the thermal conductivity of the sample. 

Under the boundary condition, that was, the temperatures of the heat sinks were the same as the surrounding 

temperature, T0 , and the temperature of the contact point between the hot wire and the sample is Tc , the 

equations (3-9) and (3-10) could be solved. Then, the average temperature rise of the hot wire could be calculated 

as 
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Next, the heat flow through the NW was obtained as 
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where As is the cross area of sample. Considering the temperature gradient of the sample, the heat flux of NW 

could be also expressed as 

            0c
s s

s

T T
q

l
κ

−
=                            (3-13) 

Combining (3-11), (3-12) and (3-13), the thermal conductivity of the NW was199 
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In principle, steady state was reached within several seconds when the constant direct current passes through 

the hot wire. As long as the ∆Th and qv were measured, one could obtain the thermal conductivity κs. 

 

III-3.3 Merits and shortages 
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This method was, in principle, able to characterize the thermal properties of any single nanofiber, NW, and 

even SWCNT. It was regarded as having the advantages of simplicity as well as high accuracy. For example, 

uncertainty analysis was calculated, including uncertainty of hot wire thermal conductivity, thermal contact 

resistance and etc., to be within 7%, which was accepted as high accuracy.196,199 In additional, the junction thermal 

contact resistance could be theoretically extracted through changing the length of the sample.195 However, it was 

difficult to be applied in experiments at the nanoscale. The error caused by thermal contact resistance was 

depending on the contact length and can be as large as 20%, which indicated that the thermal contact resistance 

had a significant effect on this measurement and, to a large extent, limited its reliability and accuracy.199 

Futhermore, the hot wire must be fabricated at nanoscale to acquire sufficient sensitivity when measuring NWs. 

The connection between the hot wire and NW also became one of the fundamental points of this measurement 

which had been verified by Ito et al..195,199 By bonding the Pt hot wire and the NW to make the contact length 

equal to the width of the Pt hot wire, the deviation of the measured thermal conductivities between considering the 

thermal resistance and the case without considering the thermal resistance was reduced. 

 

III-3.4 Applications 

This method had been successfully applied to measure the thermal conductivity of CNTs197,198 and other 

NWs.199,200 Fujii et al.,195 fabricated suspended platinum nanofilm and lead terminals using a 

micro-electro-mechanical system (MEMS) technology. As illustrated in Fig. 7(b), the dimensions of the nanofilm 

were 27.5–40.0 nm in thickness, 330–600 nm in width, and 5.3–5.7 µm in length, respectively. The nanofilm was 

suspended about 6 µm above the silicon substrate and served as the hot wire. With this platform, it was found that 

the thermal conductivity of a CNT with a diameter of 9.8 nm was exceeded 2000W/mK at the room temperature. 

In additional, they also found that the thermal conductivity increased as its diameter decreases, which was 

contrary to many other 1D nanostructural thermoelectric materials.99,103 Ito et al.199 characterized the thermal 

conductivity of SiC NW with a diamante of 141 nm. The measurement result was obtained, in which the thermal 

conductivity turned out to be approximately 110W/mK at 300k. Furthermore, a 3ω-T type probe was proposed to 

measure the thermal properties of NWs and the thermal contact resistance of the junction.201,202 More interestingly, 

a T-type probe composed of Wollaston wire was further developed in both 1ω and 3ω configurations for thermal 

conductivity measurements,203,204 which was very conceptually similar to that of Fujii et al..198 

 

III-4 Steady-state dc thermal bridge method (DCTBM) 

 

III-4.1 Structure 

 

 

Fig. 8 Structure of the DCTBM for 1D nanostructure thermal conductivity measurement. 
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The structural scheme of the DCTBM was shown in Fig. 8, where the NW was suspended between two 

electrodes, A and B, which also served as heat sinks. 

 

III-4.2 Principle 

The sample, suspended over the two heat sinks, was heated at a steady state when a dc current passed through. 

Then, the resistance changed correspondingly, which was recorded using a four-prob technology. The temperature 

distribution could be determined according to one-dimensional heat conduction and the boundary conditions 

T(x=0)=T(x=L)=T0, in which T0 was the ambient temperature,124 

 2
0 2 2 S

VI VI
T T x x

A LAκ κ
= + −   (3-15)               

where κ,V, I, L and AS are the thermal conductivity, the voltage, the current, the effective length and the cross 

section of the sample, respectively. The average temperature rise, then, was expressed as124 

 
12 S

VIL
T

Aκ
∆ =   (3-16) 

Therefore, the thermal conductivity could be determined as long as the heating power, the corresponding 

temperature rise and NW’s geometric parameters were acquired. 

To measure the thermal conductivity accurately, the sample had to place in a vacuum chamber in order to 

reduce the heat loss due to air convection. In additional, the resistance-temperature relationship, which was used 

to determine the temperature, needed to be calibrated before the measurement of thermal conductivity. 

 

III-4.3 Merits and shortages 

This method could be utilized to evaluate both conductive and nonconductive samples. For conductive 

materials, the sample could serve as both a heater and a thermometer; for nonconductive samples, one might 

deposit an additional metallic coating on the sample to act as the heater and thermometer. For example, Pt was 

selected as the coating layer on individual poly(ether ketone) (PEK)/CNT fibers because of its stable 

temperature-resistance relationship and lower thermal conductivity (compared with Au).124 However, it was  

necessary to extract the real thermal conductivity of sample from the results with metallic coating. The effect of 

metallic coating should also be considered. Additionally, up to date, only large fibers (>15µm) had been measured 

by this method. When applying to NWs, the effect of the thermal contact resistance and radiation heat loss needed 

to be evaluated before the measurement. 

