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1. Introduction  

 

Nanowires could possess unique thermophysical properties due to both classical and quantum 

confinement effects on electrons and phonons (Dresselhaus et al. 2007, Lin & Dresselhaus 2003, 

Shi 2012, Yan et al. 2009). Studying phonon transport through these nanowires is of both 

fundamental scientific and practical engineering significance. Therefore, the thermal transport 

property of nanowires has fueled widespread interest and significant amount of efforts have been 

devoted to related theoretical, experimental, and numerical studies (Cahill et al. 2003, 2014; Li & 

McGaughey 2015). Importantly, the unique thermophysical properties of nanowires are closely 

associated with their structures. Therefore, understanding of the relations between structures and 

transport properties of nanowires is essential for engineering the thermal properties of nanowires 

for various demands. One particular example of great interest in the past two decades is to reduce 

the nanowire thermal conductivity for thermoelectric energy conversion (Lan et al. 2010). 

In view of the crucial structure-transport property relations for nanowires, this dissertation 

seeks to experimentally extract the thermal conductivity of several different kinds of nanofibers 

and nanowires, whose structures have been carefully characterized. In the introduction section, we 

first briefly review the pioneering work that has been done to study thermal transport through 

individual nanowires and the development of nanowires of interesting structures.  

1.1 Phonon Transport in Nanowires 

Even before experimental studies were conducted, thermal transport through nanowires had 

attracted some attention and a molecular dynamics (MD) study predicted orders of magnitude 

reduction for the thermal conductivity of silicon nanowires. Such dramatic reduction may arise 
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from different factors including i) escalated phonon boundary scattering, and ii) modified phonon 

dispersion relation (Volz & Chen 1999). The first systematic measurement of the thermal 

conductivity of nanowires was conducted on different diameter silicon nanowires by Li et al. with 

a suspended micro-bridge platform as shown by a Scanning Electron Microscope (SEM) 

micrograph in Figure 1.1(c) (Li et al. 2003b, Shi et al. 2003). The measured thermal conductivity 

of individual 22, 37, 56, and 115 nm diameter silicon nanowires were significantly smaller than 

the corresponding bulk value and exhibited a strong diameter dependence, with lower thermal 

conductivity for smaller diameter wires, as shown in Figure 1.1(a).  

The measured Si nanowires were prepared by the Vapor-Liquid-Solid (VLS) method and 

Transmission Electron Microscopy (TEM) examination of these nanowires indicated their single 

crystalline nature (Li et al. 2003b). The results clearly demonstrate strong suppression of phonon 

transport by boundary scattering in single crystalline Si nanowires. Interestingly, the thermal 

conductivity of the 22 nm Si nanowire deviates from the Debye T3 dependency at low temperature, 

showing a linear temperature dependence, which suggests that at that scale, size effects beyond 

boundary scattering could play an important role (Li et al. 2003b).  

To further examine phonon transport in thin silicon nanowires (<30 nm), Chen et al. fabricated 

small diameter silicon nanowires by either thermally oxidizing large diameter wires and then 

removing the oxide layer or directly synthesizing thin Si nanowires from 9 nm diameter Pt 

nanoparticles through the VLS growth method (Chen et al. 2008). The obtained thermal 

conductance of the thin Si nanowires scales linearly with temperature in the range of 20 to 100K, 

showing similar trends as the 22 nm Si nanowire measured by Li et al. (Li et al. 2003b). They 

presented a model based on Landauer expression and showed satisfactory fitting with the 

experimental data at low temperatures. It is claimed that the linear dependence of thermal 
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conductivity on temperature was due to frequency-dependent phonon boundary scattering. The 

contribution from specularly reflected phonons could not be neglected in thin Si nanowires case 

and the competition between different modes gives rise to the unique temperature dependence in 

thin Si nanowires. 

 

Figure 1.1 Thermal conductivity of silicon nanowires and the used microdevice for thermal 

measurement (Li et al. 2003b). (a) Measured thermal conductivity of different diameter Si 

nanowires. The number besides each curve denotes the corresponding wire diameter. (b) Low 

temperature experimental data on a logarithmic scale. Also shown are T3, T2, and T1 curves for 

comparison. (c) SEM images of the suspended micro-bridge device. The lower inset shows a 100 

nm Si nanowire bridging the two side-by-side suspended membranes, with wire-membrane 

junctions wrapped with locally-deposited amorphous carbon (shown by arrows) to minimize the 

contact thermal resistance.  

 

One experimental challenge is that the small thermal conductance of thin Si nanowires is 

approaching the limit of the 4-point I-V measurement technique. To address the issue of measuring 

lower thermal conductance, Wingert et al. modified the suspended micro-bridge set-up through 

introducing a reference device into the cryostat to form a Wheatstone bridge, which effectively 

cancels out the signal drift from the temperature fluctuation of the sample holder and pushed the 
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detection limit down to a ~10 pW/K thermal conductance (Wingert et al. 2011, 2012). Armed with 

this powerful scheme, the thermal conductivity of thin Ge and SiGe core-shell nanowires were 

measured and while the thermal conductivity of large diameter nanowires could be well accounted 

for by theoretical modeling, the data for smaller diameter wires (~15 nm) deviated significantly 

from the prediction based on the classical size effect. The significant difference between the 

experimental data and theoretical prediction was attributed to the bulk-like phonon dispersion 

relation used in the modeling (Wingert et al. 2011). More recently, a study reported by Wingert et 

al. on thin silicon nanotubes (NTs) with wall thickness as thin as 5 nm showed a thermal 

conductivity reduction much stronger than that could be accounted for by diffuse boundary 

scattering. They found that the Youngôs modulus of these individual Si NTs could be 6-fold smaller 

than the bulk value, suggesting that there were strong elastic softening effects in the crystalline Si 

NTs, which led to much reduced phonon group velocity, and subsequently lower thermal 

conductivity (Kwon et al. 2016, Wingert et al. 2015).   

The boundary effects of Si nanowires are more complicated in rough wires, which showed 

drastic reduction of thermal conductivity compared with VLS-grown Si nanowires of similar 

diameter (Hochbaum et al. 2008). The significant reduction was exploited to enhance the 

thermoelectric property of Si nanowires, achieving a thermoelectric figure of merit (ZT) over two 

orders of magnitude higher than the bulk value. The drastically reduced thermal conductivity 

triggered enormous interest in understanding the effects of rough boundaries. For example, Moore 

et al. employed Monte Carlo (MC) simulation to demonstrate that the sawtooth roughness of a 

nanowire could incur phonon backscattering and yield a thermal conductivity even lower than the 

fully diffusive surface limit (Moore et al. 2008). Similarly, Sansoz et al. showed through MD 

simulations of thermal transport in various surface faceted and circular nanowires that carefully 
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sawtoothed nanowires with specific facet displayed a thermal conductivity considerably lower than 

that of smooth Si NWs (Sansoz 2011). 

While most reported data on the thermal conductivity of Si nanowires have been performed 

at temperatures lower than 500 K, there is a recent effort to push the measurable temperature range 

up to 700 K, higher than the Debye temperature of Si (~645 K), with the implementation of a 

specially designed sample holder (Lee et al. 2016). With the optimized setup, they measured the 

thermal conductivity of both smooth VLS Si NWs and rough Si NWs in temperatures ranging from 

20 K to 700 K. It was suggested that study of phonon transport in Si NWs at higher temperatures 

cannot simply neglect the contribution from optical phonons when they are fully excited and can 

contributes a considerable portion to their thermal conductivity. High frequency optical phonons 

scatter much more frequently than their acoustic counterparts, which possess longer phonon mean 

free path. Therefore, acoustic phonons suffer stronger phonon boundary scattering in nanowires; 

and the relative contribution to thermal transport from acoustic phonons decreases with reducing 

diameters, which renders optical phonons more important. Furthermore, their work on rough Si 

NWs further confirms the importance of surface roughness in reducing the thermal conductivity 

in measured temperature range.  

Beyond Si nanowires, thermal transport in various other kinds of semiconductor nanowires 

has also been explored (Hsin et al. 2013, Lee et al. 2012, Martin et al. 2010, Moore et al. 2009, Shi 

et al. 2004). For example, using the same microfabricated platform as Li et al. (Li et al. 2003b), 

Shi et al. measured the thermal conductivity of 53 nm and 64 nm thick tin dioxide nanobelts (SnO2) 

in a temperature range of 80-350 K. The measurements showed significantly lower thermal 

conductivities than the bulk values and modeling based on a full dispersion transmission function 

suggested the phonon-boundary scattering is the primary cause (Shi et al. 2004). Moore et al. 
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experimentally explored the thermal conductivity of a 232 nm single crystalline bismuth nanowire 

and polycrystalline bismuth nanowires of diameters ranging from 74-255 nm over a temperature 

range between 100 and 300 K, all showing notable reduction compared to bulk values, while the 

thermal conductivities of polycrystalline samples showed no noticeable dependence on diameter. 

Subsequent modelling determined that the grain boundary phonon scattering dominates over 

phonon boundary scattering, limiting the mean free path within a range of 15-40 nm, significantly 

smaller than the nanowire diameter (Moore et al. 2009). Lee et al. measured thermal conductivity 

of SiGe alloy nanowires and simultaneously probed the electrical conductivity and Seebeck 

coefficient. Despite the strong impurity scattering in SiGe nanowires, the phonon boundary 

scattering is still pronounced and gives rise to a thermal conductivity as low as ~1.2 W/m-K at 450 

K, considerably lower than the corresponding bulk value, which lift the ZT up to ~0.46 at 450 K 

(Lee et al. 2012). 

To model thermal transport in surface-roughened GaAs and Ge nanowires, Martin et al. 

proposed a method based on Hollandôs formalism on the basis of a full phonon dispersion relation 

and quantified the effect of the surface roughness based on a perturbation theory. They found that 

the thermal conductivity in rough Ge and GaAs nanowires with diameters smaller than 200 nm 

can be modulated by adjusting the surface roughness, which could yield a thermal conductivity as 

low as 0.1 W/m-K for a 56 nm rough Ge nanowire with a root-mean-square (RMS) roughness of 

3 nm (Martin et al. 2010). In general, the thermal conductivity of semiconductor nanowires is 

significantly reduced due to phonon boundary scattering. In conjunction with 

preserving/enhancing electrical conductivity and Seebeck coefficient, nanowires could make a 

class of promising materials for thermoelectric applications (Dresselhaus et al. 2007, Kim 2011). 
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In addition to crystalline inorganic nanowires, another type of nanowires, or more commonly 

referred to as nanofibers, are made of polymers and recently witness resurging interests in 

engineering their thermal conductivity. Polymers are composed of long molecular chains with each 

chain consisting of repeated structural units called monomers. The process of connecting the 

monomer units together in a chemical reaction to form polymer chains or three-dimensional (3D) 

networks is termed polymerization. Polymeric materials have found widespread applications in 

modern civilization, such as structural materials for various products ranging from bicycles to 

airplanes and rockets. In spite of many advantages polymeric materials boast of, one limiting factor 

is their low thermal conductivity (Henry 2014). This poor thermal property poses enormous 

challenges for their usage in applications such as flexible electronics, photovoltaic energy 

conversion, and advanced structural materials mounted with high power electronics.  

Bulk polymers usually possess extremely low thermal conductivity on the order of 0.1 W/m-

K, which is due to the randomly aligned and entangled polymer chains and voids. However, the 

intra-chain heat conduction along each polymer chain can be in fact very efficient, because of the 

strong covalent bonds between atoms in each chain. The issue is that inter-chain heat transfer is 

much less efficient, resulting from the weak van der Waals (vdW) interactions (Henry 2014). As 

such, the polymer chains, if aligned, could lead to dramatic enhancement in both thermal 

conductivity and mechanical strength. It has been found that polyethylene (PE)  films with highly 

aligned chains attained from mechanical stretching can have a much higher thermal conductivity, 

up to 40 W/m-K, as well as a Youngôs modulus significantly larger than the typical bulk value 

(Choy 1977, Choy & Leung 1983, Choy et al. 1999). 

More strikingly, recent MD simulations predicted a thermal conductivity as high as 350 W/m-

K or even divergent thermal conductivity for a single chain of PE (Henry & Chen 2008, Jiang et 
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al. 2012a), which has been supported by subsequent experimental measurements of ultra-drawn 

PE nanofibers, yielding a thermal conductivity value of ~104 W/m-K (Shen et al. 2010). Using a 

time-domain thermoreflectance (TDTR) method, Wang et al. measured the thermal conductivities 

of several commercially available high-modulus polymer fibers (Wang et al. 2013). Their results 

indicate that liquid crystalline p-phenylene benzobisoxazole (PBO) fibers have the highest room 

temperature thermal conductivity of ~20 W/m-K, surpassing the thermal conductivity of 

commercially available highly crystalline PE. One more interesting result on polythiophene 

nanofibers (Singh et al. 2014) shows that, despite remaining mostly amorphous, aligned pure 

polythiophene nanofibers can have a thermal conductivity up to Ḑ4.4 W/m-K (more than 20 times 

higher than the bulk polymer value). These pioneering studies strongly suggest that the thermal 

conductivity of a polymeric material is closely related to its microstructure, particularly the 

molecular chain orientation and crystallinity. 

The highest experimentally observed thermal conductivity of polymers is demonstrated by 

Shen et al. (Shen et al. 2010) through drawing single crystalline PE nanofibers using a tipless bi-

layer (Si3N4/Au) atomic force microscope (AFM) tip, achieving a drawing ratio up to 400. The 

resulted nanofibers are in a diameter range from 50 to 500 nm. The thermal measurement was 

carried out with the AFM cantilever serving as a temperature sensor and the highest measured 

value is 104 W/m-K at a drawing ratio of 400, the highest ever achieved with polymers, as shown 

in Figure 1.2. The exciting results stimulate great interests in quest of highly heat conducting 

polymers and show the potential of engineering polymer chains at the molecular level for practical 

purposes. 
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Figure 1.2 Illustration of polyethylene (PE) chains and fibers and measured thermal conductivity 

of the ultradrawn nanofibers (Shen et al. 2010). (a) One single molecular chain of PE. The inset 

shows the chemical structure of PE (carbon atoms are of black color and hydrogen atoms are of 

white color). (b) Chain ends, entanglements, voids, and defects in bulk PE. (c) Stretched PE 

microfiber. (d) Measured thermal conductivity of individual PE nanofibers versus their 

corresponding draw ratios, in comparison with drawn bulk PE thin films. 

 

Although the ultra-drawing method is capable of producing nanofibers of high thermal 

conductivity, the yield is too low to be implemented in bulk fabrication for practical purposes. 

Alternatively, electrospinning has proven to produce large quantities of micro/nanoscale fibers of 

high aspect ratio with aligned molecular chain in high throughput (Greiner & Wendorff 2007). In 

electrospinning, a very high voltage is applied between the needle of a syringe containing polymer 

solutions and a grounded collector. As a result, a high electric field is exerted on the solution 

travelling towards the collector, leading to a strong force that facilitates the formation of chain-

aligned polymer fibers. For instance, Zhong et al. fabricated electrospun nylon-6 nanofibers under 

a voltage of 6-7 KV and demonstrated an increasing thermal conductivity trend with decreasing 
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diameter, achieving nearly one order of magnitude enhancement compared to the bulk nylon value. 

The enhancement was mainly attributed to the significantly promoted chain alignment and 

crystallites orientation, rather than the increasing crystallinity (Zhong et al. 2014). It is worth 

noting that hot-stretching of the as-spun nanofibers can further boost the thermal conductivity, as 

shown in Figure 1.3, indicating the potential for further improvement of the thermal transport 

properties of electrospun nanofibers by mechanical drawing at elevated temperatures.  

 

Figure 1.3 Thermal conductivity of electrospun Nylon-6 nanofibers. (a) Thermal conductivity 

versus nanofiber diameter at 300 K (Zhong et al. 2014). Black circles represent as-spun nanofibers 

and red triangles represent nanofibers hot-stretched to 1.5× original length. The thermal 

conductivity of all samples increases as the diameter decreases, with a larger increase for hot-

stretched nanofibers. The blue dashed line stands for the bulk Nylon-11 thermal conductivity. (b) 

A dark-field optical image of nanofibers on a suspended micro-device for thermal measurement. 

(c) An SEM micrograph of the same fiber in (b) with the inset of a close-up of the fiber segment 

on the supporting pad. 

 

More recently, Canetta et al. presented values ranging from 6.6 W/m-K to 14.4 W/m-K for 

electrospun polystyrene nanofibers (Canetta et al. 2014). Aside from the efforts to realize better 
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aligned polymers, other efforts invested in enhancing inter-chain interactions witnessed thermal 

conductivity enhancement as well. Kim et al. achieved a significant increase of k through the 

introduction of dense and continuous inter-chain bonds in amorphous polymer blends (Kim et al. 

2014). These pioneering results indicate the potential of exploring the upper limits of the thermal 

conductivity of polymer nanofibers for various applications.  

Polymers with single crystalline structure and perfectly aligned molecular chains belong to 

one group of vdW materials, usually termed quasi-one-dimensional (quasi-1D) vdW materials. 

Such structure boasts of strongly anisotropic bonding, which leads to thermal transport behavior 

that can be drastically different from the case of semiconductor nanowires, which are relatively 

isotropic and usually have a dramatically reduced thermal conductivity owing to phonon boundary 

scattering. In contrast, one MD study on thermal conductivity of PE revealed that, as the 

dimensionality of PE transitions from 1D to 2D and then 2D to 3D, the thermal conductivity 

gradually decreases to the bulk value, with a single PE chain possessing the highest thermal 

conductivity of 150 W/m-K. This different size dependence was attributed to increased 

anharmonic scattering brought by extra phonon modes when size increases (Henry et al. 2010). 

The absence of phonon boundary scattering in aligned polymer chains originates from the strong 

phonon focusing effect, which guides majority of the phonons to travel predominately along chain 

direction rather than to travel randomly. The combination of these uniquenesses could give rise to 

a divergent thermal conductivity along a single PE molecular chain, as demonstrated by increasing 

thermal conductivity with chain length (Henry & Chen 2008, 2009). 

Despite the lack of experimental reports on thermal transport in intrinsically 1D system, one 

particular material, single-walled carbon nanotubes (SWCNTs), have received considerable 

attention. As an ideal 1D material system, experimental measurements have shown that thermal 
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conductivity of SWCNTs can be as high as ~3500 W/m-K at room temperature for an SWCNT of 

2.6 µm long and 1.7 nm in diameter (Pop et al. 2006). Theoretically, it has been predicted that their 

thermal conductivity can be as high as 6600 W/m-K, about three times that of the diamond. This 

superior thermal conductivity partly stems from the absence of boundary scattering, which 

preserves a large phonon mean free path (Berber et al. 2000). Experimentally, employing a Raman 

thermal measurement technique, Liu et al. determined a ballistic phonon transport length up to ~10 

µm in SWCNT at 360 K (Liu et al. 2017). However, in contrast to the explosive interests their 2D 

counterparts have triggered recently, the thermal properties of intrinsically 1D material systems 

have been large understudied. More work remains to be done to fully explore their potentials and 

pave the way for their practical applications. 