 

III-4.4 Applications 

Moon et al.124 developed the DCTBM and measured the thermal conductivity of individual poly(ether ketone) 

(PEK)/CNT composite fibers over a temperature range of 295–400K. The thermal conductivities of those fibers at 

390 K were found to be about 27 W/mK, which was comparable to some engineering alloys. Moreover, the 

thermal conductivity of multi-wall CNTs (MWCNTs) containing Bi-component fibers were also measured, using 

this measuring method, to be approximately 7 W/mK.205 
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III-5 Optical heating and electrical thermal sensing (OHETS) 

 

III-5.1 Structure 

 
In this method, the sample was suspended over two electrodes, A and B, as shown in Fig. 8. Futhermore, a 

periodically modulated laser beam was employed to irradiate the sample. 

 

III-5.2 Principle 

When the sample was irradiated using a periodically modulated laser beam, it would experience a periodical 

temperature change with time owing to the periodical laser heating, which, as a result, would lead to a periodical 

change in its electrical resistance.  

A small dc current was applied through the electrodes, A and B, to detect the voltage variation which had the 

same frequency with the modulated laser beam. Additionally, the voltage variation was strongly affected by the 

heat conduction along the NW. Therefore, the thermophysical properties of the sample could be determined 

through the phase shift of the voltage variation relative to the laser beam. 

The NW was assumed to have a uniform temperature distribution in its cross-section, as long as the thermal 

diffusion length, µ=√(2α/ω) (α: thermal diffusivity of the wire; ω: modulation frequency), was much larger than 

the sample diameter D. Furthermore, to enhance the effect of the heat sinks, dimensions of the heat sinks needed 

to be much larger than the diameter of the sample. This resulted in negligible temperature variation at the heat 

sinks due to the laser heating. 

When the laser heating power had the form of I=I0(1+cos(ωt)/2), the heat transfer equation along the axial 

direction of the NW could be written as206 

                  
( ) 2

0 02

p i t
c T T

Q e Q
t z

ω
ρ

κ
∂ ∂

= + +
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              (3-17) 

where Q0=E/LAs, E and As are laser beam energy absorbed by the sample and cross-sectional area of the wire, 

respectively. cp, κ and ρ are the specific heat, the thermal conductivity and the density of the sample, respectively. 

Moreover, the laser beam was assumed to be uniform over the sample. Thus the effect of nonuniform distribution 

of the laser beam could be neglected.206 

In this method, a lock-in amplifier could only detect the temperature component that periodically varied with 

time ( sT
% ), which was in the form of sT

% =θeiωt, in which θ is the temperature of the NW. Then, the average 

temperature variation (
s

T% ) along the wire was expressed as 

                              ( t )
0T i t i

s e ω ω φθ θ += =%                      (3-18) 

where 
0

θ  and ϕ are the amplitude and phase of θ , respectively. Therefore, using the real part of 
s

T% , the � 

voltage across the NW was206 

                   ( )0 cos
dR

V I t
dT

ω θ ω φ= ⋅ +                  (3-19) 
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Equation (3-19) implied that, in this method, the phase shift of the voltage variation over the NW should be 

measured and be used for data fitting. In other words, once the phase shift as a function of the modulation 

frequency for the sample was measured, the thermal diffusivity could be determined by data fitting. 

 

III-5.3 Merits and shortages 

The OHETS method could be used to characterize the thermal properties of 1D conductive and nonconductive 

NWs. It was also noted that the nonuniformity of the laser beam distribution and the radiation heat loss from the 

sample, which was housed in a vacuum chamber, had negligible effect on the measured phase shift.207 However, 

an additional metallic coating needed to be deposited on the sample for nonconductive NWs. As the diameter of 

the wire was reduced in this method, the metallic coating would have a considerable contribution to the heat 

conduction.206 The effect of metallic coating should be considered and the real thermal property of the sample 

needed to be extracted. Besides, the thermal diffusivity of the sample was measured rather than the thermal 

conductivity. The material’s density and specific heat were required to calculate the thermal conductivity. Yet, 

these two parameters were mostly extracted from the bulk counterpart. Furthermore, the system time delay had to 

be calibrated, before carrying out this method, by detecting the phase shift between the synchronizing signal of the 

function generator and the modulated laser beam.206 

 

III-5.4 Applications 

Hou et al.206 developed this OHETS method and measured the thermal diffusivity of conductive SWCNTs 

bundles. By fitting the measured phase shift of the voltage variation over the NW, the measured thermal 

diffusivities of the SWCNT bundles were obtained in ranges of 2.98~6.54×10-5 m2s-1. In additional, applying this 

method, the thermal diffusivity of single nonconductive polyacrylonitrile (PAN) fibers(~800nm) were 

characterized to be 1.05~1.14×10-5 m2s-1.207 

 

III-6 Transient electrothermal method (TET)  

 

III-6.1 Structure 

 

The schematic structure of the TET method was illustrated in Fig. 8, in which the NW was suspended between 

two electrodes, A and B. 

 

III-6.2 Principle 

 

In this method, the to-be-measured NW was suspended over two electrodes as shown in Fig. 8. When the 

sample was fed with a dc current which introduced electrical heating from electrodes A, B, the temperature 

change of the sample would lead to its resistance change, which could be detected by measuring the voltage 

change of the sample. In additional, the temperature increasing history of the sample was strongly affected by the 

heat transfer along it. Therefore, the thermal diffusivity of the sample could be measured by fitting the 

temperature change curve against time. 
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When the heating power was generated due to the dc current, the heat transfer equation in the NW along the x 

direction at time t>0 was written as 

                
( ) 2

02

pc T T
q

t x

ρ
κ

∂ ∂
= +

∂ ∂
                 (3-20) 

where q0, κ, cp and ρ are the electrical heating power per unit volume, the thermal conductivity, specific heat 

and density of the sample, respectively. 

Considering the initial condition, T(x,t=0) = T0, and the boundary conditions, T(x=0,t) = T(x=L,t) = T0, where 

T0 and L are the ambient temperature and the length of the wire, the average temperature of the wire can be 

written as 
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where α is the thermal diffusivity of the sample. 

The temperature distribution would finally reach the steady state and the average temperature of the sample was  

 ( )
2

0
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q L
T t T

κ
→∞ = +    (3-22) 

Therefore, the normalized temperature rise could be expressed as123 
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where α, T0, T(t), T(t→∞) are the thermal diffusivity of the sample, ambient temperature, average 

temperature of the NW at time t and steady state, respectively. 

It was noted that, from equation (3-23), the shape of the normalized temperature rise was only related to the 

Fourier number, which defined as F0=αt/L2, for any kinds of materials. 

There were three methods for data analysis to determine the thermal diffusivity:123 

i) Linear fitting at the initial stage of electrical heating 

At the beginning of of the electrical heating, 0<t<∆t, the corresponding normalized temperature rise was written 

as 

                  * 212 /T L tα= ∆                         (3-24) 

Using the NW’s length, the thermal diffusivity, α, could be determined from the slope of the normalized 

temperature increasing curve. 

ii) Characteristic point method 

One best characteristic point of the T~t curve, could be used to obtain the thermal diffusivity directly, when 

T*=0.8665, and the corresponding Fourier number was 0.2026. Therefore, the thermal diffusivity of the sample 

was expressed as  

                  2=0.2026 / cL tα ∆                      (3-25) 
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iii) Least square fitting method 

Using different trial values of the thermal diffusivity, the best thermal diffusivity could be found by employing 

global fitting of the experimental data. 

 

III-6.3 Merits and shortages 

The TET method was a rapid technique (within few seconds) that could be applied to nonconductive samples. 

Compared with the 3ω and OHETS methods, this method featured much reduced measurement time and much 

stronger signal level. Another merit was that an estimation of the thermal contact resistance in this method was 

unnecessary.70 However, when this method was applied to nonconductive NW by applying a thin metallic coating 

on the top of the sample, it added significant complexity to the measurement. More importantly, the additional 

metallic coating on the sample would undoubtedly increase the measurement difficulty when applying this method 

to NW with small diameter (e.g. 10nm). Besides, the analytical expression of the normalized temperature 

evolution was only suitable for the issues with a constant heating power.208 Potential errors would be introduced 

with nonconstant heating power due to the variation of sample resistance. For example, supposing that a constant 

voltage was supplied and the resistance of the sample increased as a result of self-heating, the current through it 

would decrease, leading to more steady heating power over the sample. The deviation for thermal conductivity, 

originating from the heating power variation had been accounted to be around 10% for 10 µm thick Pt wire.208 

However, connecting a resistor with the same resistance as the sample in series or parallel would decrease the 

heating power fluctuation to less than 4%. Another issue in this method was that it was difficult to implement the 

measurement when the characteristic time of heat transfer of the sample was comparable to or less than the rising 

time of the electric current.209,210 Consider a NW with thermal diffusivity of ~5×10-5 m2s-1 (e.g. CNTs) and length 

~1um, the characteristic time of heat transfer would be 2×10-2 µs. Yet, the rising time of the electric current was 

~2µs in ref. 211 which was much greater than the given characteristic time of heat transfer. Consequently, this 

method was limited by the rising time of the electric current. It was also worth noting that this method was aimed 

at measuring the thermal diffusivity. To obtain the thermal conductivity, one had to estimate or measure the 

density and the heat capacity of the sample, thus the actual thermal conductivity could be calculated. 

 
III-6.4 Applications 

 

Fig. 9 The normalized temperature vs the theoretical fitting for the SWCNT bundle. Reprinted with permission 
from ref. 123, AIP Publishing LLC. 

 

Page 32 of 53RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

33 
 

 

The TET technique was an effective method to assess the thermal diffusivity of materials, including conductive, 

semiconductive and nonconductive low-dimensional structures. This technique had been used for measuring the 

thermal diffusivity of thin films composed of anatase TiO2 nanofibers,212 free-standing micrometer-thick Poly 

(3-hexylthiophene) films,213 SWCNTs214 and micro/submicroscale polyacrylonitrile wires211 successfully. 