 

1.2 Nanowires of Complex Structures 

Other than polymer nanofibers, most research on thermal transport through nanowires has 

been conducted on wires of simple straight configurations and single crystalline structure. 

However, advances in synthesis methods have enabled preparation of nanowires of more complex 

morphologies for novel devices and applications (He et al. 2015; Jiang et al. 2011, 2012b; Tian et 

al. 2009), and thermal transport properties of these nanowires have not been characterized 

experimentally so far. 

One class of nanowires are those with stacking faults between crystalline planes.  For example, 

Caroff et al. (Caroff et al. 2009) have synthesized InAs nanowires with controlled twin planes 

similar to the structure of superlattices. The approach also shows the capability of growing 

polytypic nanowires that comprise of alternating segments of different crystal phases. Different 

crystal phases of the same materials could lead to different transport properties. Many binary 
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compounds made from III-V materials, for example, InAs, GaAs, GaP and InP, can grow into two 

different crystal phases, i.e., the wurtzite (WZ) and the zinc blende (ZB) phase. Although there 

have been no experimental reports on thermal transport properties of nanowires with mixed crystal 

phases, Thelander et al. (Thelander et al. 2011) have conducted electrical resistivity measurements 

of these InAs nanowires. They have achieved rational synthesis of superlattice-like nanotwinned 

InAs nanowires with mixed crystal phases, grown by metal-organic vapor phase epitaxy (MOVPE) 

and molecular beam epitaxy (MBE), as shown in Figure 1.4. The electrical resistivity 

measurements indicate that the nanowires of mixed crystal phases exhibit a resistivity up to 2 

orders of magnitude larger than that of single phase nanowires.  

 

Figure 1.4 Crystal structure of InAs nanowires changes from wurtzite (WZ) to zinc blende (ZB) 

as the wire diameter increases (Caroff et al. 2009). (aïd), TEM images viewed along 

the <110> zone axis (zinc blende notation), from (a) to (d), with increased diameter, the crystal 

structure changes progressively from (a) pure WZ, to (b) WZ with single stacking faults, which 

are noted by arrows, to (c) a mixed WZïZB structure, and finally to (d) pure ZB. 
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Synthesis of nanowires with kinks or curvatures has also been realized. For example, Tian et 

al. (Tian et al. 2009) first demonstrated the rational design and synthesis of both silicon and 

germanium single crystalline kinked nanowires. They further achieved dopant-modulated 

structures that have the properties of p-n diodes and field effect transistors, which could have many 

interesting applications. For example, Jiang et al. and Qing et al. implemented kinked silicon 

nanowires as encoded field-effect transistors to record action potentials intracellularly (Jiang et al. 

2012b, Qing et al. 2013). Pevzner et al. further developed an on-surface confinement-guided 

nanowire growth method that enables a perfect control over their geometry, as demonstrated by 

the growth of Si, Ge, and SiGe nanowires with different shapes in pre-patterned trenches via the 

VLS mechanism, as depicted in Figure 1.5. The successful synthesis of any kinked (variable 

turning angles), sinusoidal, linear, and spiral shaped nanowires illustrates the power of this 

approach to grow nanowires of any other desirable shapes (Pevzner et al. 2012).  

The nanowires synthesized by Jiang et al. demonstrated the capability of rational growth of 

branched nanowire heterostructures based on bare nanowires or core-shell nanowires, termed as 

type I and type II in their paper (Jiang et al. 2011). Basically, Au nanoparticles were deposited 

onto the surface of the base nanowires, and then they serve as seeds/catalysts to guide the growth 

of the branched nanowires, as shown in Figure 1.6. 
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Figure 1.5 SEM images of synthesized nanowires with various two dimensional shapes (Pevzner 

et al. 2012). (aīd) SEM images of multiple kinked two-dimensional Si nanowires with different 

turning angles from 120° to 80°. The yellow arrow (panel c) indicates the position of the catalyst. 

The scale bars are 250 nm. (eīg) SEM images of sinusoidal shaped two-dimensional silicon 

nanowires with different periods. The yellow arrow (panel e) highlights the position of the 

nanocluster catalyst. The scale bars are 250 nm. (h) An SEM image of a two-dimensional spiral 

shape Si nanowire. The yellow arrow highlights the position of the nanocluster catalyst. The scale 

bar is 250 nm. (i) An SEM image of a 1D shape-controlled SiNW, by modulation of nanotunnel 

shape along the growth direction. The scale bar is 250 nm (zoom-in image, scale bar is 250 nm). 

(j) An SEM image of a square-wave shaped silicon nanowire. Scale bar is 250 nm. (k) An SEM 

image of a sample showing multiple sinusoidal-shaped silicon nanowires. Scale bar is 2.5 ɛm. 
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Figure 1.6 TEM images of different kinds of branched heterostructure nanowires (Jiang et al. 

2011). The consisting materials are (A) Si/Au, (B) Si/Ge, (C) Si/GaAs, and (D) Si/InP. 

 

Such nanowires of complex structures have also been predicted to possess a lot of potentials 

when it comes to modulating heat conduction and increasing thermoelectric performance. For 

example, MD simulation of the mechanical properties of kinked Si nanowires (k-SiNWs) projected 

a much larger fracture strain than that of straight Si nanowires (Jiang et al. 2013b). In terms of 

transport properties, Jiang et al. constructed an MD model of k-SiNWs of varying arm lengths and 

showed that the thermal conductivity of these wires could decrease up to 70% relative to that of 

the straight ones at room temperature, as shown in Figure 1.7 (Jiang et al. 2013a). The significantly 

reduced thermal conductivity was ascribed to two mechanisms, i.e., (1) the resistance of 

interchanging between longitudinal and transverse phonon modes, and (2) the phonon pinching 

effect, which localized certain frequency of twisting and transverse phonon modes. Another study 

by Xiong et al. have studied similar kinked structure of SiNWs with a turning angle of 109.4Ü 

instead of 90Ü and found a similar level of thermal conductivity reduction up to 65% (Xiong et al. 
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2014). The kinked morphology induced thermal conductivity reduction could be combined with 

other currently known mechanisms to further reduce thermal conductivity, thus opening a new 

venue for enhancing the thermoelectric efficiency.  

 

Figure 1.7 Thermal conductivity of kinked silicon nanowires from MD simulation. (a) 

Configurations of k-SiNWs with diameter D = 11.0 Å and axial length L = 190.0 Å. larm is the arm 

length. The numbers of kinks are 5, 7, and 11 in the structures from top to bottom. (b) Relative 

thermal conductivity versus number of kinks in k-SiNWs. The value of thermal conductivity for 

the corresponding straight SiNWs are 7.67 and 5.78 W/m-K at 300 and 600 K, respectively (Jiang 

et al. 2013a). 

 

MD simulations of nanowires are normally limited to small dimensions with less than 10 nm 

diameter, constrained by the available computational capability. One study employing MC 

simulation to explore thermal transport in curved nanowires with a larger dimension ranging from 

10 to 50 nm diameter suggested that curved nanowires with radius one order of magnitude smaller 

than the phonon MFP show a notable reduction of thermal conductivity compared to straight ones, 

resulting from the impedance of phonon ballistic transport (Liu et al. 2009). In addition, such 

curved nanowires could affect the thermoelectric property through another path as shown by other 

studies (Pye et al. 2015, Zhou & Yang 2011). Zhou et al. investigated ballistic thermoelectric 

transport in double-bend nanowires, showing that the quantum interference effects, incurred by 



18 

 

the geometric confinement of the bent structure, could result in large Seebeck coefficients (Zhou 

& Yang 2011). Pye et al. further studied the thermoelectric transport in single, double and U-bend 

structures based on a quantum transport theory using Greenôs functions, predicting a ZT beyond 

unity. Moreover, the introduction of disorders could further enhance the ZT as the thermopower 

remains robust against moderate degrees of imperfections, such as disorders and surface roughness 

(Pye et al. 2015). Both studies indicated the potential of modulating thermoelectric transport with 

kinked or curved nanowires. 

In addition to phase boundaries and kinks, crystalline defects, such as twin boundaries and 

stacking faults, have been observed among different kinds of nanowires grown by chemical vapor 

deposition (CVD) methods. While most efforts have been devoted to decipher the growth 

mechanism and controllable synthesis of these planar defects, their effects on transport properties 

have also attracted some attention. Metal nanoparticle-seeded growth of semiconductor nanowires 

enables control of the aspect ratio, diameter, and crystalline structure through variations of growth 

parameters. Barth et al. showed that the defects of Ag seeds could be transferred to the produced 

Ge nanowires, in the form of radial twins (Barth et al. 2011). Zhe et al. demonstrated that in boron 

carbide nanowires, the stacking faults could grow in both axial direction and transverse directions 

(Guan et al. 2012). Stacking faults are found to significantly affect the mechanical properties of 

nanowires (Afanasyev & Sansoz 2007, Jang et al. 2012). As one example, in GaAs nanowires, 

stacking faults are found to increase the Youngôs moduli of defective wurtzite nanowires by 13% 

in comparison to those defect-free ones (Chen et al. 2016). The authors attributed the stiffening 

effects of stacking faults to altered interatomic bonding at the stacking faults. The nanowires were 

grown via a MOVPE method, with the ones with stacking faults and the ones without faults on the 
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same piece of substrate. Figure 1.8 shows the low-magnification and high resolution TEM images 

of both kinds of nanowires. 

 

Figure 1.8 Low-magnification TEM images of GaAs nanowires of (a) hexagonal WZ and (b) WZ-

SF (SF for stacking faults). Diffraction contrast (c) and HRTEM (d) images of WZ GaAs 

nanowires. Diffraction contrast (e) and HRTEM (f) images of WZ-SF GaAs nanowires. The insets 

in (c) and (e) are their corresponding SAED patterns (Chen et al. 2016). 

 

Other than inorganic nanowires, microstructures hold equivalent importance in determining 

the thermal conductivity of polymer nanofibers, i.e., the chain alignment, crystallinity, and 

backbone structures. As demonstrated by Zhang et al. through MD simulation, the thermal 

transport carried through the strong covalent bonds is responsible for majority of the effective 

thermal conductivity, rather than the contributions from the weak vdW interactions (Zhang & Luo 

2016). In another MD study by Zhang et al., they demonstrated that in PE nanofibers, there exists 

a chain morphology dependence for the thermal conductivity, which showed as a dramatic 

reduction by about 90% when temperature increases up to ~400 K (Zhang & Luo 2012). In their 

simulation, they built a simulation volume consisting of multiple well-aligned PE chains and 
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monitored the volume and chain morphology changes when the simulation domain was heated 

from 300 K to 800 K at atmospheric pressure. They found that the well-aligned crystalline PE 

chains maintained the well-ordered structure up to 400 K, and the volume showed a significant 

jump around 400 K, disrupting the intra-chain order, although the inter-chain structure order is 

maintained. When temperature increases beyond 600 K, another volume jump occurred, and the 

crystal is melted and the chains are tangled altogether in an amorphous phase. Meanwhile, thermal 

expansion with increasing temperature leads to voids and, together with the entangle chains that 

serve as efficient phonon scattering sites, reduced thermal conductivity. Later, they published 

another work, taking advantage of the phase-dependent thermal conductivity of PE, discussed a 

thermal diode that showed a scaled rectification ratio ranges from 12 to 25 (Zhang & Luo 2015). 

The practice of improving the molecular chain alignment and/or crystallite orientation is also 

desirable for charge transport in polymers, which can be helpful for polymeric material based 

semiconductors. Many polymer materials tend to be partially crystalline, some of their polymer 

chains stack in well-organized crystallites. However, in bulk form, the crystallite orientation could 

still be in a random manner, which results in inefficient charge/phonon transport. Kline et al. 

attempted deposition of the polythiophene on a hydrophobic surface and used X-ray diffraction to 

find that the fraction of mis-oriented crystallites depends on surface hydrophobicity (Joseph Kline 

et al. 2006). Polythiophene films spin-casted on self-assembled monolayer (SAM) coated surface 

have much better alignment of the crystallites than the bulk counterparts.  

Apart from the transport properties, purposely aligned crystallites/molecular chains and 

improved crystallinity could enhance the Youngôs modulus of polymers along the chain direction 

as well. Li et al. managed to fabricate crystalline PE nanofibers following an approach combining 
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a traditional gel-based spinning method with a tip-drawing technique (Li et al. 2014). The 

microstructure change at each drawing stage is illustrated in Figure 1.9.  

 

Figure 1.9 Microstructure change during the fiber drawing process. (a) Semi-crystalline PE gel 

with crystalline and amorphous regions. (b) PE molecular chains dissolved in Decalin solvent. The 

PE chains are randomly entangled in the solution. (c) Crystalline PE nanofiber with aligned chains 

(Li et al. 2014). 

 

In bulk form, the long PE molecular chains are folded locally in the form of crystallites, 

usually called ñlamellaeò. The lamellas are surrounded by other amorphous phase PE molecular 

chains, which hinder efficient transport of charges/phonons and result in a low elastic modulus. 

When dissolved in solvent, the local crystallites and amorphous phase PE molecules are loosely 

entangled. When drawn by a glass tip, the loosely entangled molecules will align in the direction 

of drawing and crystallize, resulting in highly aligned and crystalline PE nanofibers. The approach 

greatly suppresses the formation of amorphous domains and voids that degrade the material 

properties. This approach was able to produce nanofibers having a high Youngôs Modulus around 

312 GPa, approaching the theoretical limits as predicted for single PE chain (Jiang et al. 2012a, Li 

et al. 2014). Selective area electron diffraction pattern (SAED) of different diameter as-fabricated 

nanofibers indicated a trend of higher crystallinity for smaller diameter PE nanofibers. The SAED 

pattern of an 80.9 nm PE nanofiber indicates a remarkable single crystalline nature. These results 
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illustrate a venue of engineering the microstructure to modulate both the transport and mechanical 

properties of polymer fibers. 

 

1.3 Summary 

All the work discussed here showed that to fully understand the transport mechanisms in 

various kinds of nanowires, either semiconducting or polymeric, requires thorough knowledge of 

the structural information, that is, crystalline structure, diameter, composition, morphology, etc. It 

is demonstrated that structure is of paramount importance for nanowire transport properties. The 

emergence of nanowires with complex structures demands systematic studies with thorough 

structural characterization and thermal transport property measurement, which could lead to better 

understanding on how these novel structures affect phonon transport. 

In the following chapters, we employed a well-established suspended micro-bridge method to 

experimentally study thermal transport properties of different polymeric nanowires, boron carbide 

nanowires, and quasi-one-dimensional (quasi-1D) Ta2Pd3Se8 nanowires, which are all of complex 

structures. The dissertation is organized as follows. 

In chapter 2, we discuss the implementation of the micro-bridge sensing method with 

enhanced measurement sensitivity and show the effects of several different factors on the 

measurement results. The sample preparation, measurement approach, and uncertainty analysis 

will also be covered. 

In chapter 3, we describe thermal conductivity measurement and structural characterization 

with micro-Raman spectroscopy of individual electrospun PE nanofibers fabricated at various 

conditions. 
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In chapter 4, we present studies of individual boron carbide nanowires of different diameters, 

compositions, stacking fault density and orientations. Details of structural characterization using 

TEM and the impacts of microstructures on thermal transport are carefully investigated. For the 

first time, we show experimentally the significant effects of kinks on thermal conductivity of boron 

carbide nanowires. The effects of defects in the kinked region on thermal transport across the kink 

were also explored. 

In chapter 5, we discuss the thermal transport properties of the novel quasi-1D vdW Ta2Pd3Se8 

nanowires prepared through wet exfoliation. The irregular cross sections of these nanowires are 

carefully examined and the dependence of thermal conductivity on cross-sectional size and length 

were studied. 

Chapter 6 provides a summary of the key conclusions from this dissertation. 
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2. Experimental Setup 

 

Various techniques have been developed to measure the thermal transport properties of 

nanoscale materials, such as thin films and nanowires. For example, 3 omega method (3ɤ) and 

time-domain thermoreflectance (TDTR) method are widely applied to measure the cross-plane 

thermal conductivity and interfacial thermal resistance of thin films (Cahill 1990, 2004; Weathers 

& Shi 2013). However, these techniques could be not readily applied for the thermal property 

measurement of nanowires. To cope with the challenge, a thermal bridge method based on a 

suspended microdevice for measuring thermal conductivity and thermoelectric properties of 

nanowires was developed, which can measure the thermal conductance of individual nanowires as 

low as ~1 nW/K (Li et al. 2003b, Shi et al. 2003). This experimental scheme has been successfully 

applied to study the thermal transport property of individual carbon nanotubes (Kim et al. 2001, 

Yu et al. 2005), various kinds of nanowires (Chen et al. 2008, Li et al. 2003b), nanoribbons (Yang 

et al. 2012), and more recently, contacts and interfaces between individual nanostructures (Yang 

et al. 2010, 2014). In addition, Chang et al. (Chang et al. 2007) further extended the capability to 

study phonon transport in nanowires under strain/buckling. These studies greatly advanced our 

understanding of the behavior of phonons, the energy carriers, in the highly confined 

nanostructures. 

The sensitivity of the four point I-V measurement setup is limited to a noise equivalent thermal 

conductance of about 0.5 nW/K at room temperature. Two major noise sources are the radiation 

dominated background conductance and a rather long period (~20 minutes) temperature drift of 

the sample holder in the cryostat. To push for a lower thermal conductance detection limit, a new 

measurement scheme first demonstrated by Wingert et al. has been implemented in this 
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dissertation, which achieved a detectable thermal conductance as low as ~10 pW/K (Wingert et al. 

2012). To eliminate the major noise source from the temperature fluctuation of the sample holder, 

Wingert et al. (Wingert et al. 2012) introduced a Wheatstone bridge setup with a reference device 

also placed on the sample holder in the cryostat, which experience the same temperature 

fluctuation with the measurement device. Through common mode rejection, the effects of sample 

holder temperature fluctuation can be effectively canceled out. Herein, we successfully incorporate 

the technique into our measurement setup and this chapter is dedicated to the demonstration and 

discussion of the experimental approach.  

 

2.1 Measurement Devices 

Figure 2.1 shows an SEM micrograph of the microdevice for nanowire thermal and 

thermoelectric property measurements, which consists of two side-by-side 18.2 mm ³ 27.1 mm low 

stress silicon nitride (SiNx) membranes suspended by six 0.5 mm thick, 415.9 mm long and 2.2 mm 

wide SiNx beams. Each SiNx membrane has one platinum resistance thermometer (PRT) 

composed of 30 nm thick and 500 nm wide platinum (Pt) line patterned on top, which can also be 

used as a microheater through joule heating. The serpentine Pt line is covered by 200 nm thick low 

temperature silicon oxide (LTO) layer, to avoid the potential of shorting the Pt coils when 

measuring electrically conductive samples. The PRT is connected to 400 mm ³ 500 mm Pt contact 

pads situated on the substrate through 1.2 mm wide Pt leads on the long SiNx beams. One or two 

additional Pt electrodes can be fabricated on the edge of each SiNx membrane, facilitating 

simultaneous characterization of electrical conductivities and Seebeck coefficients, to probe the 

thermoelectric property of tested nanostructures. Additionally, the substrate could be etched 

through to allow TEM examination of the microstructure of measured samples. 
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Figure 2.1 An SEM micrograph of the suspended microdevice with electrodes and integrated 

microheaters/thermometers made from serpentine Pt lines. 