Guo et al.123 outlined this measurement to measure the thermophysical properties of one-dimensional 

conductive and nonconductive NWs. Their uncertainty analysis showed that the experiment had an uncertainty 

more than 10%. Moreover, the average thermal diffusivities of SWCNT bundles was obtained from Fig. 9, which 

was found to be 1.15×10-5m2s-1. Using this method, the thermal diffusivity of SWCNT bundles was also found at 

10-5 level which was the same as that in literature 214. In additional, development and analysis of this method had 

been also carried out. Feng et al.208 developed this method to simultaneously measure the specific heat and the 

thermal conductivity of individual samples, and the accuracies of both the measurements were less than 6%. Very 

recently, Liu et al.215 analyzed the TET technique and found the TET technique was an effective approach to 

measuring the thermal properties of various materials. Computational models were also developed for the 

anisotropic thermal characterization of multi-scale wires.216 In additional, a full theoretical model of the TET 

method had also been derived to include the effects of radiation heat transfer and non-constant heating.217 

 

III-7 Transient photoelectrothermal (TPET) technique 

 

III-7.1 Structure 

 

In this measurement, the measuring NW was suspended over two metallic electrodes, as shown in Fig. 8, and 

irradiated with a step cw laser beam. 

 

III-7.2 Principle 

The NW was suspended over two metallic electrodes, as shown in Fig. 8. Furthermore, it was irradiated by a 

step cw laser beam, and the laser spot should be large enough so as to cover the entire NW and portion of the 

electrodes. The laser beam would induce a transient temperature rise in the NW, and then resulted in a transient 

variation of the electrical resistance of the sample. The temperature variation amplitude of the electrodes (also as 

huge heat sinks), was much smaller than that of the NW. This ensured that the resistance variation of the 

electrodes was negligible compared with that of the sample. To extract the thermophysical properties of the NW, a 

dc current needed to be applied from the two electrodes, A and B, and the transient voltage variation of the NW 

should be detected. 

Assuming that the temperature distribution in the cross section of the NW was uniform, therefore, only the heat 

transfer in the axial direction of the sample needed to be considered. If the output power of the laser was 

maintained constant, the heat transfer equation along the NW was218 
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where g& and g ′ , defined as heating power per cubic meter, are the heat generated by the laser beam and the 

direct current passing through the sample, respectively. κ, cp, ρ and T are the thermal conductivity, specific heat, 

density and temperature of the sample, respectively. 

Following the same derivation process of TET method, the normalized average temperature rise could be 

expressed as218 
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Considering the temperature, resistance change and voltage variation relationship of the wire, the measured 

voltage variation could represent the evolution of the normalized temperature. Consequently, according to the 

normalized temperature evolution, the thermal diffusivity could be determined by the data analysis methods which 

have been previously mentioned in the TET method.  

 

III-7.3 Merits and shortages 

The TPET method was developed to measure the thermal diffusivity of materials, including conductive, 

semiconductive and nonconductive low-dimensional structures based on step laser heating and electrical thermal 

sensing. It featured a strong signal and took only few seconds. In the experiment, only the information about how 

fast the voltage increased to reach steady state was needed. No knowledge about the real temperature rise was 

required.218 However, noting that this method had only been applied to wires with diameter about 10um, several 

essential issues deserved careful technical consideration when the NWs were measured. First, just as the TET 

method, this method faced the issue that the rising time of the laser beam might be comparable to or greater than 

the time taken for the sample to reach steady state. To make the effect of rising time of the laser beam negligible, 

fast optical switches to control the laser beam might be used.218 Second, for nonconductive NWs, the thickness of 

the metallic coating would be comparable to the NW thickness, which could introduce considerable errors. Other 

technologies, such as Raman spectrum, might be required to solve this problem. Third, theoretical analysis for the 

effect of radiation heat loss was recommended when NW was measured. What’s more, this method could only 

measure the thermal diffusivity. The material’s density and specific heat were required to calculate the thermal 

conductivity. 

 

III-7.4 Applications 

Wang et al.218 developed this measurement to measure the thermophysical properties of conductive and 

nonconductive wires. They had successfully characterized the thermal diffusivities of a SWCNT bundle and 

microscale nonconductive wires. As a result, the thermal diffusivity of the SWCNT bundle was measured to be 

2.53×10-5m2s-1, which was much smaller than that of graphite in the layer direction. 

 

III-8  Pulse Laser-assisted Thermal Relaxation (PLTR) Technique 

 

III-8.1 Structure 
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The measuring NW was suspended over two metallic electrodes, A and B, which acted as both contacts and 

heat sinks, as illustrated in Fig. 8, and irradiated by a fast pulsed laser. 

 

III-8.2 Principle 

Upon fast (nanosecond) pulsed laser irradiation, the temperature of the sample would suddenly increase to a 

high level and then went down gradually. Such temperature relaxation was strongly affected by the thermal 

diffusivity and the length of the NW. In order to record this temperature relaxation history, a small direct current 

was fed through the electrodes, A and B, to obtain its resistance change which corresponded with the temperature 

change. Consequently, the shape of the normalized ∆V~t cure, which shared the same shape as the ∆T~t cure, 

could be used to obtain the thermal diffusivity of the sample. 

The heat transfer equation in the NW along the x direction at time t>0 was the same as equation (3-20). 

However, here q0 is sum of the Joule heating and the laser pulse heating. Since temperature evolution was caused 

by the pulsed laser heating, the effect of the Joule heating was not concerned. With homogeneous boundary 

conditions, T(x=0,t)=T(x=L,t)=T0, and initial conditions, T(x,t=0)=T0, where T0 and L are the ambient 

temperature and the length of the NW, and following the same derivation process of TET method, the simplified 

and normalized temperature relaxation could be written as209 
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Equation (3-28) showed that the shape of the normalized temperature relaxation was only effected by the 

Fourier number F0=αt/L2.  

To determine the thermal diffusivity, two approaches were involved: characteristic point method and global 

data fitting of the temperature relaxation curve which have been previously mentioned in the TET method.  

 

III-8.3 Merits and shortages 

This method could be employed to characterize the thermal properties of one-dimensional micro conductive 

and nonconductive wires. It was noted that this PLTR technique was the development of the TET and TPET 

method. The laser heating time could be as short as ~10-9 s which was much less than the characteristic time of 

heat transfer of most samples. Consequently, it could be used to determine the thermal diffusivities of wires which 

had relatively short characteristic times of heat transfer (e.g. 10-8 s) and surmounted the drawbacks of the TET and 

TPET techniques while providing comparable reduced experimental time and high signal/noise ratio.209 

Nevertheless, this method had been only applied to wires with diameter about 20um, careful technical 

considerations were needed when the NWs were measured, such as the radiation heat transfer and the influence of 

metallic coating, which have been discussed previously. Additionally, another issue was that, when the thermal 

conductivity of the sample was much higher than that of the electrodes, the temperature at the wire/electrode 

contacts might not be actually fixed at the ambient temperature.209 Additional deposition of other metallic material 

on the contact area might be required. 

 

III-8.4 Applications 
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This method overcame the drawbacks of the TET and TPET techniques and the analyzed uncertainty of this 

measurement was less than 10%.125 Guo et al.,209 using this method, measured the thermal diffusivity of a 

MWCNT which was calculated to be 1.46×10-5m2s-1, and the measured average thermal diffusivity of carbon 

fibers was 9.9×10-5m2s-1. Recently, a theoretical analysis of the PLTR technique based on a finite difference 

model, which involved anisotropic heat transfer and radiation heat lost to the surroundings, had been developed.210 

Using this validated model, the heat transfer characteristics of multiscale wires including CNT had been studied. 

 

 

III-9 Measurements by Raman Thermography  

 

III-9.1Structure 

In this method the sample was suspended over a trench, and the four electrodes (A,B,C and D) worked as both 

contacts and heat sinks which was shown in Fig. 6(a). 

 

III-9.2 Principle 

It was worth mentioning that there were several models involving the Raman Thermography. One of the 

measurements adopting Raman Thermography was steady-state Joule heating and optical sensing.219,220 When 

there was a direct current passing through the NW, the sample heated itself. The temperature gradient between the 

middle and each end of the NW was strongly affected by its intrinsic heat transfer capability. Therefore, the 

thermal conductivity could be determined by figuring out the relationship between the heating power and the 

temperature difference over the middle and the two ends of the NW. 

The heat power, P, generated on the section could be calculated as the volume integral on heat power density 

(Wm-3), ρh, 

                   
h

V
P U I dVρ= × = ∫                  (3-29) 

where U and V are the voltage and the volume of the effect section of the sample, respectively. 

When the sample was in a vacuum, the infrared radiation was neglected. The majority of the generated heat was 

conducted through the suspended NW to the substrates which acted as heat sinks. When the system reached its 

steady state, the whole generate heat was equal to the heat conducted away, that was 

 ( )
S

S
A V

P q dA q dV= ⋅ = ∇ ⋅∫ ∫
rr r

�    (3-30)   

where q
r

 is heat flux density in the unit of Wm-2, and AS is cross section of NW. 

From equations (3-29) ,(3-30), and Fourier thermal transfer law, the following equation could be obtained: 

                  
  

2

2h

d T

dx
ρ κ= − ×                        (3-31) 

where κ is the thermal conductivity of the sample. The thermal power density ρh was approximately equal to 

UI/V, and V could be calculated as V=ASL, where L is the length of the NW. Assuming the temperature of the 

heat sinks was the ambient temperature, T0. The temperature at the mid point of the NW was Th, which was the 

highest temperature along the wire. The thermal conductivity was determined as220 

Page 36 of 53RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

37 
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× −
                        (3-32) 

Therefore, when the heat power, the geometric parameters of the sample and the temperature difference 

between the middle and end point of the NW were obtained, one could figure out the thermal conductivity. In 

additional, the temperature difference could be determined by the Raman spectra shift method.221,222 

 

III-9.3 Merits and shortages 

As described above, the thermal contact resistance was an unsolved key issue in determining the intrinsic 

thermal conductivity in most electrical measurement. Furthermore, it was difficult to obtain the concrete value of 

thermal contact resistance.144,198,223 Comparing with that, the Raman Thermography was a noncontact temperature 

technology. It could avoid determining the temperature by the relationship between the temperature and resistance 

of the sample so to eliminate the influence of the thermal contact resistance. Yet, several issues should be 

considered in the experiment. On the one hand, a shift was existed between the laser focus position of the Raman 

spectrometer and the mid point of the sample due to the limited resolution of the Raman spectrometer. Supposing 

that the location shift was 10% of the total length, it would give about 4% uncertainty in the middle point 

temperature measurement.219 On the other hand, the probing laser of the Raman spectrometer would heat the 

sample when measuring and induce a resistance variation of the sample. However, this variation was 

demonstrated to be negligible.220 Another concern was that the temperature dependence of the Raman spectrum 

should be characterized and treated differently when different kinds of samples were analyzed.219 

 

III-9.4 Applications 

To date, several models had been developed using the Raman-thermal technique, to measure the thermal 

conductivity of fibers,224 CNTs,225 NWs,226-228 and graphenes.229,230 Yue et al.219 measured the thermal 

conductivity of individual SWCNTs and MWNTs using the temperature-induced shifts of D band Raman spectra, 

and the value was measured to be 2400W/mK and 1400W/mK, respectively. Using the same model mentioned in 

this review, the thermal conductivities of MWCNT bundles were determined based on the temperature 

dependence intensity of the D band Raman shift peak, which was more sensitive than the shift of the G band.225 