 

2.2 Sample Preparation 

For measurements of nanowire thermophysical properties with the device described above, a 

crucial step is to place an individual nanowire sample between the two suspended membranes. It 

is made possible by using an in-house assembled micromanipulator, as shown in Figure 2.2, to 

maneuver the samples and sit them at desirable locations and in proper orientations. 

The sample placement process usually includes two steps. First, a small amount of samples, 

such as carbon nanotubes or different kinds of nanowires, are dispersed in solutions such as reagent 

alcohol or isopropanol alcohol (IPA) to form a suspension, using ultrasonic sonication. A few 

drops of the suspension are then casted onto a piece of polydimethylsiloxane (PDMS). We choose 

PDMS as the substrate because the soft material lowers the risk of damaging the very sharp tip 

used to pick up the nanowire sample. After the solvent evaporated, many individual nanowires can 

be found on the PDMS surface. In addition to drop-casting, stamping can also be used to transfer 
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nanowires or nanotubes from the substrate on which they are grown or fabricated to the elastomeric 

PDMS piece.  

 

Figure 2.2 A photograph showing the custom-built micromanipulator integrated with a Nikon 

microscope (Nikon ECLIPSE 50i) used to manipulate the individual nanowires. 

 

After the samples are transferred onto the PDMS substrate, we can use a sharp probe (The 

Micromanipulator Co. model 7X) with a tip radius of ~0.1 mm mounted on the mechanical 

translation stage to pick up a single nanowire lying on the PDMS and place it between the two 

suspended membranes. The whole process is performed under a 100×, long working distance (6.5 

mm) objective lens mounted on a Nikon optical microscope. Figure 2.3 shows a silicon 

nanoribbon situated between the two suspended membranes. Cross-contact nanowire samples can 

also be prepared in a similar manner by carefully orienting individual nanowires in a desired 

manner to probe point contact thermal resistance between various nanostructures. 
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Figure 2.3 An SEM micrograph of an individual silicon nanoribbon bridging the two side-by-side 

suspended membranes. 

 

To improve the thermal and/or electrical contacts between the sample and the membranes, 

electron beam induced deposition (EBID) can be used to locally deposit Au/Pt pads to increase the 

contact area between the nanowire sample and the suspended membranes (Chen et al. 2008), as 

shown in Figure 2.4.  

 

Figure 2.4 An SEM micrograph of a boron carbide nanowire bridging the four electrodes on the 

microdevice with local deposition of Pt at the contact using EBID. 
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2.3 Measurement Setup 

Figure 2.5 shows a schematic drawing of the measurement setup. The suspended microdevice 

with a nanowire is placed in a cryostat (Janis CCS-450) with a vacuum level below 10-6 Torr, 

achieved with a turbomolecular pump (Edwards E2M1.5). Two lock-in amplifiers (Stanford 

Research SR850) are used to monitor the voltage change of the PRTs on the heating and sensing 

membranes, respectively.  

 

Figure 2.5 Schematic diagram of the common mode measurement setup. 

 

A small sinusoidal alternating current (AC) signal from the lock-in amplifier on the heating 

side is coupled with a direct current (DC) heating current source through an integrated differential 

amplifier (Analog Devices SSM2141). One resistor of large resistance (505 kW) is connected into 
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the heating side circuit to achieve a constant current condition under each designated DC heating 

voltage. The sensing side circuit is connected by coupling a reference device, situated right aside 

of the measurement device (<5 mm), both of which are connected with a precision resistor (Extech 

380400) sitting in ambient condition to form a Wheatstone bridge. 

During the measurement, a sweeping DC current is applied to the Pt coil on one membrane to 

generate Joule heating and the temperature of both membranes will change accordingly. The 

temperature changes induce resistance changes to both the heating and sensing side, which lead to 

changes to the AC output voltages that are measured by the lock-in amplifiers and fed into a data 

acquisition (DAQ) board (National Instruments PCI-6052e). The DC heating current is measured 

by a high accuracy current preamplifier (DL Instruments Model 1211).  

Figure 2.6 shows the thermal circuit of the measurement setup. The two suspended 

membranes on the left denote the heating membrane and the sensing membrane, respectively. A 

DC current (I) passes through the PRT on the heating membrane and produces a certain amount of 

Joule heat, Qh = I2Rh, where Rh is the PRTôs electrical resistance. The PRT on each membrane is 

connected to the contact pads by four Pt leads, allowing for four-probe resistance measurement. 

The resistance of each Pt lead is RL, which is about the same as Rh. Therefore, there is also Joule 

heating dissipated in the two Pt leads that carries the DC current to the heating PRT, which can be 

written as 2QL = 2I2RL.  

Assuming that the temperature of the heating membrane is raised to a uniform temperature Th, 

which can be justified by the fact that the internal thermal resistance of the membrane is much 

smaller than the thermal resistance of the long narrow beams that thermally connects the 

membranes to the silicon substrate at temperature T0. A certain amount of heat Q2 is conducted 

through the sample from the heating membrane to the sensing one, raising its temperature to Ts. In 
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high vacuum and with a small DTh (DTh=Th-T0<5 K), the background heat transfer between the 

two membranes by residual air conduction/convection and direct thermal radiation could be 

negligible compared to Q2, as discussed below. The heat conducted through the sample, Q2, is 

further transferred to the substrate through the six beams supporting the sensing membrane. The 

rest of the heat, i.e. Q1 = Qh + 2QL - Q2, is conducted to the environment through the other six 

beams connected to the heating membrane. 

 

Figure 2.6 The thermal circuit of the common mode measurement setup. 

 

The six supporting beams of each membrane are designed to be identical and fabricated under 

the same condition. Assuming that the radiation heat loss and residual air molecules 

conduction/convection are negligible compared to the conduction heat transfer through the beams, 

the total thermal conductance of the six suspending beams can be written as Gb = Rb
-1 = 6klA/L, 

where kl, A, and L are the thermal conductivity, cross sectional area, and length of each beam, 

respectively. Following the thermal circuit in Figure 2.6,  

)()( 02 shssb TTGTTGQ -=-=
,                                          (2.1)                                           
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where Gs is the thermal conductance of the nanowire bridging the two membranes. The inverse of 

Gs, that is, Rs, includes both the intrinsic thermal resistance of the nanowire sample and the contact 

thermal resistance between the sample and the membranes, which is 

s i cR R R= + .                                                         (2.2) 

Here Ri= Ln/Ankn is the intrinsic thermal resistance of the measured nanowire, where kn, An and Ln 

are the thermal conductivity, cross sectional area, and length of the nanowire segment suspended 

between the two membranes, respectively. Rc is the contact thermal resistance between the sample 

and the two membranes. Because the temperature rise DTh is carefully controlled to be small (~5 

K), Gs, Gb, and Gc can be taken as constants as DTh is ramped up. 

Based on the thermal resistance circuit, Gb and Gs can be further expressed as a function of 

DTh, DTs (DTs = Ts ï T0), Qh and QL, as  
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Qh and QL can be readily calculated from the current and the voltage drops across the heating PRT 

and the Pt leads. DTh and DTs are derived from the measured resistance change of the two PRTs 

and their temperature coefficients of resistance (TCR = (dR/dT)/R).  

Figure 2.7 shows the simplified electrical circuits for both the heating and sensing sides. The 

four-probe electrical resistance Rh of the heating PRT is measured using an SR850 lock-in 

amplifier with a ~300 nA 1400 Hz sinusoidal excitation current. The resistance change of the 

sensing side resistor is calculated based on the Wheatstone bridge voltage outputgvD .  
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Figure 2.7 The simplied electrical measurement circuit (the Wheatstone bridge circuit). 

 

The temperature rise of the heating membrane (DTh) depends on the DC current I applied to 

the heating PRT and is related to Rh per the following equation 
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where DRh (I) = Rh (I) ï Rh (0). 

A 300-500 nA sinusoidal current, iac, with a frequency f is coupled to the much larger DC 

heating current I. An SR850 lock-in amplifier is used to measure the first harmonic component 

(vac) of the voltage drop across the heating PRT, yielding Rh = vh/iac. For Rh obtained by this method, 

it has been shown that 
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Here t is the thermal time constant of the suspended device and is estimated to be on the order of 

10 ms. The difference between these two solutions for different frequency ranges arises from a 

first harmonic modulated heating component, i.e., 2iacIRh. At a very low (high) frequency 

compared to 1/(2pt), the modulated heating yields a nontrivial (trivial) first harmonic component 

in Th. This further causes a nontrivial (trivial) first harmonic oscillation in Rh. The effect gives rise 

to a factor of 3 difference in DRh measured by the lock-in method. In addition, t is proportional to 

C/K, where C and K are the heat capacity and thermal conductance, respectively. According to the 

kinetic theory, K is proportional to Cl, where l is the phonon mean free path and increases with 

decreasing temperature. Hence, t  is proportional to 1/l and decreases as temperature drops. 

Therefore, the transition between the two solutions in Eq. (2.6) occurs at an increased frequency 

as the temperature decreases. In practice, we use f = 1400 Hz, for which Eq. (2.6b) is valid in the 

temperature range of 20 - 420 K. 

The temperature rise of the sensing membrane, DTs, is obtained from the Wheatstone bridge 

output voltage change. The bridge circuit is composed of sensing side resistor Rs of the 

measurement device, a reference device resistor Rs,ref, and two additional precision resistors, R2 

and R3, connected in parallel, as shown in Figure 2.7. The measured bridge output voltage vg based 

on the four resistances and the source voltage vs supplied by the lock-in amplifier is then, 
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Equation (2.7) could be rearranged to express Rs in terms of other components,  
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The bridge output voltage change 
gvD  could be readily calculated to reflect the true 

resistance change of the sensing side, sRD , as a result of heat transferred to the sensing side. 

Different from the heating side measurement circuit, which directly reflects the PRT resistance 

change, the sensing side measurement yields the total resistance change including the resistance 

of the PRT, Rm, and the resistance of the two current-carrying beams, 2Rb. As a result of the heat 

conduction through the nanowire sample, the temperature of the sensing membrane is raised to a 

uniform temperature, Ts. However, the temperature of the long suspended beams varies linearly 

from the membrane temperature, Ts, to the ambient temperature of the controlled cryostat substrate 

temperature, T0. As such, the total sensing side resistance can be expressed as,  

0
02 ( )

2

b s m
s s b m s

dR T T dR
R R R R T T

dT dT

-è øå õ
+D = + + + -æ öé ù

ç ÷ê ú
.                           (2.9) 

Straightforward simplification of the above expression leads to, 
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The resistance change is equivalent to a uniform temperature rise over the membrane and one 

single beam. Thus, an effective dRs/dT could be calculated as, 
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Therefore, the temperature rise of the sensing side could be extracted using, 
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To measure additional electrical properties (Seebeck coefficients and electrical conductivities) 

of nanowires, the sample can be placed across the four Pt electrodes on the SiNx membrane, as 

shown in Figure 2.8. The contacts between the sample and Pt electrodes can be treated with EBID 

to minimize the electrical and thermal contact resistance, as discussed earlier. For nanowires with 

thin native oxide sheath, prior to EBID, electrical contact is made possible by using electron beam 

induced etching (EBIE) to etch away the oxide layer. Alternatively, focused ion beam (FIB) could 

be used to locally etch away the amorphous sheath that cannot be taken away by EBIE. The four 

inner electrodes on the suspended membranes enable four-probe electrical resistance measurement 

of the nanowire sample, which is essential for accurate determination of the intrinsic electrical 

resistance (Long et al. 2010). For measurement of large resistance sample (>1 MÝ), the measured 

voltage signal is passed through an instrumentation amplifier (Texas Instruments INA110) having 

an extremely large input impedance (>1 GÝ) before being fed into an voltage amplifier (SR560) 

to avoid inaccurate measurements (Werheit et al. 2009). The input impedance of the SR560 is 

around 100 MÝ, inadequate for high resistance measurement, such as the boron carbide nanowires 

in this dissertation.  

To achieve accurate Seebeck coefficients measurement, the Seebeck voltage is extracted from 

the two inner electrodes contacting the nanowires as a function of temperature gradient, i.e., 

VTE=(Ss-SPt)(Th-Ts) (Mavrokefalos et al. 2007, Werheit et al. 2009). It is also confirmed that the 

Seebeck voltage signal vanishes when tested under atmospheric pressure when no temperature 

difference existed. In actual experiment, the circuit is cut off (the relay closed) for Seebeck voltage 

measurements to avoid unwanted heating of the devices owning to the small current travelling 

through. The circuit is connected (the relay opened) for electrical resistance measurement of the 
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nanowire. A series of I-V results were measured to extract the resistance of the suspended portion 

of the nanowire. 

 

Figure 2.8 Illustration of the additional Seebeck and four-probe electrical resistance measurement 

setup when the circuit is connected (Relay opened). 

 

2.4 Characterization of the Wheatstone Bridge Measurement Scheme 

The traditional 4-point I-V measurement approach has a measurement sensitivity of ~0.5 

nW/K, which is mainly limited by two factors: i) rather long period temperature drifts of the 

proportional-integral-derivative (PID) controlled temperature stage (~100 mK), ii) the amplifier 

noise due to the large dynamic reserve required to measure small voltage changes on top of a large 

output voltage (Wingert et al. 2012). The implementation of Wheatstone bridge measurement 

scheme ideally resolves these two issues, pushing the lower thermal conductance measurement 

limit down to ~10 pW/K, which represents two orders of magnitudes enhancement over the 4-

point method. 



38 

 

Figure 2.9 shows the temperature fluctuations of the sample stage as captured by both the 

bridge and four-point measurement method concurrently for two hours with the temperature 

controller set at 300 K. Note that the fluctuation noise here also carries the uncertainty from DC 

voltage, SSM2141 coupling, and inherent noise of the lock-in amplifiers. The adopted bridge 

sensing parameters are vs = 10 mV and a sensitivity of 20 ˃V for the lock-in amplifier. The 

temperature fluctuation measured by the bridge scheme is below 10 mK, while the 4-point 

approach yields a drift/fluctuation spanning ~80 mK. The signal from the 4-point method suffers 

from a periodic temperature drift on the device side, which is typical for PID temperature control. 

Such fluctuation is absent in the signal from the bridge scheme based on common mode rejection, 

which leads to a dramatic enhancement of the measurement sensitivity. 

 

Figure 2.9 The temperature fluctuation in the vacuum chamber concurrently monitored by the 

bridge and 4-point measurement methods in 2 hours. 

 

While Wingert et al. demonstrated a temperature sensitivity of 0.6 mK, it is achieved with a 

large bridge driving voltage, vs = 100 mV and a sensitivity of 5 µV (Wingert et al. 2012). Raising 
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the driving voltage vs of the bridge method could lead to unwanted ac heating and unbalanced base 

temperature rise of the heating and sensing membranes, a matter that will be discussed later. The 

parameters adopted here are chosen based on our practice that allows for sensitive measurement 

in a large temperature range and reasonable data acquisition time.  

Taking a noise equivalent temperature (NETs) equal to 10 mK, a noise equivalent conductance 

(NEGs) can be calculated. To calculate this resolution, we use the thermal conductance of beams 

measured experimentally at 300 K (75 nW/K), and assume a temperature difference between the 

heating and sensing membranes to be 5 K, 

10
76 / 0.152 /

5
s b

h s
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T T K
= º ³ =

D -D
.                   (2.13) 

The calculated sensitivity is approximately one order of magnitude enhancement compared to 

the traditional 4-point I-V measurement. Since the noise almost remains the same when adjusting 

the bridge driving voltage, vs, the NEGs scales inversely with the applied vs. Hence, the sensitivity 

could be further enhanced to 15.2 pW/K if using a 100 mV driving voltage. Even better sensitivity 

could be obtained by using longer time constant (>1 s) and increasing temperature difference (~10 

K).  

 

2.5 Effect of AC current and Radiation Shield 

2.5.1 Driving vol tage of the sensing side Wheatstone bridge circuit 

In 4-point I-V measurement, the AC current of the heating and sensing sides are deliberately 

controlled to be approximately the same (~0.3 A˃), such that the temperature rises arising from 

AC heating are small (on the order of ~1 mK) and also carefully balanced considering the identical 
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conditions of both sides. However, the AC heating effects on both membranes are not as well 

balanced in Wheatstone bridge measurement scheme. In addition, the AC current is changing due 

to the resistance change as temperature shifts. On the other hand, application of larger driving 

voltage on the sensing side offers better measurement sensitivity. For example, Liu et al. applied 

a large AC current (<= 10 ˃A) for the 4-point I-V resistance measurement to raise the signal-to-

noise ratio (SNR), which causes temperature rises of both membranes by ~8 K (Liu et al. 2014). 

This section is dedicated to a discussion of the unbalanced temperature rise induced by AC heating, 

and whether such unbalanced heating incurred by the sensing current would bring significant errors 

to the measurement. 

Figure 2.10 shows the thermal circuit of the measurement setup, including the components of 

both AC and DC induced heating. Similar to the analysis of the heat transfer diagram from DC 

heating effect, application of the AC sensing voltage/current also gives rise to Joule heating at both 

heating and sensing side membranes and beams. The difference is that previous analysis only 

considers the DC heating while neglecting the AC heating from the small AC current, here both 

heating effects are rigorously discussed. For the heating side, a DC current (I) coupled with an AC 

current (iac,h) conveyed through the heating membrane, as a result, two Joule heating effects, QH = 

I2Rh and Qh = i2ac,hRh, are generated on the PRT membrane. The membrane is connected to the 

substrate by six long suspended beams. The resistance of each beam is RL; and therefore, Joule 

heating in the beam as a result of both currents, QL = I2Rh and Qlh = i2ac,hRh are also generated. On 

the sensing side, similarly, an AC current (iac,s) passes through the suspended membranes, which 

gives rise to Joule heating Qs = i2ac,sRs and Qls  = i2ac,sRs on the sensing side PRT membrane and 

current-carrying beams, respectively. 
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Figure 2.10 Heat transfer diagram of the suspended micro-heater device when considering 

alternating current (AC) Joule heating. 

 

Since the internal thermal resistance of heating membrane is much smaller than the long 

supporting beams, the temperature of the membrane is assumed to be uniform and denoted as Th. 

A certain amount of heat, ὗ , is conducted to the sensing side through the suspended nanowire 

sample. Ignoring the radiation heat transfer, a certain amount of heat ὗ  is conducted to the 

substrate through the six supporting beams. Heating side beams also lose an amount of heat, ὗ, 

to the substrate. Based on energy conservation, we could have the following equations:  

ὗ ςὗ ὗ ςὗ ὗ ςὗ ὗ ὗ                                         (2.14) 

   ὗ Ὃ ЎὝ ЎὝ                                                        (2.15) 

    ὗ ὗ ςὗ ὗ                                                      (2.16) 

  ὗ ὗ ὋЎὝ                                                         (2.17) 

     ὗ ὗ ὗ ὋЎὝ                                                      (2.18) 

The expressions ЎὝ and ЎὝ are then derived as, 
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Equation (2.19) and (2.20) give the temperature rises of both membranes, which both consist of 

three components, i.e., temperature rise from DC Joule heating, heating side AC Joule heating, 

and sensing side AC Joule heating. The temperature rises superpose over each other. Ideally, the 

heating arising from the AC current in both heating and sensing sides shall be controlled within a 

negligible level. The temperature difference between the heating and sensing membranes, 

considering only the DC heating effect, can be written as, 
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However, in reality, the temperature difference considering the AC heating effect is, 
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The derived equations could help us to evaluate the effects of Joule heating from the exerted 

AC sensing current. The thermal conductance of most samples studied in this dissertation is much 

smaller than that of the beams, i.e., Gb >> Gs. Therefore, the dominant AC heating terms in 

Equations (2.19) and (2.20) can be written as,  
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In a typical 4-point I-V measurement, the AC currents in both heating and sensing side go 

through a resistor of large resistance, i.e., 500 KÝ and 1 MÝ, respectively, exerting a constant AC 

current (~0.3 ˃ A) of almost the same magnitude. Thus, the temperature rise on both sides are 

carefully balanced and kept below the temperature fluctuation level of the sample holder. 

The temperature rise of both membranes in a 4-point measurement, as plotted in Figure 2.11, 

increases with decreasing temperature, mainly due to the decreasing thermal conductance of the 

supporting beams at lower temperature. The temperature rise due to AC heating is lower than 100 

mK across the whole temperature range, much less than the temperature difference (~5 K) typical 

for the measurement. The maximum temperature difference between the two membranes due to 

AC heating is below 10 mK, much lower than the sensitivity of typical 4-point measurement. 

Overall, the balanced temperature rise on both sides validates the assumption that the temperature 

difference is solely from the ramping DC heating.  

In the Wheatstone bridge scheme, a larger AC driving voltage that is applied to the bridge can 

improve sensing voltage. Meanwhile, it will  also exert a larger AC current on the sensing 

membrane, incurring more heating to the sensing membrane, and thus the temperature rises due to 

AC heating at both heating and sensing membranes are not balanced. Figure 2.12 shows the 

calculated temperature that arises from different applied bridge driving voltage. 
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Figure 2.11 Temperature rise of both the heating and sensing membranes in 4-point scheme. 

 

 

Figure 2.12 Temperature rise due to different applied AC bridge driving voltage in Wheatstone 

bridge scheme. 
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The unbalanced temperature rise would alter the overall heat that will be conducted through 

the suspended sample. However, to estimate whether the measurement would be affected, we need 

to consider whether the AC heating will lead to any sensible change of the resistance, 

[ ] [ ] ,( ) ( )h h h ACmeasured total
T I T I TD = D -D                                           (2.25) 

[ ] [ ] ,( ) ( )s s s ACmeasured total
T I T I TD = D -D                                         (2.26) 

[æTh(I)]measured = (Rh(I)-Rh(0))/dRh/dT and [æTs(I)]measured = (Rs(I)-Rs(0))/dRs,eff/dT stand for the 

measured temperature rises from the heating side and the sensing side under a DC heating current 

I, respectively. [æTh(I)] total and [æTs(I)] total are the total temperature rise of the heating and sensing 

side from both the DC heating current I and the AC sensing currents, respectively. æTh,AC and 

æTs,AC represent the temperature rise of the heating and sensing side with no applied DC heating 

current, respectively, which come from the AC sensing currents. During the measurement, at one 

set temperature point, the AC sensing currents are held constant. As such, the temperature rise 

from the AC is ideally a constant, and æTh,AC and æTs,AC remain unchanged and the unbalanced 

temperature rises from the AC heating barely pose any effect on the measured temperature rises. 

In data processing, the Gs was acquired by linearly fitting the DC Joule heating to [æTh(I)]measured 

- [æTs(I)]measured. As long as the base temperature rise caused by the AC heating is small (<5 K), 

and the crucial quantities, Gb and Gs, still stay within the linear regime, the temperature rise 

measured will only be marginally affected. As such, the measured temperature difference is still 

solely induced by DC heating, which remains identical to the scenarios assuming negligible AC 

heating, exactly the same as the 4-point method.  

In summary, the unbalanced AC heating will not lead to significant errors in the measured 

thermal conductance if carefully controlled to be small compared to the global ambient 

temperature (Zheng et al. 2013). In this case, the measured temperature rise is solely due to DC 
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heating, stemming from heat transfer from the heating side to the sensing side. The errors will be 

insignificant due to the following reasons: 1) the AC sensing currents will be presenting during 

the whole process of the measurement, creating a constant temperature rise on both heating and 

sensing sides, which will not be captured by the sensing side lock-in amplifier; 2) the thermal 

conductance is derived by linearly fitting the heating current of DC to the æTh-æTs, which remains 

unchanged even if the true æTh-æTs is shifted; 3) because of the applied sensing side bridge scheme, 

the sensing side heating caused temperature rise is present in both the measurement and reference 

membranes, thus the sensing side AC current induced signal drift is balanced out. 

 

2.5.2 Evaluation of the effect of radiation shields 

There are two assumptions in the suspended microheater based thermal-bridge measurement 

scheme, that is, 1) the temperatures of the two membranes are uniform, which are denoted as Th 

and Ts; 2) negligible radiation heat transfer. The first assumption is valid as discussed earlier. 

Moore et al. studied the validity of second assumption using a finite element analysis software 

ANSYS, revealing that the assumption could be undermined by the non-negligible radiation heat 

loss from the membranes and long supporting beams to the surroundings, which could result in a 

temperature difference up to tens of kelvin in currently used cryostats at 800 K (Moore & Shi 

2011). According to their model, the radiation heat loss could lead to nonlinear temperature 

profiles in the long supporting beams, when the sample stage temperature is considerably higher 

or lower than the surrounding temperature. Although the nonlinearity alone does not necessarily 

cause incorrect measurement, it could cause errors in the measured temperature coefficient of 

resistance (TCR) of the micro-thermometer, and the errors eventually propagate into the extracted 

thermal conductance of the beams and samples. They claimed that the significant radiation loss 
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could be largely nullified by addition of a radiation shield directly mounted onto the sample holder, 

which would ideally share the same temperature as the sample holder. In this case, the suspended 

membranes will also be approximately at the same base temperature as the sample holder. The 

addition of the extra radiation shield, as a standard practice, is exercised by several groups (Lee et 

al. 2016, Moore & Shi 2011, Zheng et al. 2013). However, they only studied the effects of the 

inner radiation shield by simulation, no experimental data thus far has been published to 

demonstrate the effects. In this section, a comparison of the measurement results acquired in both 

cases, with and without the extra inner radiation shield, on a silicon nanoribbon sample will be 

discussed. The two cases will be separately termed as single radiation shield, meaning that only 

one radiation shield is mounted between the sample and vacuum chamber shroud; and dual 

radiation shields, which includes a second (inner) radiation shield mounted directly on the sample 

holder, as illustrated in Figure 2.13. 

 

Figure 2.13 Illustration of the locations of the radiation shields with respect to the measurement 

device. (a) Single radiation shield, in which the radiation shield is mounted onto the base of the 

coldhead, which could render a temperature difference of tens of kelvins between the set and actual 

temperature of the sample holder at 800 K (Moore & Shi 2011). (b) Dual radiation shields, in 

which one extra inner radiation shield is mounted on the sample holder, and renders the sample 

temperature very close to the set sample holder temperature. 
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Figure 2.14 shows the measured thermal conductance of the sample and the supporting beams 

using dual radiation shield and single radiation shield schemes. The measured sample thermal 

conductance using dual radiation shield overlaps with the single shield case very well below 130 

K and is higher for the dual radiation shield case as the temperature goes beyond 140 K with larger 

difference at higher temperature. The maximum difference seen at 420 K is ~30%, and the 

difference is anticipated to continuously increase if the measurement range extends to higher 

temperatures. The large difference renders it difficult to precisely understand the phonon transport 

physics. 

Further analysis shows that this difference mainly comes from the errors in evaluating the 

TCRs of the micro-thermometers. The obtained resistance-temperature (R-T) curves are shown in 

Figure 2.14(c) for both cases, with the dual radiation shield curve yielding a higher resistance at 

higher temperatures. This seemingly insignificant resistance shift, however, leads to significant 

change in the fitted TCRs, as shown in Figure 2.14(d). The difference could be as large as 25% 

for 420 K and the error eventually propagates to the measured thermal conductance, and ultimately, 

the extracted thermal conductivity.  

The important consequence of the radiation heat transfer comes from the non-negligible 

temperature difference between the suspended membranes and surrounding environment. The 

suspended membranes and supporting beams have large SVRs, which makes them sensitive to 

radiation heat loss if there is a large temperature difference between these structures and the 

environment. In our heat transfer model of the experimental setup, all dissipated Joule heat is 

conducted to the substrate through the supporting beams. The chamber is in a high vacuum with 

an absolute pressure on the order of 10-6 mbar, reducing the convection through residue air to a 
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negligible level. In fact, Zheng et al. demonstrated that the background thermal conductance only 

increased marginally after increasing the vacuum level from 10-6 mbar to 10-4 mbar (Zheng et al. 

2013), indicating the minor contribution from convection. However, without the second radiation 

shield mounted on the sample holder, the suspended structures could exchange heat with the cold 

surroundings through thermal radiation, which could lead to non-negligible effects on the 

resistance of the PRT and alter the obtained TCR. 

 

Figure 2.14 Comparison of measured quantities using single and dual radiation shield set-ups 

(Yang et al. 2016). (a) Thermal conductance of the silicon nanoribbon, (b) Thermal conductance 

of the supporting beams, (c) Resistance of heating side PRT, and (d) dRh/dT. 
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As indicated in Figure 2.14(d), dRh/dT acquired for the single radiation shield case is 

underestimated, which will result in a higher temperature rise. According to Equation (2.3), the 

higher temperature rise will lead to a lower Gb, as indicated in Figure 2.14(b). This seems counter-

intuitive since additional radiation loss would help to transfer more heat from the membrane to the 

surroundings. Indeed, the heat loss is increased due to the larger temperature difference between 

the membranes and the environment. However, the thermal conductance acquired is a result of a 

differential measurement, that is, the change of the PRTsô resistance when heating current ramps 

from zero to Imax. In fact, ignoring the radiation heat transfer in conduction analysis only lead to 

marginal difference in the derived thermal conductance. However, the acquired different dRh/dT 

could lead to a significant overestimation of the temperature rise and eventually yield a lower 

extracted conductivity. 

It is worth noting that Moore et al.ôs simulation did not take into account the temperature 

dependence of the thermal properties when the device, especially the suspended structure, is under 

a different temperature from the supposed base temperature T0. As evidenced in Figure 2.14(a), 

the thermal conductance versus temperature curve drops more significantly in single shield case 

than the dual shield scheme. The difference would only grow larger as measured temperature goes 

higher since the radiative heat transfer magnitude increases with temperature to the fourth power 

following the Stefan-Boltzmannôs law. The discussion here highlights the necessity of adding an 

additional radiation shield and calls for extreme care in reducing radiative heat transfer in 

temperature sensitive measurements.  

With the second radiation shield mounted on the sample holder, the temperature difference 

between the device and its environment is much smaller, which could remove the effects of the 
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erroneous TCR to ensure the correctness of the assumptions. Such double shield practice is kept 

as a protocol and exercised in the results presented in the following chapters.  

2.5.3 Background Heat Transfer 

Background thermal transport between the two side-by-side suspended membranes is 

inevitable in the measurement based on the suspended microdevice, which mainly comes from 

radiative heat transfer. When the temperature difference between the two membranes is controlled 

to be small (ȹTh-ȹTs<5 K), this component is usually negligible, especially for samples with 

relatively large thermal conductance. However, when dealing with samples with very small 

thermal conductance (Gs) that is on the same order of magnitude as the background thermal 

conductance Gbg, the background heat transfer has to be taken into account.  

 

Figure 2.15 Measurement setup for background signal rejection method. The heating current 

passes through the heating PRT of the measurement and reference devices simultaneously, creating 
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roughly the same temperature rise, which ultimately are balanced out in the Wheatstone bridge 

method. 

 

In the traditional 4-point I-V measurement, Pettes et al. measured the Gbg of an empty device 

and then subtracted the component from the measured sample thermal conductance Gs (Pettes 

2011). The development of the Wheatstone bridge method offers a more direct way to reject the 

background signal by coupling a bare device to the circuit and applying heating simultaneously 

(Zheng et al. 2013). Figure 2.15 shows the measurement setup for background signal rejection 

scheme. The sensing side circuit comprises of the measurement device, reference device in the 

cryostat, and two additional resistors in ambient environment. To reject the background signal, the 

heating side of the reference device must also be coupled into the DC heating circuit. The 

underlying assumption is that the background thermal conductance induced temperature rise, ɲTbg, 

is the same for both devices, which will be canceled out, causing marginal change in the output 

bridge voltage. Therefore, the bridge voltage output, ævg, only carries the resistance change from 

the heat conducted through the nanowire sample. 

In addition to the in-situ rejection, to eliminate the background thermal conductance from the 

measured ones, we could also use the same device having no nanowire bridging the heating and 

sensing membranes, to measure the background thermal conductance. Since the devices were 

fabricated from the same batch, sharing nominally identical structures and dimensions, it is 

reasonable to assume that all devices with the same gap distance have approximately the same Gbg. 

The measured Gbg data were fitted to a 4th order polynomial function and used as the Gbg that was 

subsequently subtracted from measured thermal conductance of the samples. The two approaches 

essentially yield the same results within the experimental uncertainty. Note that this is feasible 
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only with the improved measurement sensitivity that can accurately capture the background heat 

transfer information. 

 

2.6 Uncertainty Analysis 

Because of the complex analysis procedure and large quantities of data involved, it is difficult 

to conduct an analytical evaluation of the uncertainty taking into account all the error sources. 

Consequently, a Monte Carlo simulation method, which does not require rigorous derivation, is 

adopted for the uncertainty analysis of the electrical measurements.  

2.6.1 Monte Carlo Method (MCM)  for thermal conductance measurements 

Figure 2.16 presents a flowchart that shows the procedure involved in performing an 

uncertainty analysis for our thermal conductance measurement data by the Monte Carlo Method 

(MCM). The methodology is applicable for Data Reduction Equations that involve multiple 

variables (Coleman & Steele 2009). As shown in the flowchart, first the assumed true values of 

each variable in the results are input, including experimentally measured quantities and 

measurement quantities, which would be the Xbest values that we have for each variable. Then 

estimates of the random standard uncertainty „ for each variable are also input. An appropriate 

probability distribution function is assumed for each error source. The random errors assumed 

come from a Gaussian distribution and the systematic error distributions are chosen based on the 

userôs judgment for the flowchart in Figure 2.16. The individual error values are then added to the 

true values of the variables to obtain synthetic ñmeasuredò values. Using these measured values, 

the result is calculated through data processing. This process corresponds to running the virtual 

test or simulation once. 
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Then, the sampling process is repeated M times to obtain a distribution for the possible result 

values. The primary goal of this iteration process is to estimate a converged value for the standard 

deviation, „ , of this distribution. An appropriate value for M is determined by periodically 

calculating „  during the MCM process and stopping the process when a converged value of „  

is obtained. Perfectly converged value of „  is not necessarily required to have a reasonable 

estimation. Once „  is converged to within 1-5%, then the value of „  is a good approximation 

of the combined standard uncertainty of the results. Assuming that the central limit theorem applies, 

the expanded uncertainty for the result at a 95% level of confidence is UGs = 2„  (Coleman & 

Steele 2009).  

 

Figure 2.16 Schematic flowchart of MCM for uncertainty analysis for our thermal conductance 

measurements (Coleman & Steele 2009). 
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2.6.2 True values of variables 

In the electrical measurements, we derive the thermal conductance by following quantities, 

i.e., the heating current, IDC, the ac voltage difference on the heating coil, vacH, and the AC voltage 

output on the sensing bridge circuit, vg, the sine output of lock-in amplifier of the heating side, 

vsineH, and that of sensing side, vsineS, etc. So the assumed true values of variables needed to be 

input are the values of IDC, vacH, vg, vsineH, vsineS, etc. 

For the sine output, vsineH and vsineS, we can simply use the value set in lock-in as the true value. 

For the resistances of the 505 KÝ resistor, the measured resistance is considered as the true value. 

Both vacH and vg are parabolic functions of the applied DC current, IDC, following vacH = aH + 

bHIDC
2, vg = ag + bgIDC

2, respectively. The four coefficients in these equations are calculated/fitted 

during the experimental data processing using Igor Pro 4.0 and are used to calculate the true values 

of vacH and vg at a given IDC. 

 

2.6.3 Random and systematic uncertainty analysis of variables 

All the error sources in the setup are shown in Figure 2.17 denoted by a red ellipse. The ellipse 

across leg 9 and leg 10 denotes the error of Rtot, which is the electrical resistance between pad 8 

and 11. The error of the cryostat is the error of the base temperature of the device in the cryostat. 

Detailed analysis of these error sources is given as follows. 
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Figure 2.17 Error sources in the electrical measurement setup. 

 

Error of vacH and vg 

In order to measure the random uncertainty of vacH and vg, the DC input of SSM2141 is set as 

0.0 V. At 300 K, the data acquisition program used in the thermal measurement is run and 594 

points are recorded in a total time of 2.5 hrs. The parameters of the lock-in amplifiers are the same 

as we used in thermal measurements: 50 for the heating side expand, 5 mV for the heating side 

sensitivity, 20 V˃ or 50 V˃ for the sensing side sensitivity, and offsets are selected so that the 

output of the lock-in amplifiers are about 1 V. The gain of the current preamplifier is 105 V/A, 

which is also the gain used in real measurements. 

When the sensitivity of sensing side is set as 20 V˃, the standard deviations obtained are 

0.0040 V and 0.0019 V for vacH and vg, respectively, which correspond to 0.008 V and 0.0038 V 

random uncertainties for vacH and vg. The standard deviation and uncertainty of vg for sensitivity 
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of 50 ˃ V are 0.00085 V and 0.0017 V, respectively, which are approximately 0.4 time of the values 

for 20 ˃ V. The random uncertainties of vacH and vg we obtained include the contribution of errors 

from the lock-in amplifiers, SSM2141, DAQ hardware and the resistance changes resulting from 

cryostat base temperature fluctuation. The error of lock-in amplifier is composed of four parts: one 

is the error induced by the circuit inside the lock-in amplifier, the second is the error in expand, 

the third is the error in the offset, and the fourth is the random error of sine output.  