Combining laser heating and Raman spectroscopy, Soini et al.226 investigated the thermal properties of freely 

suspended GaAs NWs. The thermal conductivities of single 170 nm NWs were found to lie in the range of 8~36 

W/mK. Hsu et al.231 developed a model using optical heating and temperature detecting by temperature-induced 

shifts in the G band Raman frequency. But, owing to that it was difficult to ascertain the heat power generated by 

the laser, they did not give the concrete thermal conductivity. Doerk et al.228 presented a model to measure the 

thermal conductivities of cantilevered NWs by heating with a focused laser locally, while simultaneously 

measuring the temperature of the same spot through Raman spectrometry. Very recently, combining Raman and 

electrical measurements, Wang et al.232 developed a model to determine the optical absorption and heat transfer 

coefficients simultaneously. More interestingly, Li et al.233 combining T-type with Raman measurements, 

successfully developed a noncontact T-type Raman spectroscopy method to measure the thermal conductivities of 

fibers which could easily eliminate the thermal contact resistance. 

 

Page 37 of 53 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

38 
 

III-10 Thermal flash method 

 

III-10.1 Structure 

 

 

Fig. 10 (a) Schematic of the thermal flash method, in which the NW is suspended between the thermal sensor 
and a metallic prop; (b) A SEM image of the thermal flash measurement for a polyimide micro/nanofiber. 
Reprinted with permission from ref. 70, AIP Publishing LLC.  

 

In this method, a test NW was positioned between the thermal sensor and a metallic prop acting as a heat sink 

which aimed to keep the sample suspended in vacuum, (see Fig. 10(a)). When implementing this method, a heat 

pulse would be sent into the sample from a micromanipulator based heater and then into the sensor. 

 

III-10.2 Principle 

This method was based on the thermal flash principle, which could direct characterize the thermal diffusivities 

of nanofibers without being influenced by the presence of interfacial or contact resistances.70 In this method, a 

micromanipulator based heater was used to send a heat pulse through the NW and into the sensor. When the 

micromanipulator, which was wrapped with metal wire to sever as heater, contacted with the sample, heat would 

pass through the NW and then into the sensor. As a result, the resistance of the sensor would change and the 

transient voltage could be monitored while the sensor was maintained under a constant current.  

The micromanipulator was modeled as a high temperature reservoir due to its relatively large size and high 

thermal conductivity compared with the sample. Thus, from the heat transfer equation, an analytical solution 

could be derived and applied to obtain the thermal diffusivity of the sample from the data measured. The 

normalized temporal variation of the temperature at the contact point between the sample and the sensor was 

derived as70 

               ( ) ( )
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= + −∑               (3-33) 

where αf and lf are thermal diffusivity and the length of the sample, respectively.  

When applying this method, the time, t, was assumed to be equal to zero when the micromanipulator touched 

the sample. The sensor and the NW were modeled as being in perfect contact. Furthermore, equation (3-33) was a 

simplified expression due to the following equations 
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                        and       (3-34) 

where κ,α and l are thermal conductivity, thermal diffusivity and length, respectively; the subscript f and s refer 

to the sample and the sensor, respectively. Equation (3-34) implied that the sample should be given with low 

thermal conductivity and sufficiently long length. 

To obtain the thermal diffusivity, the equation (3-33), expression for the transient temperature rise of the sensor, 

could be utilized in a curve fitting routine as applied to the collected data. The thermal diffusivity of the sample 

could be determined from the best fitting between the analytical and experimental temperature profiles. 

 

III-10.3 Merits and shortages 

Since the transient variation was required to extract the thermal diffusivity rather than the magnitude of 

temperature, an offset due to thermal contact resistance, commonly a barrier to accurate thermal measurement, 

would not influence the final result.70 However, since the measurement result was dependent on the sample 

thermal diffusivity and length, two main issues deserved careful technical consideration. On the one hand, the 

sample should be given with low thermal conductivity and sufficiently long length to satisfy the equation (3-34). 

Otherwise, more complex theoretical analysis should be implemented to solve this issue. On the other hand, the 

time taken to reach steady state was only few microseconds for fibers with relatively high thermal diffusivity, 

such as CNTs, since the exponential rise time was a function of both the thermal diffusivity and the length of the 

sample. For example, the time taken to reach steady state for MWNT clusters was approximately 8 µs.126 

Instrument with a fast data acquisition rate, such as a value in excess of 1×106 samples/s, was required. To solve 

this problem, up to 1 centimeter samples or digital oscilloscopes offering the maximum data acquisition rate of 

1×106 samples/s were selected to meet the above requirements.126,234 Additionally, this method measured thermal 

diffusivity rather than the thermal conductivity. The specific heat and density of the sample had to be known in 

order to properly report thermal conductivity values.  

 

III-10.4 Applications 

Demko et al.70 developed this thermal flash method to characterize the low thermal diffusivity of nanofibers, as 

shown in Fig. 10(b). Their result showed that the polyimide fibers of diameters 570 and 271 nm exhibited 

diffusivities of 5.97×10-8m2s-1 and 6.28×10-8m2s-1, respectively. In additional, a comprehensive mathematical 

treatment and analysis of this thermal flash theory was also presented to measure the thermal diffusivity of 

nanostructures.126,235 The analysis showed that this method can be carried out without calling for any knowledge 

or estimate of the interfacial/contact resistances. Recently, this method had also been utilized to measure the 

thermal conductivity of carbon nanofibers and graphene nanoplatelets236,237 as well as polyimide-mesophase pitch 

nanofibers.234 

 

III-11 Thermoreflectance Technique 

 

III-11.1 Structure 
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The device, as shown in Fig. 2(a), consisted of two adjacent low-stress SiNx membranes suspended with several 

beams. To prevent air convection influence on the thermal conductivity measurements, the sample was put in a 

cryostat chamber and kept in a high vacuum. 

 

III-11.2 Principle 

In this typical approach,238 a direct current was applied to one of the suspended heater so that the heating power 

was generated and heater’s average temperature was elevated above the ambient temperature. This power could be 

divided into two parts: heating up the active PRT, defined as Qactive and passing through the NW to heat up the 

inactive PRT, defined as Qinactive. Furthermore, the heat conducted through the NW was assumed all pass to the 

inactive PRT side to heat it up. Thus, the following equation could be obtained238 

                  = active inactiveIV Q Q+                       (3-35) 

At the same time, the heating power (Q) generated by PRT was expressed as 

                   lQ G T= ∆                             (3-36) 

where Gl and ∆T are the PRT thermal conductance and its temperature increase, respectively. 

From equation (3-35) and (3-36), one could derive  

                  ( T T )l h sIV G= ∆ + ∆                    (3-37) 

where ∆Th and∆Ts are the temperature increase on the active and inactive PRT, respectively. 

Then, the heat conducted through the NW was obtained as238  

                              s
inactive

s h

T
Q IV

T T

∆
=

∆ + ∆
                    (3-38) 

Consequently, the thermal conductivity could be calculated as 

 S inactive S
N

N

A Q A
G

l T l
κ = =

∆
  (3-39) 

where GN, AS, l and ∆TN are thermal conductance, cross section, length and temperature difference of the NW, 

respectively.  

To obtain ∆T, the thermoreflectance imaging technique was utilized, which was based on temperature 

dependence of the materials’ reflection coefficient and able to provide lateral resolution of 0.3-0.5 µm and 

temperature resolution of 0.1 °C. In other words, a reflected light intensity change evoked by the temperature 

change was detected and turned into small electric signal. Therefore, the temperature increase and distributed 

could be obtained. 

 

III-11.3 Merits and shortages 

The thermoreflectance measurement was a noncontact temperature measuring method, which could achieve 

submicrometer spatial resolution and 0.1 °C temperature resolution.238,239 In the experiment, the actual 

temperature distribution between the two electrodes where the NW bridged was directly measured, instead of the 

average temperature of the heater/sensor. No knowledge about the TCR of the heater was needed. Thus, an 

estimation of the thermal contact resistance in this method was unnecessary. Nonetheless, it was notable that the 

resolution of the thermoreflectance imaging technique was at submicrometer. Consequently, it was difficult to 
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apply this method to short NWs, the length of which was comparable to the spatial resolution. Another issue 

should be considered was that the thermoreflectance coefficient of the sample should be calibrated before the 

measurement, which was a time consuming process.  

 

III-11.4 Applications 

Zhang et al.238 developed this method to characterize the heat transfer along a SiNW. They obtained 

thermoreflectance image of the NW and device and then calculated the thermal conductivity of the SiNW (115 nm 

in width and 3.9 µm in length) which was 46 W/mK. This value corresponded to the electrical measuring result, 

40 W/mK, made by Li et al..240 

 

III-12 3ω-Scanning Thermal Microscopy (SThM) Techniques 

 

III-12.1 Structure  

 

 

Fig. 11 (a) Schematic of SThM method for NW thermal conductivity measurement; (b) SEM pictures of the Si 
NWs array; (c) SThM thermal imaging of Si NWs embedded in a silica matrix; (d) Si NWs equivalent thermal 
resistance as a function of the ratio LNW/SNW: circles are used for experimental data and lines for the fits. 
Reprinted with permission from ref. 241, AIP Publishing LLC. 

 

The schematic of SThM method for NW thermal conductivity measurement was shown in Fig. 11(a), where the 

tip was made of SiO2 with a thin layer of palladium (Pd) deposited on the surface (top left of Fig. 11(a)). The Pd 
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strip played the role of a heater and a thermometer when this probe was in contact with the NW (mid of Fig. 

11(a)). 

 

III-12.2 Principle 

Thermal measurements had been investigated using a 3ω SThM method in the early years, which was able to 

obtain both thermal images and contact mode topographical images.242,243 

For the 3ω SThM measurement, a sinusoidal current I(t)=I0sin(ωt) passed through the thermoresistive probe, 

generating a Joule heat at pulsation 2ω. The resulting temperature variation T2ω at the same pulsation then 

modulated the thermoresistive probe resistance at 2ω. Finally, according to Ohm’s law, the voltage variation at the 

tip end was a function of 3ω. Then the temperature increase could be express as  

                      3
2

0 0

2

R

V
T

R I

ω
ω α

∆ =                       (3-40) 

where, V3ω, R0 and αR are the third harmonic voltage, electrical resistance at ambient temperature and the 

temperature coefficient of the tip, respectively. 

Therefore, a lock-in measurement of the 3ω output voltage gave insight on the temperature increase of the tip. 