In order to measure the zero offsets of vacH and vg, a BNC T connector is used to connect the 

input A to the input B of the lock-in amplifier. Because the signal of input A equals to that of input 

B, the ideal output should be zero. Thus, the average of the outputs we measured can be considered 

as the zero offsets of vacH and vg. The zero offset values we got are 0.00333 V and 0.01 V for vacH 

and vg, respectively. 

The zero offsets of vacH and vg given by the measurement include the contribution from the 

lock-in amplifier and DAQ hardwares. 

Error of IDC 

The random uncertainty and zero offset of IDC were measured simultaneously with the random 

uncertainty measurement of vacH and vg. The gain of the current preamplifier is 105 V/A. The 

standard deviation is 0.0001 V. Thus, the random uncertainty of IDC is about 0.0002 V. The average 

of the data points is considered as the zero offset of IDC and is -0.0022 V. The random uncertainty 

of IDC includes the contributions from the current preamplifier, the DAQ hardware, the SSM2141, 

and the cryostat. The zero offset of IDC are considered in the data processing process. 

Erro r of temperature 

There are two error sources for base temperature, which should be discussed separately. First, 

the temperature of the position where the thermocouple is mounted, Tb, and the temperature of the 
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device, Td, as shown in Figure 2.18, could be slightly different. The error of Tb depends on the 

sensor used. In our system, it is a DT-670B silicon diode thermometer, monitored by a Cryo-con 

32 temperature controller. The accuracy of this kind of configuration is not presented in the manual 

of Cryo-con 32 temperature controller. Here we assume that the accuracy of our control system is 

approximately the same as that of a system with a silicon diode sensor followed by a Cryo-con 32 

temperature controller, which is ±32 mK at room temperature as given in the manual. Thus, the 

systematic uncertainty of the Tb is taken as BTb=32 mK. 

 

   

Figure 2.18 A photo showing a device mounted on the sample holder with locations of the 

temperature Td and Tb marked. 

 

The random uncertainty can be determined from the data read from the temperature controller. 

After an equilibration period of 40 mins, the accuracy of the reading is ±2 mK. Thus, the random 

uncertainty of the Tb is PTb = 4 mK and the total uncertainty of sensor temperature 

22

TbTbTb PBU += =33 mK. According to the calibration conducted by Juekuan Yang (Southeast 
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University), the difference between Tb and Td is around 0.5 K, when double layers of radiation 

shields are mounted. 

From the log file created by the DAQ program, we know that one sweep cycle takes about 20 

minutes. In our measurements, we sweep 1 cycle at each temperature point. The time needed for 

taking data is about 20 minutes, roughly corresponds to half a cycle of the temperature fluctuation. 

So the contribution of the variation of Tb and Td to the uncertainty of the measurement has been 

considered in the random errors of IDC, vacH, and vacS and does not need to be considered separately. 

The only important factor that remains unconsidered here is the systematic error of Tb, which 

is 500 mK, as described above. The difference could be corrected by incorporating another sensor 

of higher accuracy directly taped onto the DIP. However, the offset is much lower than the 

temperature rise required to perform the measurement and can be considered as an error in the 

baseline temperature. As such, we neglect the temperature offset in the uncertainty analysis. 

Error of the sine output of the lock-in amplifier  

As given in the manual of the SR 850 lock-in amplifier, the systematic error of the sine output 

is 0.2%. As mentioned earlier, the contribution of the random uncertainties of the sine output has 

been considered in the random uncertainties of vacH and vS. 

Error of the electrical resistance 

The error of the electrical resistance of four resistors in the circuit need to be considered: the 

resistance of R2, R3, the resistance of the 500 KÝ resistor, and the resistance between pad 8 and 

pad 11 (RtotH=RcoilH+2RLH) at 300 K. All of these resistances are measured by a Triplett 4404 digital 

multimeter. Generally, the accuracy of digital multimeter is (0.1%+1) to (0.7%+1). We 

conservatively use BR=1%. 



60 

 

 

2.6.4 Overall uncertainty 

We obtain the thermal conductance of the sample (Gs) from the electrical measurements. The 

measurement uncertainty is estimated by the Monte Carlo simulation as described in the previous 

sections. In order to get the thermal conductivity of the sample (ks), which is related to the thermal 

conductance Gs as: 

A

L
Gss =k ,                                                                (2.27) 

where L is the length of the sample suspended between the heat source and heat sink, and A is the 

cross-sectional area of the sample. Both L and A are determined through advanced microscopy 

tools such as SEM, TEM, or AFM. If UL and UA represent the uncertainties of the measured value 

of L and A at a 95% level of confidence, then the overall uncertainty of thermal conductivity Uk 

can be calculated following the standard approach of uncertainty propagation as (Coleman and 

Steele, 2009): 
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Dividing both sides of Equation (2.28) by k2, we get the overall uncertainty of measured 

thermal conductivity as 
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For thermal conductivity measurement for nanowires of diameter D, the expression could be 

written as 
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For thermal conductivity measurement presented in this dissertation, majority of the uncertainty 

comes from the geometrical dimension characterization. For example, for a 53 nm PE nanofiber 

at 300 K, the thermal conductivity is measured to be 9.07 W/m-K, whose uncertainty is 12.13 

percent, or 1.1 W/m-K. Table 2.1 lists the uncertainty for each component of the Equation (2.29), 

showing that most of the uncertainty originating from the cross-sectional area characterization.  

Table 2.1 Composition of the uncertainty for a 53 nm PE nanofiber at 300 K 

 Thermal 

Conductivity 

Ks (W/m-K) 

Thermal 

Conductance 

Gs (nW/K) 

Length L 

(µm) 

Cross Sectional 

Area A (nm2) 

Measured Value 

(X) 

9.07 2.84 6.96 2181.28 

Uncertainty (UX) 1.11 0.0979 0.2 238.34 

UX/X (%) 12.24 3.447 2.87 11.385 

 

 

2.7 Summary 

In this chapter, we discussed in details the experimental measurement approach including the 

experimental setup, sample preparation, data analysis, and uncertainty analysis.  The effects of an 

additional radiation shield mounted on the sample holder, excessive AC heating effects, and 

background heat transfer through radiation are also thoroughly analyzed. With the improvement 

of the experimental setup, the measurement is now significantly more precise and sensitive. In 
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particular, the common mode rejection scheme realized through the introduction of the Whitestone 

bridge circuit on the sensing side with the assistance of a reference device eliminate the effects a 

major noise source of baseline temperature fluctuation, which extends the lower limit of the 

thermal conductance measurement to the order of 10 pW/K. 
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3. Thermal Conductivity of Individual Electrospun Polymer Nanofibers 

 

Electrospun nanofibers and nanofibrous mats have been extensively tested as scaffolds for 

cell culture, light sources, waveguides, transistors, gas sensors, zeptomole scale reactors, fuel cell 

proton exchange membranes, templates for nanopatterning, as well as filters to trap minute 

particles without significantly impeding air flow (Bhardwaj & Kundu 2010, Liang et al. 2007, Liu 

et al. 2015). To date, most electrospun nanofibers are made of polymers, one of the most dominant 

categories of materials in modern civilization, with innumerable applications in industry and 

everyday life. As the small fiber size and high surface area of electrospun mats are attractive for 

many applications, systems for electrospinning at a commercial scale (e.g. NanospiderTM by 

Elmarco and Nanospinner416 by Inovenso) are already available. A wide range of products 

containing electrospun nanofibers are currently for sale, illustrating the scalability of the 

manufacturing process. 

Electrospinning can produce well-aligned polymer nanofiber arrays with ordered molecular 

chains inside each fiber, pointing to the possibility of large-scale manufacturing of nanofibers with 

high thermal conductivity. However, there are only very limited studies on the thermal 

conductivity of individual electrospun nanofibers. A recent study showed that the thermal 

conductivity of single Nylon-11 electrospun fibers could be as high as 1.6 W/m-K, nearly one 

order of magnitude higher than the typical Nylon-11 bulk value of around 0.2 W/m-K (Zhong et 

al. 2014). However, all the electrospun nanofibers studied in the above-mentioned report were 

produced with a relatively low voltage of 6-7 kV, with no attempt made to push the limit of the 

thermal conductivity by tuning the processing conditions. One more study on electrospun 

polystyrene nanofibers shows that the measured thermal conductivity of individual polystyrene 
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nanofibers fabricated at 7-10 kV could have a thermal conductivity ranging from 6.6 and 14.4 

W/m-K, a significant increase from the typical bulk values for polystyrene (Canetta & 

Narayanaswamy 2013). The increased thermal conductivity of electrospun nanofibers has been 

attributed to the aligned molecular chains resulted from the high strain rates within the 

electrospinning jets. 

In this chapter, we report on measurements of the thermal conductivity of electrospun PE 

nanofibers prepared under different electric fields to explore the effects of electric field intensity 

on the molecular alignment and resulted thermal conductivity. Micro-Raman characterization was 

conducted on individual nanofibers to identify their structures and to establish the relation between 

structure and thermal conductivity. We choose to study PE nanofibers because of their simple 

molecular structure, and the promising results obtained from ultra-drawn PE nanofibers (Li et al. 

2014, Shen et al. 2010). We also showed that electrospinning of other material systems, such as 

polyvinylidene fluoride (PVDF) and Nylon-6 also see significant enhancement of thermal 

conductivity compared to their bulk counterparts. A fast-production of nanofibers using direct tip-

drawing method also proves to be an effective approach to produce chain-aligned nanofibers with 

enhanced thermal conductivity.  

 

3.1 Electrospinning of Polyethylene Nanofibers 

Electrospinning has become a widely used technique to form nanofibers from a variety of 

materials with diameters ranging from tens of nanometers to a few microns (Li & Xia 2004, Li et 

al. 2003a). In a typical electrospinning process, a solution of polymer molecules dissolved in 

solvent is supplied to the tip of a sharp conductor, such as a syringe needle. A high voltage is 

applied between the conductor and a grounded collector. Under the influence of the strong electric 
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field, the polymer solution forms a cone (often called a Taylor cone), from which a jet is 

accelerated towards the grounded collector. This jet is a strong elongational flow and becomes 

thinner as it approaches the collector. Due to the very large surface-area-to-volume ratio of the jet, 

the solvent evaporates quickly, leaving a solid fiber that is deposited on the collecting surface. It 

is worth noting that a ñwhippingò instability often results in a jet path that is longer than the tip-

collector distance and causes the fiber deposition to move chaotically over the collector. This could 

lead to a significant variation in the structure and property of the nanofibers from a single 

deposition. 

To electrospin PE, we first dissolved ultrahigh molecular weight PE powder (molecular 

weight 3~6×106) in p-xylene and cyclohexanone mixture solution (all materials from Sigma-

Aldrich, Inc.). P-xylene is a well-known solvent for PE. However, the electrical conductivity of p-

xylene is very low, with a value of ~3 pS/m. In addition, the dielectric constant of p-xylene is only 

about 2.4. As such, to boost the electrical conductivity and dielectric constant of the solution, 

cyclohexanone was added to p-xylene at a 1:1 weight ratio. To prepare the solution, the solvent 

mixture was first heated to 120°C and then 0.1 wt% of PE powder was added. The PE solution 

was stirred at 120°C until the powder was completely dissolved, and then the solution was poured 

into a glass syringe that was preheated to 120oC. The glass syringe was placed on a syringe pump 

with a 20-gauge metal needle attached to the end. To keep the temperature of the PE solution at 

~120°C, an infrared quartz radiant heater (Optimus HT-511) was placed on one lateral side of the 

syringe and needle, as shown in the schematic of the set-up in Figure 3.1(a). The syringe pump 

was set to generate a constant flow rate of 200 ɛl/min. 
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Figure 3.1 Electrospinning of PE nanofibers. a. Schematic of PE electrospinning at elevated 

temperature using an infrared heating system. b-d. A schematic model of structural changes of the 

PE molecules at each fabrication step. (b) PE powder with crystalline lamellae and amorphous 

regions in solid state. (c) Extended PE molecule chains dissolved in the solvent with random 

orientations. (d) During the electrospinning process, the PE molecule chains get aligned. 

 

It is well known that in the PE powder, some PE molecular chains are folded locally in the 

form of small crystallites, usually termed as ñlamellaeò (Li et al. 2014), while other molecular 

chains are randomly distributed (Figure 3.1(b)). When the PE powder completely dissolved in the 

solvent, both lamellae and entangled molecular chains dissolved in a random distribution (Figure 

3.1(c)). During the electrospinning process, the random molecular chains will be aligned in an 

ordered fashion as shown in Figure 3.1(d). The electrospinning deposition was performed at a 

wide scope of voltages ranging from 9 kV to 52 kV, with a fixed distance of 150 mm between the 
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tip of the spinneret and the collector. The fibers were collected on small pieces of silicon wafers 

for examination by Raman and on PDMS membranes for transfer to thermal conductivity 

measurement devices. The high voltage was supplied by an EMCO DX250 DC-DC converter. 

Even though the manufacturer specified voltage limit is up to only 25 kV, we successfully 

extracted up to 52 kV, as measured with a BK precision high voltage digital multimeter probe (BK 

PR-28A). 

 

3.2 Structural and Thermal Characterization of the Nanofibers 

The as-spun fibers were collected by a piece of PDMS, as shown in Figure 3.2(b). Using the 

home-built micromanipulator as described in chapter 2, individual nanofiber was cut by the sharp 

tip and then transferred to bridge the two suspended membranes for following thermal 

measurement starting from 320 K to 100 K. Post the thermal measurement, the geometrical 

information of the measured fiber was extracted using SEM (Figure 3.2(c) and (d)).  

No contact treatment was done to minimize the contact thermal resistance between the fiber 

and the suspended membranes. The electron beam used in Pt-C contact deposition were found to 

pose a negative impact on the suspended segment of the polymer fiber (Zhong et al. 2014).  Thus, 

the reported results represent a lower bound for the true thermal conductivity. It is worth noting 

that for all samples, the contact length between the nanofiber and the suspended membranes is 

quite long, and the nanofibers stick well to the suspended membrane. These facts, together with 

that the measured thermal conductivity is still relatively low, which corresponds to a relatively 

large fiber thermal resistance, suggest that the contribution from the contact thermal resistance is 

small compared with the resistance of the fiber itself. In the study of Zhong et al. study (Zhong et 

al. 2014), they have proven that the contact thermal resistance was an insignificant portion of the 
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total measured resistance. We have further evaluated the thermal contact resistance with their 

theoretical model, which showed that the contact resistance contributed less than 5% of the total 

measured thermal resistance. 

 

Figure 3.2 Morphology of PE nanofibers. (a) An optical image of a laser spot focused on a PE 

nanofiber for Raman measurement. (b) A single PE nanofiber collected on PDMS membrane. (c) 

An SEM micrograph of a single nanofiber suspended between two adjacent SiNx membranes. (d) 

A high magnification SEM micrograph of a PE nanofiber of 56 nm diameter.  

 

Structural characterization techniques such as X-ray diffraction (XRD) and infrared 

spectroscopy are usually used to study electrospun nanofibers; however, these measurements are 

typically performed on large bundles in order to achieve acceptable signal-to-noise ratios. Raman 

spectroscopy offers many advantages for the study of individual fibers, as it provides molecular 
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level information about conformation, interactions, and crystallinity, yet only requires a small 

sample volume. Over the past two decades, Raman spectroscopy has been widely used to 

characterize PE and the corresponding vibrational modes of the Raman bands are well documented 

(Sato et al. 2002, Wang et al. 1982, 1991). More recently, Bellan and Craighead proposed using 

micro-Raman to characterize the molecular orientation within single nylon-6 electrospun 

nanofibers (Bellan & Craighead 2008). The internal normal modes between 1000-1600 cm-1 are 

commonly used to study morphological structure and can be divided in three vibrational regimes: 

the C-C stretching between 1000 and 1200 cm-1, which are sensitive to molecular orientation, 

stress and conformation; the -CH2- twisting vibrations around 1295 cm-1, which can be used as an 

internal standard; and the -CH2- bending modes between 1400 and 1470 cm-1, which are sensitive 

to chain packing (the 1416 cm-1 band is assigned to orthorhombic crystallinity). The detailed 

assignment of bands in the Raman spectrum of PE is given in Table 3.1. 

Table 3.1 Band assignments for Raman spectra of PE 

Band (cm-1) Assignment Feature 

1060 

1080 

1130 

1166 

1295 

1360 

1415 

1436 

1459 

Asymmetric CïC stretching 

CïC stretching 

symmetric CïC stretching 

CH2 rocking 

CH2 twisting 

CH3 wagging 

CH2 bending 

CH2 bending 

CH2 bending 

crystalline, anisotropic 

amorphous 

crystalline, anisotropic 

crystalline 

crystalline, anisotropic 

amorphous 

crystalline 

anisotropic 

anisotropic 

 

To characterize the molecular orientation of PE, a semi-quantitative approach was utilized 

based on the ratio of the 1130 cm-1 and 1060 cm-1 Raman bands. These two bands have different 

vibrational symmetries. The 1130 cm-1 Raman band is thought to arise from the C-C symmetric 

stretching of the all-trans PE chain segments while the 1060 cm-1 band is due to the two 
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degenerated C-C antisymmetric stretching. If the molecules are oriented in a preferred direction, 

the 1130 cmī1 band has been reported to become stronger with respect to the 1060 cmī1 band. For 

the purpose of microstructural characterization, it is necessary to first verify that during the 

characterization process with micro-Raman spectroscopy, heating from the laser would not 

significantly alter the structure of the nanofiber sample.  

Figure 3.3 shows three Raman spectra taken at the same position of two nanofibers 

electrospun at different voltages with a laser power of 10 mW. Each spectrum was accumulated 

for 1 minute (Note that to further minimize the damage from the Raman characterization, a laser 

power of 0.01 mW was used during the alignment process). 

 

Figure 3.3 Raman spectra acquired at the same position on two PE nanofibers fabricated at 

different voltage. (a) The fiber was electrospun at 15 kV. (b) The fiber was electrospun at 40 kV. 

These three Raman spectra essentially overlap, suggesting negligible damage due to the incident 

laser light. 

 

These three Raman spectra essentially overlap with each other, suggesting marginal 

microstructural alteration while undergoing Raman characterization. We subsequently used this 

technique to characterize the ultra-high molecular weight PE powder and nanofibers prepared at 

various voltages (see Figure 3.5). The Raman spectra for fibers fabricated at higher 
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electrospinning voltages, which are very different from the PE power as shown in Figure 3.5, 

further indicate that the laser power in the Raman characterization will not drastically alter the 

structure of the fiber because otherwise all spectra should be similar to that of the PE powder. 