When the tip contacted with the NW, the heat generated at the tip passed to the sample, and this flow depended on 

the thermal conductance of the sample (mid of Fig. 11(a)). In other words, the tip temperature variation ∆T2ω was 

related with the equivalent thermal resistance Req between the tip and the sample. Experimentally, the tip scaned 

the sample, and, then, the ∆T2ω tip temperature variation map and the equivalent tip-sample thermal resistance Req 

image could be obtained.241
 

From the equivalent thermal resistance values, the mean thermal conductivity of the NWs could be evaluated. 

Since the tip was on the top of the NW, the NW equivalent thermal resistance (Req)NW was considered as four 

thermal resistances in series (shown at right side of Fig. 11(a)), 

          ( )eq Tip NW c NW NW SubNW
R R R R R− −= + + +            (3-41) 

where RTip-NW, RNW-Sub, Rc and RNW are the constriction resistance of the heat flux between the tip and the NW, 

the constriction resistance of the heat flux between the NW and the substrate, the tip-sample contact thermal 

resistance and the sample intrinsic thermal resistance, respectively. 

Fortunately, RTip-NW was negligible since the thermal exchange surface was bigger than the NW section. 

Additionally, both RNW-Sub and Rc could be estimated.241,244 As a consequence, the mean NW thermal conductivity 

could be extracted from the intrinsic thermal resistance RNW, 

 
1

NW

NW S

l

R A
κ =   (3-42) 

where l and AS are the length and cross section of the NW, respectively. 

 

III-12.3 Merits and shortages 

This method was able to thermally probe, with a thermal spatial resolution around 100 nm, a wide range of 

individual NWs embedded in a matrix and it took only a few minutes. Additionally, this method did not require 

pulling the NWs out from the matrix and suspending it. The intrinsic thermal conductivity of the sample, therefore, 
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could be obtained since it prevented the degradation of the NWs when exposed to air or dissolved in a solution. 

To obtain reliable thermal conductivities of the NWs, however, both the tip-sample thermal contact resistances, Rc, 

and the constriction resistance of the heat flux between the NW and the substrate, RNW-Sub, deserved careful 

consideration. For instances, the tip-sample thermal contact resistance had been evaluated as 5.5×104 K/W which 

was comparable to the intrinsic thermal resistance of each imaged SiNW.241 The Rc mostly depended on the 

experimental conditions, especially on the NW diameter and the thermal exchange diameter between the tip and 

sample.245 New calibrations of these two resistances and the thermal probe were demanded for each new sample 

in order to obtain the thermal conductivities of the NWs accurately. 

 

III-12.4 Applications 

The mean thermal conductivity of individual Si NWs, with diameters ranging from 200 to 380 nm embedded in 

a matrix, as shown in Fig. 11(b), had been measured using SThM method within the 3ω mode by Puyoo et al..241 

Their SThM thermal imaging of Si NWs embedded in a silica matrix was in Fig. 11(c). However, from their 

results (Fig. 11(d)), no significant thermal conductivity of NWs was reduced compared with that of bulk Si. 

Muñoz Rojo et al.244 had evaluated the mean thermal conductivity of Bi2Te3 NWs around 200 nm in diameter 

using SThM in a 3ω experimental configuration. The estimated mean thermal conductivity of the NWs was 

(1.37±0.20) W/mK, showing a slight thermal conductivity reduction. Recently, this method had also been 

successfully utilized to measure the mean thermal conductivity of SiGe NWs,246 Sb2Te3 phase change NWs245,246 

and polymeric P3HT NWs.247 

 

ⅣⅣⅣⅣ Prospect & Conclusioncs  

 

In the past decades, various methods for measuring the 1D nanostructure thermoelectric properties had 

experienced remarkable developments. For practical application of thermoelectric material, further increasing 

accuracy and reliability of the measurement was still the main goal. Therefore, the difficulties of the measuring 

methods, such as the electrical and thermal contact resistances and the noises of the measurements, must be 

overcome before a universal thermoelectric device could be fabricated. Through papers reading, analysis and 

writing of this manuscript, to our knowledge, the following two topics in measuring the 1D nanostructure 

thermoelectric properties might be more and more active in the near future. The first involved utilizing specific 

suspended microstructures to access not only to the thermal conductivity but also to the Seebeck coefficient.146-150 

Hence, these microfabricated structures offered a route to obtain the figure of merits of the NWs. The second topic 

was using SThM in a 3ω experimental configuration.241,244 In this setup, it did not require pulling the NW out 

from the matrix and suspending it so to prevent the surface modification of the NW. Therefore, the intrinsic 

thermal conductivity of the NW could be obtained. 

In summary, a comprehensive revision of different methods to measure thermoelectric properties of 1D 

nanostructural materials have been presented. Five frequently used methods to measure the Seebeck coefficient 

have been reviewed. And twelve kinds of the most popular methods to measure the thermal conductivity have 

been discussed in details. In each method, its principle, applications, merits and shortages have been presented. 
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Two potential hot topics in measuring the 1D nanostructure thermoelectric properties have been proposed based 

on a large number of published papers. 
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Graphic Abstract 

 

 

Measuring methods for thermoelectric propriety of one-dimensional 

nanostructural materials 

 

Yang Liu, Mingliang Zhang*, An Ji, Fuhua Yang, and Xiaodong Wang* 

 

 

Measuring methods for Seebeck coefficient and thermal conductivity of 1D nanostructural materials were 

reviewed and structures, principles, merits and shortages, and examples of every methods were discussed in 

details.  
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