 

3.3 Thermal conductivity of electrospun PE nanofibers 

3.3.1 Enhanced thermal conductivity with electrospinning voltage 

Figure 3.4(a) shows the room temperature thermal conductivity of electrospun PE nanofibers 

at different electrospinning voltages. As mentioned previously, the whipping instability typically 

seen in an electrospinning jet can lead to variations in the deposited fibers during a given 

electrospinning process. As such, the measured thermal conductivities for fibers fabricated under 

the same electrospinning voltage can vary significantly. However, despite this variation, there is a 

clear trend of enhanced thermal conductivity as the electrospinning voltage increases. In fact, even 

at a relatively low voltage of 9 kV, the thermal conductivity of the measured PE nanofiber is about 

0.8 W/m-K, about two folds of the bulk value for high density PE (0.4 W/m-K).  

It is widely accepted that stretching crystalline polymer films and fibers can modify the 

crystalline structure or induce crystal transition in their structure. During the electrospinning 

process, the PE molecular chains experience a strong elongational force, which gives rise to PE 

fibers with a high degree of molecular orientation and a better crystallinity. In general, the higher 

the applied electrospinning voltage is, the stronger the elongational force will be, and thus, fibers 

will be composed of more aligned molecules and of higher crystallinity. Therefore, it is reasonable 

to observe higher thermal conductivity values as the electrospinning voltage is increased. In fact, 
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the highest thermal conductivity measured at each electrospinning voltage increases almost 

linearly with the fabrication voltage.   

 

Figure 3.4 Thermal conductivity and structural characterization of PE nanofibers. (a) Room-

temperature thermal conductivities of the PE nanofibers, which increases as the electrospinning 

voltage gets larger. (b) The intensity ratio of the 1130 and 1060 cm-1 bands, which can be used as 

a qualitative description of the molecular orientation in PE.  This ratio increases with the 

electrospinning voltage, indicating a better molecular orientation. (c) Temperature dependence of 

thermal conductivity of electrospun fibers. The uncertainty of the measured data mainly comes 

from the fiber dimension characterization. (d) The fraction of orthorhombic phase is proportional 

to the band area ratio I1416/I1295+I1305. As the electrospinning voltage increased, the fraction of 

orthorhombic phase increased (Ma et al. 2015b). 

 

The highest thermal conductivity we measured is 9.3 W/m-K, which is obtained with an 

electrospinning voltage of 45 kV. Even though it is expected that higher thermal conductivity could 

be achieved at 52 kV, the highest value measured is only 7.8 W/m-K from the two fibers prepared 
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with 52 kV, which could be due to a few reasons. First, due to the limitations of our instrumentation, 

52 kV was the highest voltage we could achieve, with problems such as strong arcing occurring at 

this voltage. Secondly, there is a trade-off between the stronger electrical field and shorter flight 

time in the electrospinning process. O. Ero-Phillips et al. found that there exists an optimum 

voltage to achieve the highest degree of crystallinity in electrospun Poly (L-lactic acid) (PLLA) 

(Ero-Phillips et al. 2012). At electrospinning voltages higher or lower than the optimum voltage, 

the degree of crystallinity would drop to a lower level. This is because while a higher 

electrospinning voltage exerts a stronger stretching force, the flight time is shorter, thus leaving 

less time for crystalline structure formation. No matter what the reason is, it is worth exploring 

how to optimize the fabrication set-up to extend the applied electrospinning voltage to higher 

values and observe whether even larger values of thermal conductivity can be achieved. 

The Raman spectroscopy further verified that the thermal conductivity enhancement is indeed 

due to the structural change. As shown in Figure 3.4(b), as the electrospinning voltage increases, 

the intensity ratio of the 1130 cm-1 and 1060 cm-1 bands becomes significantly larger, indicating 

that the molecular chains in the fibers are better aligned. To further investigate molecular 

orientation in the PE nanofibers, we measured the Raman spectra on multiple samples prepared at 

different voltages. Figure 3.4(b) shows the correlation between the 1130/1060 band intensity ratio 

and the electrospinning voltage. This ratio for ultra-high molecular weight PE powders is about 

1.16. For nanofibers fabricated with relatively low electrospinning voltages, this ratio is close to 

the powder value. As the voltage gets larger, there is a clear increasing trend for the obtained 

1130/1060 ratio, suggesting that the PE chains experience a stronger elongational force at higher 

electrospinning voltage, which results in fibers with a higher degree of molecular orientation.   
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To further observe the temperature dependence of the PE nanofibers, Figure 3.4(c) shows the 

thermal conductivity of PE fibers fabricated from 9 kV to 45 kV at temperatures ranging from 100 

to 320 K. Note that the thermal conductivity of the nanofiber sample with the highest measured 

values at each electrospinning voltage was plotted in Figure 3.4(c). These data suggest that while 

the thermal conductivity for fibers prepared at low voltages remains nearly the same or only 

increases marginally with temperature in the whole temperature range, the thermal conductivity of 

fibers prepared at higher electrospinning voltages increases clearly from 100 K to 250-270 K. 

Beyond 250-270 K, the thermal conductivity starts to drop as temperature increases further, which 

is a signature of phonon UmKlapp scattering (Wang et al. 2013, Zhong et al. 2014). The different 

temperature dependence indicates that as the electrospinning voltage increases, the crystallinity 

level increases, leading to UmKlapp scattering, which is a signature of phonon transport in 

crystalline materials (Kittel 2004).  

 

3.3.2 Raman characterization of molecular orientation and crystallinity 

The crystalline phase of PE is primarily orthorhombic, although it has been suggested that 

monoclinic structures coexist under certain conditions, including uniaxial deformation (Bellan & 

Craighead 2008, Sato et al. 2002). The band at 1416 cm-1 has been unanimously assigned to the 

orthorhombic crystalline phase while attribution of other bands exclusively to the amorphous or 

crystalline phase is still a matter of debate. According to the Raman spectra of PE nanofibers 

(Figure 3.5), it is clear that the 1416 cm-1 band, or the orthorhombic crystallinity, becomes stronger 

as the voltage increases. 
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Figure 3.5 Raman spectra of PE powder and PE nanofibers prepared at different voltages.  As the 

electrospinning voltage increases, the band at 1130 cm-1 enhances while the band at 1060 cm-1 

decreases. The intensity ratio of the 1130 and 1060 cm-1 bands is an indicator of the molecular 

orientation in PE. Additionally, the band at 1416 cm-1 (assigned to orthorhombic crystallinity)  

becomes stronger as the electrospinning voltage increases. 

 

To more quantitatively determine the fraction of the orthorhombic crystalline phase, 

amorphous phase, and intermediate phase, we utilize the curve fitting algorithm provided in the 

LapSpec software package. Following Strobl and Hagedorn (Strobl & Hagedorn 1978), the 

orthorhombic crystallinities can be calculated according the band areas ratio of I1416/I1295+1305: 

    %orthorhombic crystallinity = (I1416/I1295+1305)×(100/0.45),                 (3.1) 
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where I1416 is the areas underneath the Raman bands at 1416 cm-1, I1295+1305 is the area underneath 

the internal standard band group. Note that this formula could only be used to calculate the Raman 

crystallinity of isotropic sample. For highly oriented systems, Lagaron et al. suggested that the 

influence of the molecular orientation should be fully removed or the Strobl and Hagedorn formula 

cannot be directly applied (Lagaron et al. 1999). They provided a modified formula with a 

correction factor, K, for additional orientation effects. 

%orthorhombic crystallinity = (I1416/I1295+1305)×(100/0.45) ×K.               (3.2)  

As shown in Figure 3.4(d), the band area ratio I1416/I1295+1305 increases with the 

electrospinning voltage, suggesting that the PE nanofibers produced at higher voltages have a 

larger volume fraction of the orthorhombic crystalline phase. The band area ratio displays a wide 

distribution for any given voltage, which is again because of the ówhipping instabilityô in the fiber 

deposition process. However, even with significant variations, the trend can still be clearly seen. 

One more observation is that with higher electrospinning voltage, the factor-group split bands 

of the orthorhombic band (1440 cm-1 and 1460 cm-1) decreases (Figure 3.5). In fact, at 52 kV, the 

1416 cm-1 factor-group split band almost disappears. Lagaron et al. have observed that the presence 

of monoclinic or triclinic structures would influence the 1416 cm-1 factor-group splitting bands 

(Lagaron et al. 1999). They claimed that the spectral changes are due to not only the presence of 

the monoclinic phase but also the creation of an ill-defined orthorhombic crystalline structure with 

dislocations and disrupted crystals formed by the cold-drawing process, as a result of molecules 

being pulled through the crystals.  

While we observed a clear dependence of the thermal conductivity on the electrospinning 

voltage, we did not find a relation between the thermal conductivity and diameter (Figure 3.6(a)). 

In the study of Zhong et al. (Zhong et al. 2014), the thermal conductivities of electrospun Nylon-
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11 fibers prepared at relatively low voltages (6-7 kV) show a size dependence with higher thermal 

conductivities for smaller fibers, which is possibly due to better chain alignment in smaller fibers. 

One difference in their study is that their fibers span a large diameter range and all fibers are 

prepared with a relatively low and consistent electrospinning voltage, where the ówhipping 

instabilityô might not be as strong. In our case, however, the fibers are of relatively smaller 

diameters and fabricated at higher voltage range. The higher voltage leads to stronger ówhipping 

instabilityô, and hence large variations in the actual electric field that the jet experiences during the 

fabrication process, which likely eliminate any dependence on the fiber diameter. 

 

3.3.3 Temperature dependence of the thermal conductivity 

In Figure 3.6(b), we compare our thermal conductivity data with other published data for PE 

including a commercial high crystalline PE nanofiber (Dyneema and Spectra 900) and bulk 

thermal conductivity of PE (Wang et al. 2013).  The selected electrospun fiber, fabricated at 45 

kV, demonstrated a peak value of 9.3 W/m-K around 270 K, and then the thermal conductivity 

drops with temperature and reaches a value of 8.7 W/m-K at 320 K. The peak temperature is, 

however, much higher than that of the commercial high modulus PE fiber, which has a broad peak 

centering at ~100 K. The difference in the peak temperature suggests that the crystallinity level of 

the electrospun fiber is still lower than the Dyneema and Spectra 900 fiber, with abundant 

amorphous phases and strong inter-chain scattering at low temperatures. However, the 

anharmonicity in three-phonon scattering processes is strong enough to show its signature at a 

higher temperature. 
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Figure 3.6 Thermal conductivity of PE nanofibers electrospun at 45 kV and comparison with 

others. (a) The thermal conductivity of four PE nanofibers of different diameter electrospun at the 

same voltage (45 kV). (b) Comparison of our thermal conductivity data with prior studies of PE 

(Wang et al. 2013). 

 

3.3.4 Effects of electron beam irradiation  

One interesting effect we found during the measurements is that annealing, caused by an 

electron beam, could drastically alter the nanofiber structure and its thermal conductivity. Figure 

3.7(c) plots the thermal conductivity of the same fiber after it was exposed to the electron beam 

during SEM examination, which indicates that the thermal conductivity drops to that of bulk 

amorphous PE. There is no discernable peak in the measured thermal conductivity after the SEM, 

either. 

To further clarify the electron beam annealing effects, we prepared additional samples and 

compared the measured thermal conductivity before and after SEM examination. We found that 

the electron beam could indeed lead to significant morphological change. Figure 3.7(a) and 3.7(b) 

show the length of the same fiber sample prepared with a 45 kV electrospinning voltage at the 

beginning and the end of an SEM imaging process of ~1 min with an acceleration voltage of 5 kV, 

which indicates that the gap between the two suspended membranes shrinks from 6.6 ɛm to 5.8 
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ɛm. Note that this observation also suggests that the fiber adheres to the suspended membranes 

well and the interaction force is strong enough to prevent sliding of the fiber with respect to the 

membranes; instead, the fiber pulls the two membranes to each other. As to the thermal 

conductivity of the fiber prior to and after the SEM imaging, the value changes dramatically, 

dropping from a room temperature value of ~5 W/m-K to 0.4 W/m-K, as shown in Figure 3.7(c). 

In order to accurately measure the diameter of the fiber, multiple micrographs were taken quickly 

to monitor the dimension change during the SEM imaging. We assume that the volume of the 

suspended segment does not change and the original diameter was calculated using the formula 

originalfinalfinaloriginal lldd /×= 2 . Here doriginal and loriginal are the initial diameter and length of the 

fiber prior to the SEM imaging and dfinal and l final are the diameter and length of the fiber post the 

SEM imaging. 

As mentioned before, larger 1130/1060 band intensity ratio for PE fibers deposited at higher 

voltages corresponds to better aligned molecular chains, and larger I1416/I1295+1305 band area ratio 

indicates a higher orthorhombic crystallinity level. Figure 3.7(d) shows the difference in Raman 

spectra of the same PE fiber prepared at 30 kV before and after the SEM imaging. Before the SEM 

operation, the 1130/1060 ratio was 1.87, while after the SEM process it dropped to 0.49, even 

smaller than the corresponding value of PE powder (1.16). In addition, prior to the SEM imaging, 

the intensity of the orthorhombic band at 1416 cm-1 was very strong but it almost disappeared after 

the SEM. All these data suggest that the focused electron beam remarkably altered the degree of 

orientation of the PE fiber and reduced the fraction of the orthorhombic crystallinity, leading to 

much lower thermal conductivity.  
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Figure 3.7 The effects of electron beam irradiation. (a) An SEM micrograph of the initial fiber. 

(b) An SEM micrograph of the irradiated fiber. It is clear that the length of the PE fiber has 

decreased after electron beam irradiation. (c) Thermal conductivity of an individual nanofiber 

before and after SEM characterization. The electron bombardment and associated temperature 

effects likely cause local microstructural alteration to the nanofiber, resulting in a reduction of 

thermal conductivity. (d) Micro-Raman spectra of the same PE nanofiber before and after SEM 

irradiation, its structure has been changed after the SEM irradiation. After the SEM irradiation, the 

intensity of the 1060 cm-1 and 1130 cm-1 bands switched and the orthorhombic band (1416 cm-1) 

almost disappeared. 

 

3.3.5 Trapped solvent during electrospinning 

In the electrospinning process, we found that the solvent could be trapped inside the fiber at 

relatively high solution flow rates. Figure 3.8(a) shows the Raman spectra of PE nanofibers 

electrospun at various voltages with an 18 G needle and a 500 ɛl/min solution volume flow rate 

(Note that this is different from what we used for the preparation of fiber samples in thermal 

conductivity measurements, where conditions were tuned to minimize solvent residues in the fiber). 
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It can be seen that the Raman spectra of the PE nanofibers prepared with a low voltage have 

essentially the same peaks as those of the PE powder, while the intensity of the solvent peaks 

becomes stronger as the electrospinning voltage increases. This suggests that at higher voltage, the 

jet flies faster, leaving less time for the solvent to evaporate. Consequently, with increased 

electrospinning voltage, it becomes easier for solvent to be trapped inside the fiber. However, it 

was found that after storing the deposited fibers in a vacuum of 10-3 mbar overnight, the Raman 

peaks corresponding to the solvent disappeared, suggesting storing in vacuum could effectively 

remove the residual solvent (Figure 3.8(b)). This also guarantees that no complication from the 

solvent exists in our measurements because it is conducted under a much higher vacuum (<2×10-

6 mbar). 

 

Figure 3.8 Raman spectra of PE nanofibers with solvent trapped inside. (a) Raman spectra of PE 

fibers electrospun at various voltages with 18 G needle and 500 ɛl/min solution flow rate. As the 

voltage increases, more solvent appears to be trapped in the fibers. (b) Raman spectra of a PE fiber 

before and after overnight storage under vacuum.  It is clear that the peaks due to trapped solvent 

disappear after this overnight process. 
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3.3.6 Thermal conductivity of other electrospun polymer systems 

Given the significant enhancement of thermal conductivity obtained for PE nanofibers, we 

attempted to measure the thermal conductivity of other polymer systems as well, such as nylon-6, 

PVDF and PEO nanofibers at an electrospinning voltage of 30 kV. Although no systematic 

fabrication and measurements were conducted yet, and only several samples went through careful 

characterization, all of the electrospun fibers show thermal conductivity enhancements as have 

been seen in electrospun PE nanofibers, an improvement attributed to the strong elongational force 

exercised during the electrospinning process, as shown in Figure 3.9. The results suggest the 

potential of applying electrospinning technique to other polymer systems to improve their thermal 

transport properties for practical applications. 

 

Figure 3.9 Thermal conductivity of PEO, Nylon-6, and PVDF electrospun nanofibers fabricated 

at 30 kV (Ma et al. 2015a). The bulk value is 0.2 W/m-K, which is approximately the same as that 

of the three polymers in comparison. 
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3.4 Post-deposition Mechanically Stretched PE Nanofibers 

Compared to the highest thermal conductivity of 9.3 W/m-K we achieved with electrospun 

PE nanofibers, there have been reports on much higher value of 40 W/m-K (Kanamoto et al. 1988, 

Wang et al. 1991a) for ultradrawn PE microfibers/films achieved with a draw ratio up to ~500. 

More recently, Shen et al. using an AFM tip to apply an ultra-draw scheme and achieved a 

remarkable thermal conductivity of up to 104 W/m-K and an astonishing Youngôs modulus on the 

order of 300 GPa (Li et al. 2014, Shen et al. 2010). To explore whether post-deposition drawing 

can further enhance the thermal conductivity of PE nanofibers, we stretched the PDMS pieces on 

which the PE nanofibers were collected using a custom-built stage. The stage allows one to rotate 

a knob to control the stretch rate and speed. At this moment, this mechanical stretching was only 

performed at room temperature rather than in a temperature controlled environment.  

Contrary to our expectation, the measured thermal conductivity is lower than the selected as-

spun counterpart, shown in Figure 3.10. Although the variation could be partly attributed to the 

ñwhipping instabilityò during the electrospinning process, careful examination of the stretched 

fibers revealed that the stretching at room temperature introduced defects into the fibers. 
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Figure 3.10 Mechanically stretched electrospun fibers fabricated at 50 kV. (a) A high 

magnification image showing the voids and defects created during the stretching process. (b) The 

thermal conductivity of three stretched PE nanofibers, fabricated at 50 kV compared to an as-spun 

fiber of similar dimension. 

 

The decreased rather than enhanced thermal conductivity could arise from the following two 

reasons. First, in contrast to an elevated temperature environment typically applied during drawing 

process (Choy & Leung 1983, Choy et al. 1999), our current scheme is conducted at room 

temperature, which induce defects that reduce thermal conductivity. In addition, the stretch rate is 

not well controlled such that the molecular chains do not have adequate time to rearrange, leading 

to formation of defects and void. Naraghi et al. demonstrated that at high strain rate structural 

damage such as nanopores and deep surface ripples will form in the electrospun polyacrylonitrile 

nanofibers (Naraghi et al. 2007). These factors called for extra attention and an optimized 

stretching scheme to further optimize the structure of electrospun PE nanofibers.  

 

3.5 Tip  Drawn PE Nanofibers 

In addition to electrospinning, we also tried a solution-drawing method to fabricate nanofibers 

with aligned molecular orientation (Nain et al. 2006). The fabrication process is illustrated in 

Figure 3.11, in which we first dissolved high molecular weight PE powder (molecular weight 

3~6×106) in p-xylene solvent (all materials from Sigma-Aldrich, Inc.). The boiling temperature of 

P-xylene solvent is about 411 K while the dissolution temperature for PE powder is about 393 K. 

The PE solution was stirred at 393 K for an hour until the powder completely dissolved and the 

temperature was kept around 393 K during the nanofiber drawing process. A 28 G metal syringe 

needle was inserted into the PE solution and drew out from the solution quickly. During the 

drawing process, the solvent evaporated and a PE nanofiber extended between the needle tip and 
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the solution. The fibers were transferred to a piece of PDMS for following transfer. During the 

drawing process, it is likely that the molecular chains get aligned and result in nanofibers with 

ordered molecular chains.  

Following the same scheme as the sample preparation process for electrospun nanofibers, the 

solution-drawn nanofibers were cut and transferred for thermal conductivity measurements. The 

measured thermal conductivity is shown in Figure 3.12 and the highest attained value from a 40 

nm PE nanofiber is 9 W/m-K at 260 K. The thermal conductivity for selected fibers peaked at 

260~290 K, and then start to drop when temperature further increases. The trend is the same as 

that of electrospun fibers, suggesting that this simple fabrication technique could achieve a similar 

level of molecular chain alignment and enhanced crystallinity as the electrospinning technique. 

 

  

Figure 3.11 Schematic diagram showing the steps of using solution drawing method to prepare 

PE nanofibers. (a) The PE powder is dissolved in P-xylene solvent. (b) A syringe needle is inserted 

in the PE solution. (c) The needle is drawn out from the solution. (d) A PE nanofiber is extended 

between the tip of the needle and the solution. 
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Figure 3.12 Measured thermal conductivity of the PE nanofibers prepared with solution-drawing 

in comparison to electrospun nanofibers (Hollow symbols). The highest thermal conductivity of 

the solution-drawn PE nanofiber is comparable to that of the electrospun PE nanofiber fabricated 

at 45 kV. The voltages and the diameters in the label indicate the electrospinning fabrication 

condition and the corresponding dimension for the electrospun fibers (Ma et al. 2016). 

 

3.6 Summary 

In this chapter, we explore the relation among the electrospinning voltage, resulted nanofiber 

structure, and the corresponding thermal conductivity. Results show that electrospun PE 

nanofibers exhibit thermal conductivities that can be significantly higher than corresponding bulk 

values (~0.4 W/m-K), with the highest value obtained as 9.3 W/m-K. This thermal conductivity 

enhancement is due to the higher degree of molecular orientation and enhanced level of 

crystallinity, as evidenced by the micro-Raman spectroscopy characterization. A general trend of 

higher thermal conductivity with larger electrospinning voltage was observed; however, it is also 

found that the thermal conductivity for fibers prepared with the same voltage could vary 

significantly, due to the ówhipping instabilityô in the electrospinning process. Due to the limitations 
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of our current instrumentation, the maximum electrospinning voltage achieved was 52 kV. With 

an electrospinning system that can operate at higher voltages, we believe the thermal conductivity 

may be further enhanced. Given that electrospinning is a quick and low cost method to produce 

nanofibers with enhanced thermal conductivity, this study points to the potential of using 

electrospun polymer nanofibers as materials with good thermal transport properties. A quick and 

efficient tip drawing method, free of high voltages used in electrospinning was developed and 

implemented to achieve similar level of thermal conductivity enhancement, which was also due to 

the enhanced crystallinity and more ordered molecular chains. 
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4. Thermal Conductivity  of Individual Boron Carbide Nanowires 

 

Boron carbides, a class of ceramic materials with complex atomic structures and a wide range 

of carbon concentrations (Domnich et al. 2011), have been extensively used as abrasives, armour 

components, and neutron capture materials (Caruso et al. 2006). One promising application of 

boron carbides is for high-temperature thermoelectric power generation, owing to their chemical 

stability and desirable figures-of-merit (Bouchacourt & Thevenot 1985). However, because of the 

enormous challenges associated with synthesizing high quality single-crystalline boron carbides, 

almost all bulk samples are prepared by melting or hot-pressing, leading to polycrystalline samples 

with non-uniform grain sizes and numerous defects (Gunjishima et al. 2001, Werheit et al. 2004). 

As such, the measured properties are quite scattered, yielding limited understanding of the 

underlying transport physics (Nishi et al. 2002).   

Through extensive measurements of more than fifty single-crystalline boron carbide 

nanowires, we show how carbon concentration, diameter, and planar defects modulate the wire 

thermal conductivity. In particular, nanowires with defect-free and defective kinks show interesting 

kink effects on thermal transport. Given the recent success of synthesizing kinked nanowires in a 

controlled manner (Chen et al. 2017, Pevzner et al. 2012, Tian et al. 2009), the observation of 

pronounced kink thermal resistance and interesting effects of defects in the kink provide novel 

mechanisms for tuning the thermal conductivity of nanostructures. 

One important feature of boron carbides is their low stacking fault energy (75 mJ/m2) (Ashbee 

1971), which can easily lead to planar faults. Such faults have been commonly observed in bulk 

boron carbides, regardless of the synthesis method (Balakrishnarajan et al. 2007). The effects of 

stacking faults, including twin planes, on transport properties have been a topic of interest recently 



89 

 

(Takemoto et al. 2014, Wan et al. 2012, Zhan et al. 2014). However, compared with the extensive 

studies of how stacking faults affect electrical transport, their effects on thermal transport are not 

well explored. Such information is, however, extremely valuable for engineering low thermal 

conductivity materials. 

Boron carbide nanowires were synthesized in an low pressure chemical vapor deposition 

(LPCVD) system as described previously (Guan et al. 2012). Individual boron carbide nanowires 

were then picked up with the help of an in-house built micromanipulator described in chapter 2 

and transferred to a copper grid for TEM studies (Guan et al. 2014). The TEM characterization 

indicates both transverse stacking faults (TFs) and axial stacking faults (AFs) inside these 

nanowires.    

In this chapter, we discuss experimental characterization of the structure and thermal 

conductivity of single crystalline boron carbide nanowires with different structures and 

compositions. Detailed structural and compositional characterizations were performed on each 

sample. The effects of different parameters, including diameter, carbon concentration, and 

especially twin planes and kinks are explored, which present a comprehensive picture of how these 

factors affect thermal transport in boron carbide nanowires and provide important physical insights 

into tuning the thermal transport properties of nanowires.  

 

4.1 Structure and Properties of Bulk Boron Carbides 

The boron carbides investigated in this chapter have a common rhombohedral lattice with 

eight twelve-atom icosahedra located at the corners and a three-atom chain along the longest body 

diagonal within the rhombohedron. These boron carbides are referred as B4C-type. Its typical 

lattice is illustrated in Figure 4.1, where blue and red spheres represent boron (B) and carbon (C) 
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atoms, respectively. In this example, the icosahedron is made of twelve boron atoms (i.e., the so-

called B12 icosahedron) and the three-atom chain is consisted of C-B-C (Emin 1988, Werheit & 

Kuhlmann 2011). Each icosahedron is connected with six other icosahedra through direct covalent 

bonds. The three-atom chain occupies the inter-icosahedral spaces along the longest diagonal 

direction and the atoms at the end of the chain form direct bonds with three icosahedra (Domnich 

et al. 2011).  

 

Figure 4.1 The common primitive rhombohedral lattice of boron carbide.  Within the unit cell, 

eight icosahedra take the eight corners, with a three-atom chain along the longest body diagonal 

(Emin 1988, Werheit & Kuhlmann 2011). Blue and red spheres represent boron and carbon atoms, 

respectively. 

 

Although all B4C-type boron carbides share the above common rhombohedral lattice, the 

carbon concentration can vary significantly among different crystals. Thus, boron carbides are 

considered as compositional-disordered materials. Their carbon concentrations vary from 8.8 

at. %C in B~10.4C (i.e., boron-rich end) to 18.8 at. %C in B~4.3C (i.e., carbon-rich end) (Werheit & 

Shalamberidze 2012). For boron carbides with lower carbon concentrations (< 13.3 at. %), the 
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B11C icosahedra and C-B-B (or sometimes B-Ã-B, where Ã represents a vacancy) three-atom 

chains exist (Werheit & Shalamberidze 2012). As carbon concentration increases, the carbon atoms 

progressively replace the boron atoms in the lattice. The replacements could happen in the polar 

sites of the icosahedra and the three-atom chain (An et al. 2014). For example, the B11C icosahedra 

would become B12, and the C-B-B three-atom chain would take C-B-C structure. The large 

variation of carbon concentration within the homogeneity range leads to the presence of highly 

concentrated intrinsic structural defects in boron carbides. Such defects, in the form of incomplete 

occupation of specific sites or of antisite defects, could greatly influence relevant transport 

properties (Schmechel & Werheit 1999, Werheit 2009). It has also been shown that as the carbon 

concentration increases, these structural defects can reduce (Emin 1988, Tallant et al. 1989).  

Transport properties, including electrical and thermal conductivities and Seebeck coefficient 

of bulk boron carbides, have been studied (Aselage et al. 1993, 2001; Emin 2006, Wood et al. 

1985). So far, research has been focused on electrical conductivity to understand the charge 

transport mechanism, whereas studies on thermal properties are limited. Most of transport property 

measurements were performed on polycrystalline specimens prepared by melting or hot-pressing 

(Cai et al. 1999, Liu 2001). The variation of carbon content between grains and the existence of 

grain boundaries/impurities/other defects led to inevitable discrepancies among experimental 

results, rendering correlation between experimental data and theoretical predictions difficult. 

Contradictory to the theoretically predicted metallic nature, experimental measurements 

revealed that boron carbides are semiconductors with the electrical conductivity increasing with 

temperature (Figure 4.2(a)). To explain this unexpected electrical character, there are two main 

models of charge transport proposed: the bipolaron model by Emin (Aselage et al. 2001) and the 

defects-based model by Werheit (Schmechel & Werheit 2000). Emin hypothesizes that high 
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density bipolarons promoted by high electron deficiencies in the valence bands of idealized boron 

carbide (B4C=B11C(C-B-C)) are responsible for electrical transport in boron carbides (Howard et 

al. 1987). However, Werheit formulates his theory on the fact that there are well defined defects in 

the form of incomplete occupations of specific sites or of antisite defects in boron-rich solids 

(Schmechel & Werheit 1999, Werheit 2009). Based on a band structure constructed from optical 

spectroscopy and electrical conductivity measurements, he proposes that high density intrinsic 

structural defects can compensate the calculated valence electron deficiency by generating 

dislocated valence states in the band gap. The charge transport is due to hopping processes that 

happen within these partially filled gap states, superimposed by a certain contribution from free 

holes. More experimental data from well-characterized single-crystalline samples will help to 

clarify the charge transport mechanisms in boron carbides. 

The reported Seebeck coefficients of boron carbides are very large, as high as 300 ÕV/K 

(Figure 4.2(b)) (Aselage et al. 2001, Emin 1998). However, the dependence of Seebeck coefficient 

on planar defects, carbon concentration, and temperature is not clear yet. For example, Aselage et 

al. suggested that planar defects such as twin boundaries could enhance the Seebeck coefficient of 

boron carbides (Aselage et al. 1987). This is based on their observation that the obtained Seebeck 

coefficient from defect-free boron carbides was only 10-20 ÕV/K, whereas that of the hot-pressed 

boron carbides with extensive twins was in the range of 100-200 ÕV/K. On the contrary, 

Gunjishima et al. reported that the Seebeck coefficients of defect-free single crystalline boron 

carbides prepared with a floating zone method was 240-260 ÕV/K (Gunjishima et al. 2001). 

Therefore, it remained unclear whether planar defects can affect the Seebeck coefficient of boron 

carbides or not.  
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Figure 4.2 (a) Electrical conductivity of some boron carbides. The electrical conductivity 

increases with temperature, indicating the semiconducting nature of boron carbides. (b) Seebeck 

coefficient of some boron carbides. Both electrical conductivity and Seebeck coefficients are 

dependent on carbon content (Werheit 2006). 

 

4.2 Growth of Straight and Kinked Boron Carbide Nanowires 

The crystal structure of boron carbides can be viewed as a rhombohedral distortion of the 

cubic close packing (ccp) of icosahedra. The {001} planes of the rhombohedral cell are considered 

as the close-packed planes in the ccp arrangement. Taking the (001) plane as an example, it should 

be stacked in a éABCABCé sequence to form a crystal. If this normal stacking sequence is 

disturbed, planar defects such as stacking faults and twin boundaries would form. Due to the low 

stacking fault energy (75 mJ/m2) (Ashbee 1971), planar defects are commonly observed in bulk 

boron carbides and boron carbide nanostructures (Anselmi-Tamburini et al. 2005, Mackinnon et 

al. 1986). For our as-synthesized boron carbide nanowires, two types of straight nanowires are 

identified based on the geometric relation between the preferred growth direction of a nanowire 

and planar defects (Guan et al. 2012, 2014). They are transverse faults (TF) nanowires with the 

preferred growth direction normal to planar defects, and axial faults (AF) nanowires with the 
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preferred growth direction parallel with planar defects. The stacking fault density can be accurately 

determined for AF nanowires. Figure 4.3(a&b) show typical HRTEM images and diffraction 

patterns for TF and AF nanowires. Figure 4.3(e) illustrates the preferred growth directions of TF 

and AF nanowires in a rhombohedral unit cell of boron carbides, which are determined to be 

[πȢςως πȢςως ρ] and [100], respectively, according to the crystallographic characteristics (Guan et 

al. 2014). 

Boron carbide nanowires were grown following the vapor-liquid-solid (VLS) mechanism 

(Guan et al. 2012), in which a single nucleation event per layer initiates at the nanowire-catalyst 

interface. The nature (i.e., composition, crystal structure, and shape) of the catalyst determines 

whether TF or AF nanowires will be formed. Our studies showed that the catalysts on TF 

nanowires are generally semi-circle and the catalyst-nanowire interface is flat, indicating the layer-

by-layer epitaxy growth. We believe that the formation of transverse faults is due to (1) the shape 

variation of catalysts caused by perturbations of temperature and pressure during synthesis (as 

illustrated in the inset of the left panel of Figure 4.4), and (2) the low stacking fault energy of 

boron carbides. 

The synthesis also gave rise to formation of kinked boron carbide nanowires. During the 

growth of kinked nanowires, the catalyst migrates and plays more important roles. Figure 4.4 

illustrates how a kinked nanowire with two TF segments (i.e., kinked TF-TF nanowire) is formed. 

During the first stage (Stage 1), a TF segment is grown as described above. Then during the second 

stage (Stage 2), due to some large perturbations, the catalyst starts to migrate, gradually wets the 

right side of the nanowire, and leads to the turn of the nanowire. During the final stage (Stage 3), 

after the catalyst is fully migrated to another facet, the normal layer-by-layer epitaxy growth 
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resumes and leads to another TF straight segment. As illustrated in Figure 4.4, the kink region is 

defect-free, which is observed for majority of kinked TF-TF nanowires we studied. 

 

Figure 4.3 Growth of straight boron carbide nanowires. (a-d) HRTEM images and simulated 

models showing the preferred growth direction of a nanowire is either perpendicular to or parallel 

with the fault plane (001) for TF (a&c) and AF (b&d) boron carbide nanowires. The TEM image 

of the whole nanowire and the diffraction pattern are presented in the inset of a&b; (e) Illustration 
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of a boron carbide rhombohedral unit cell with the preferred growth directions of TF (red arrow, 

[ ]) and AF (green arrow, [100]) nanowires indicated. 

 

 

Figure 4.4 Growth of the kink. Illustration of the growth of a kinked TF-TF boron carbide 

nanowire in three stages. 

 

Occasionally, for some kinked TF-TF nanowires, low density of defects was observed in the 

kink region. A typical example is shown in Figure 4.5. For this kinked TF-TF nanowire, the 

HRTEM image shows the stacking faults (indicated by the green line in the blue dashed line box) 

and dislocations (within the bright yellow circle) in the kink region. A comparison of the Fourier 

power spectra obtained from the defect-free area (red dashed line box) and defective area (blue 

dashed line box) further confirms the localized existence of stacking faults. As clearly seen from 

the diffraction pattern in the red solid box, the diffraction spots are well separated and distinctive, 

while streak lines are shown in the diffraction pattern in the blue solid line box. These defects in 

kink would lead to enhanced phonon scattering.  



97 

 

 

Figure 4.5 Microstructure of the kink region of a kinked TF-TF nanowire. An HRTEM image of 

the kink shows the existence of stacking faults (indicated by the green line) and dislocations 

(within the bright yellow circle). The Fourier power spectra of the defective region and the defect-

free region are highlighted in the blue and red solid line squares. 

 

4.3 Thermal Conductivity of Straight Boron Carbide Nanowires 

For all measured nanowires, the contacts between the nanowire and the suspended membranes 

were treated with EBID of Pt to minimize the contact thermal resistance, as shown in the inset of 

Figure 4.6. Since boron carbides have significant Seebeck effects (Werheit et al. 2009), we have 

verified that the Pt deposition could reduce the contact thermal resistance to a negligible level 

through measuring the Seebeck coefficients from different sets of electrodes (Mavrokefalos et al. 

2007). This method essentially uses the nanowire as a differential thermocouple to determine the 

temperature drops at the contacts. The Seebeck voltages were measured between both the two 

inner electrodes (2&3) and the two outer electrodes (1&4), which would otherwise share different 

temperatures if the contact thermal resistance was not reduced to a negligible level. Figure 4.6 
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clearly shows that the Seebeck coefficients measured from the two sets of electrodes overlap with 

each other, suggesting negligible contact thermal resistance. 

 

Figure 4.6 Contact thermal resistance characterization. The inset is an SEM image showing a 

straight boron carbide nanowire bridging the two suspended side-by-side membranes with all four 

contacts bonded with EBID Pt deposits. The scale bar in the inset is 2 µm. 

 

4.3.1 Straight Boron Carbide Nanowires 

Since our boron carbide nanowires have complex structure and compositions, we first confirm 

that for nanowires of the same structure and composition, the measured thermal conductivities are 

identical. Figure 4.7 plots the thermal conductivity of three straight wires all of ~50 nm diameter, 

~14% carbon and with TFs. The data for these three wires essentially overlap with each other, 

indicating that the parameters considered include all major factors important for thermal transport 

in these nanowires. 
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Figure 4.7 Thermal conductivity of three different TF boron carbide nanowires that share similar 

diameter (~50 nm) and carbon concentration (~14%). 

 

Next, we examine the effects of carbon concentration, wire diameter, and stacking fault 

orientation on thermal transport in these nanowires.  Figure 4.8 plots the room temperature (300 

K) thermal conductivity values of twenty-one straight boron carbide nanowires, of both axial and 

transverse stacking faults, versus the carbon concentration and wire diameter.  It can be clearly 

seen that there exists a general trend of higher thermal conductivity for nanowires of higher carbon 

concentration and larger diameter. 



100 

 

 

Figure 4.8 3D bar graph of the room temperature thermal conductivity of twenty-one straight 

boron carbide nanowires, including both AF (cyan) and TF (purple) ones, plotted against diameter 

and carbon concentration. 

 

  

Even though the available data are quite scattered, the thermal conductivity of bulk 

polycrystalline boron carbides shows a general trend of enhanced value as the carbon concentration 

increases (Medwick et al. 1994, Wood et al. 1985). This trend is clear for both measured single 

crystalline nanowires with AFs and TFs, as shown in Figure 4.8 and 4.9. In Figure 4.9 (a)& (b), 

two sets of nanowires with AFs and TFs, respectively, are shown versus their carbon 

concentrations. Note that the diameters of these nanowires are not similar to each other, but the 

strategy we select these subsets of samples is that nanowires with higher concentrations have 

diameters similar to or smaller than those with lower carbon concentrations. This way, any effects 

from phonon-boundary scattering at the nanowire surface will only counter the trend of carbon 
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concentration. As such, the actual thermal conductivity increase with ascending carbon 

concentration should only be larger. 

The dependence of boron carbide thermal conductivity on carbon concentration has been 

attributed to the more ordered molecular structure and reduced structural defects as the carbon 

concentration increases (Emin et al. 1987, Medwick et al. 1994, Wood et al. 1985). Boron carbides 

have a rhombohedral lattice with eight 12-atom icosahedra locate at the corners and one 3-atom 

chain occupies the longest diagonal of the rhombohedron. The carbon atoms can replace one boron 

atom in the icosahedra or reside on the 3-atom chain. The three-atom chains, mostly consisting of 

C-B-C at high carbon concentration, are generally stronger than the intra-icosahedral bonding (Xie 

et al. 2016), and thus, facilitate thermal transport. Additionally, these three-atom chains tend to be 

more ordered (Suri et al. 2010), which favors thermal transport as well. In contrast, for boron 

carbides with low carbon concentrations, the three-atom chains can be replaced with weaker/less 

ordered bonding such as C-B-B or B-Ã-B (Emin et al. 1987). The uncertainty of these 

replacements results in the formation of local disorders, which lower the thermal conductivity. As 

such, the more ordered crystalline structure and reduced structural defects with increasing carbon 

contents are responsible for the enhanced thermal transport properties since the dominant energy 

carriers, phonons, are very sensitive to the quality of the crystalline structure. 
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Figure 4.9 The effects of carbon concentration, nanowire diameter, and stacking fault 

orientation/density on the thermal conductivity of boron carbide nanowires. Carbon concentration 

dependence for nanowires of both (a) AFs and (b) TFs in the temperature range from 20 to 400 K. 

Diameter dependence in nanowires of (c) AFs and (d) TFs in the temperature range between 20 

and 400 K. (e-f) Comparison of the thermal conductivity between two groups of AF and TF 

nanowires of similar carbon concentration and diameter. 
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For nanowires of similar carbon concentrations, the thermal conductivity is higher for larger 

diameter wire, as can be seen from Figure 4.8 and more data in Figure 4.9(c&d) for the thermal 

conductivity over the whole measurement temperature range. This observation suggests that 

phonon-boundary scattering also plays an important role in determining the thermal conductivity 

of these nanowires. Enhanced boundary scattering in smaller diameter wires helps to reduce the 

effective phonon mean free path, which leads to suppressed thermal conductivity. 

In contrast to carbon concentration and wire diameter, no strong dependence of the wire 

thermal conductivity on staking fault orientation and/or density can be observed. In fact, a 78 nm 

AF wire has a higher fault density (10%) than a 59 nm AF wire (4%), yet the thermal conductivity 

of the larger wire is higher (Figure 4.9(c)), which suggests that planar defects do not play a major 

role in determining the thermal conductivity. In addition, AF and TF nanowires of similar carbon 

concentration and diameter have approximately the same thermal conductivity (Figure 4.9(e&f )), 

indicating a marginal effect of the fault orientation. These observations are consistent with the 

report (Porter et al. 2016) that while there could be a big difference between silicon nanowires 

with and without planar defects, the thermal conductivity reduction becomes marginal as fault 

density increases beyond 0.088 nm-1. For our wires, the fault density ranges from 0.087 nm-1 to 

0.982 nm-1, so it is reasonable that no strong dependence on the fault density is observed. In fact, 

since the average distance between neighboring defects is only a few nanometers, if the defects 

are important for the phonons that are responsible for thermal transport in these nanowires, the 

effective phonon mean free path should only be a few of nanometers and no clear diameter 

dependence should be observed. 

If we regard the planar stacking fault as an interface with both sides of the same material, then 

the more significant effects of surface boundary can be explained as discussed in a recent opinion 
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paper (Li & McGaughey 2015). At nanowire surface, all phonons will be scattered or reflected and 

this process is nearly diffuse, while at the stacking faults, a large portion of phonons will be 

transmitted specularly, which does not pose resistance to thermal transport. Another fact is that the 

highest measured temperature is 400 K in this report, far smaller than the Debye temperature for 

boron carbides (~1467 K for B13C2) (Medwick et al. 1994), which means that high frequency 

phonon bands are still not well populated. The dominant heat carriers in the studied temperature 

range are still lower frequency acoustic phonon modes, and these phonons are not vulnerable to 

disturbance incurred by the stacking faults. 

It is worth noting that stacking faults have been widely thought to be able to reduce thermal 

conductivity significantly, which has been demonstrated in various materials systems (Shin et al. 

2014, Takemoto et al. 2014, Thompson et al. 2016, Wan et al. 2012). For example, Wan et al. (Wan 

et al. 2012) have shown that nanoscale stacking faults could induce lower thermal conductivity in 

metal sulfides superlattices; and Takemoto et al. (Takemoto et al. 2014) have demonstrated that 

introducing stacking faults in ZnO can lead to reduced thermal conductivity for better 

thermoelectric performance. Interestingly, Zhan et al. (Zhan et al. 2014) found that while various 

types of stacking faults could significantly reduce the thermal conductivity of silicon nanowires, 

their results also indicated that increasing the stacking fault density only led to marginal drop in 

the derived thermal conductivity.  

 

4.3.2 Kinked Boron Carbide Nanowires 

With a good understanding of the effects of carbon concentration, wire diameter, and stacking 

fault for straight boron carbide nanowires, next, we examine the effects of kinks on thermal 

transport in these nanowires. The total suspended lengths of all nanowires are around 4 µm, 
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ranging from 3.1 Õm to 4.8 Õm. Figure 4.10 plots four groups of data that all show significantly 

reduced thermal conductivity for kinked nanowires, which are 15-36% lower at room temperature 

for different pairs of samples. This level of thermal conductivity reduction corresponds to a 

remarkable kink resistance. In fact, the 36% reduction in Figure 4.10(d) indicates that the kink 

poses a thermal resistance that is ~30 times of a straight wire segment with a length equivalent to 

that of the kink center-line (~80 nm). Note that the smaller reduction is due to the higher carbon 

concentration, larger diameter, or longer suspended length of the kinked wires. Importantly, 

detailed TEM studies have shown that the kinked regions in these samples are all single-crystalline 

and defect-free as shown in Figure 4.10(e&f) for two measured samples. Therefore, the reduced 

thermal conductivity cannot be attributed to low structural quality at the kinks; and it is indeed the 

kinked morphology, rather than other factors, poses remarkable thermal resistance. 

Even though there are variations with the sample carbon concentration, the kink resistance 

demonstrates a general trend of higher resistance for larger diameter wires (Figure 4.11(a)). A 

possible reason for this is the more pronounced kink resistance as the boundary scattering from 

the wire surface weakens. The kink resistance for unit cross-sectional area also shows an increasing 

trend versus the wire diameter. The resistance for unit area lies in the range of 1.59-5.20×10-7 m2-

K/W, as plotted in Figure 4.11(b), which converts to an interfacial thermal conductance (ITC) of 

1.92-6.26 MW/m2-K. This resistance is remarkable; in fact, the ITC is even lower than the values 

for most metal-dielectric interfaces, such as Au/Si, Pb/Si, Bi/Si, Pb/diamond, and Bi/diamond, 

which utilized high mismatch of their Debye temperatures to achieve an ITC as low as 8.5 MW/m2-

K. Note that typical phonon-mediated interfaces between dissimilar materials have an ITC lying 

in the range of 8.5-700 MW/m2-K (Costescu et al. 2003, Dechaumphai et al. 2014, Lyeo & Cahill 

2006, Stoner & Maris 1993). 



106 

 

 

 

Figure 4.10 Reduction of thermal conductivity in kinked boron carbide nanowires. (a-d) Thermal 

conductivities of different pairs of kinked and straight nanowires. (e-f) TEM images show single 

crystalline kinked regions of two measured TF nanowires, indicating defect-free kinks. 
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Figure 4.11 Thermal resistance of the kink at room temperature. (a) Absolute and relative kink 

thermal resistance versus wire diameter. The normalized kinked resistance shows the ratio of kink 

resistance to that of a straight wire segment of equivalent length. (b) Kink resistance for unit cross-

sectional area. 

 

The pronounced kink resistance is truly unexpected, as previous reports have shown that 

bending carbon nanotubes (Chang et al. 2007) or backscattering from sawtooth nanowire 

boundaries (Moore et al. 2008) does not or only poses limited resistance to thermal transport. More 

importantly, the observation is not consistent with the prediction based on the common picture of 

phonon transport in nanowires, which treats phonons as isotropically propagating particles that 

experience diffuse scattering at wire surface (Maldovan 2011, Mingo et al. 2003, Sellan et al. 

2010). In fact, this picture could lead to a slightly lower thermal resistance at the kink, as discussed 

later. 

In addition to defect-free kinks, we found some nanowires with kinks that have clear structural 

defects (Figure 4.12(b&c)), which are oriented in parallel to the stacking faults orientation in one 

of the legs. Intriguingly, measurements of three such nanowires all indicate that their thermal 

conductivities are actually higher than that of comparable nanowires with defect-free kinks, even 

though the value is still lower than that of straight wires of comparable structure and composition 



108 

 

(Figure 4.12(a)). It is well-known that defects can scatter phonons and pose resistance to their 

transport (Klemens 1960, Murphy et al. 2014). Therefore, the observation here is counter-intuitive 

and falls into a regime where defects actually assist phonon transport. 

 

Figure 4.12 Defects assist phonon transport across the kink. (a) Thermal conductivity of boron 

carbide nanowires that are straight, with defect-free kinks and with defective kinks, respectively.  

(b-c) TEM images show the defects in the kinks of kinked boron carbide nanowires. 

 

While we have not seen any experimental studies of kink effects on thermal transport through 

nanowires, Jiang et al. recently reported a MD study on kinked silicon nanowires (Jiang et al. 

2013a). Their results showed that for a wire of 1.1 nm in diameter with two 9.5 nm long legs on 

each side of a kink, the kink could reduce the thermal conductivity by ~20% at 300 K. They 

attributed the reduction to a ópinchingô effect that originates from the fact that atoms in the two 
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sides of the kink could vibrate in orthogonal directions for the same phonon mode. As such, 

phonons have to make mode conversions to transmit through the kink. Note that when using 

thermal conductivity reduction to measure the kink effect, the kink resistance is weighted by the 

total wire length. As such, comparing the 20% reduction from a kink of 1.1 nm in a 19 nm long 

wire (MD results) with the 36% reduction from a kink of ~80 nm in a 4.3 µm long wire (Figure 

4.10(d)), our experimental data presents a kink resistance that is ~7 times more pronounced than 

the MD prediction if we normalize the kink resistance with respect to the resistance of a 

corresponding straight wire segment of equivalent length. 

 

4.4 Phonon Focusing in Boron Carbides 

To explain these puzzling observations, we first summarize several understandings from our 

results with straight nanowires since the phonon properties of boron carbides are not readily 

available. First, the intrinsic phonon mean free path (MFP) should be much larger than the wire 

diameter since we see diameter dependence for nanowires with similar carbon concentrations.  

This is very reasonable because the measurement temperature range is much lower than the Debye 

temperature (~1501 K for B5.6C) (McClellan et al. 2001); and therefore, the excited phonons are 

of relatively long wavelengths, which normally correspond to longer MFPs. Additionally, the 

complex crystal structures and planar defects can effectively scatter short wavelength phonons, 

which renders longer wavelength phonons more important in thermal transport. 

Another important fact is that the dependence of the thermal conductivity on wire diameter is 

weaker than that of silicon wires, as shown in Figure 4.13 (Li et al. 2003b). Since the measured 

thermal conductivity increases monotonically with temperature, the weaker diameter dependence 

should not come from Umklapp scattering. Instead, it is more reasonable to attribute the less 
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pronounced diameter dependence to the highly anisotropic elastic moduli of boron carbides 

(ranging from 64 to 522 GPa) (McClellan et al. 2001). Elastic anisotropy is closely correlated with 

phonon focusing, resulting in crystallographic direction-dependent phonon transport (McCurdy 

1974). which can have important effects on thermal transport through nanostructures (Yang et al. 

2014). 

 

Figure 4.13 Diameter dependence of the thermal conductivity at 300 K for boron carbide 

nanowires in comparison to that of Si nanowires (Li et al. 2003b). 

 

One important factor contributing to the directional dependence of thermal conductivity is 

phonon focusing, which can be visualized with the low frequency acoustic iso-energy surface. Wei 

et al. (Wei et al. 2016) has shown that the low frequency phonon properties can be derived from 

either lattice dynamics method or elastic constants-based continuous mechanics method. Here, we 

use the latter method (Hurley & Wolfe 1985, Wolfe 1998) to calculate the acoustic iso-energy 

surface of bulk B4C, using the elastic constants calculated by Taylor et al. (Taylor et al. 2012). 

Importantly, although the calculation is based on B4C, the results are applicable to boron carbides 
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with lower carbon concentration, as the elastic constants and the level of elastic anisotropy do not 

vary much with the carbon concentration (McClellan et al. 2001, Taylor et al. 2012). 

The B4C structure belongs to the Ὑσm space group. Thus, there are in total six independent 

elastic constant components (Nye 1985). The general Hookeôs law between stress tensor „  and 

strain tensor ‭  for this crystal is, 
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where C11, C12, C13, C14, C33, and C44 are independent elastic elements, and C23=C13, C24=-C14, 

C56=C14, and C66=(C11-C12)/2. 

For any control volume in solid, Newtonôs second law is written as, 
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Inserting Equation (4.1) to (4.2), and assuming the plane-wave displacement solution, 
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we can obtain the Christoffelôs equation of crystal with Ὑσά symmetry as, 
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where kx, ky, and kz are the wavevector components, ɤ is the phonon angular frequency, and ɟ is 

the density of boron carbide.  From Equation (4.4), we know that ɟɤ2 is the eigenvalue of the left 

matrix. The phonon frequency can be calculated for any specific wavevector. 

Following the above procedure, the 3D acoustic iso-energy surfaces were calculated for boron 

carbides and shown in Figure 4.14. It indicates that all three branches of phonons are focused 

along certain directions. For example, the LA phonons are focused along the X, Y, and Z axes. 

 

Figure 4.14 Calculated 3-D acoustic iso-energy surfaces for boron carbides. (a) longitudinal 

acoustic (LA) phonons; (b) fast transverse acoustic (TA1) phonons; (c) slow transverse acoustic 

(TA2) phonons. 

 

When studying the rhombohedral lattice, a non-primitive hexagonal unit cell is commonly 

used (McClellan et al. 2001, Taylor et al. 2012). Figure 4.15 shows the relation between the 

primitive rhombohedral cell (light blue dashed lines) and the non-primitive hexagonal cell (black 

dashed lines). It is clear that the [111] rhombohedral direction corresponds to the [001] hexagonal 

direction. For the tensor analysis, such as the aforementioned calculation of iso-energy surfaces, a 

new set of orthogonal axes is needed. We selected the X, Y, and Z axes following the conventions 
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discussed in Nyeôs book (Nye 1985) and Standards on Piezoelectric Crystals (Brainerd et al. 

1949). As shown in Figure 4.15, none of the X, Y and Z axes coincide with the growth directions 

of our AF and TF nanowires. Thus, the phonon focusing effects along the axial directions of AF 

and TF nanowires are not readily available. To show phonon focusing in AF and TF nanowires, 

we derived a conversion matrix to transform the rhombohedral coordinate to the orthogonal 

coordinate, and intersect the iso-energy surfaces with the planes corresponding to orthogonal 

directions containing the growth directions of AF and TF nanowires. The attained iso-energy 

surface intersections on AF-O-TF, Ṷ-O-TF, and Ṷ-O-AF planes are shown in Figure 4.16. Note 

that the AF-O-  ̂plane is the basal plane of boron carbides in the primitive rhombohedral lattice 

and the TF direction is perpendicular to this basal plane. 

 

Figure 4.15 Main axes in the primitive rhombohedral cell and non-primitive hexagonal cell. The 

rhombohedral unit cell is drawn with light blue dashed lines, and the hexagonal one with black 

dashed lines. The orthogonal X, Y, and Z directions are indicated by the purple solid lines and the 

AF, Ṷ, and TF directions are shown with green color. 
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Figure 4.16 The intersections of acoustic iso-energy surfaces for boron carbide with three 

orthogonal planes by solving the Christoffelôs Equation. (a) AF-O-TF plane; (b) Ṷ-O-TF plane; 

and (c) Ṷ-O-AF plane. The axes are the wavevectors, and the specified frequency is 1 THz. Solid 

lines with different colors represent different phonon branches: longitudinal acoustic (LA) 

phonons (blue, innermost), fast transverse acoustic (TA1) phonons (cyan) and slow transverse 

acoustic (TA2) phonons (magenta, outermost). 

 

The phonons focused along the AF and TF directions are of interest, as these phonons travel 

along the nanowire growth direction and experience less boundary scattering. As such, they could 

make more contributions to thermal transport than the phonons travelling in other directions. For 

example, a significant portion of TA2 phonons are focused along the TF directions in the AF-O-

TF plane. For the TA1 and LA phonons, although they are not focused perfectly along the TF 

direction, a significant portion of these phonons are focused to travel within a small angle from 

the TF direction. In Ṷ-O-AF plane, majority of TA1 phonons are focused along the AF direction, 

and a considerable portion of TA2 and LA phonons prefer to travel within a small angle from the 

AF direction. 
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4.5 Monte Carlo Simulation of Phonon Transport in Kinks 

Armed with these understandings, we explore the kink resistance through a ray tracing-based 

MC simulation of phonon transport through an óLò shaped kink of 80 nm side length, which is 

compared with the case for a straight wire segment of 80 nm long, equivalent to the center-line 

length of the kink. In the simulation, we assume that phonons can only propagate within a certain 

angle (focus angle) from the axial directions as shown in the insets of Figure 4.17. Moreover, we 

consider phonon reflection from the wire surface as diffuse within the allowable propagation angle 

but neglect three-phonon scattering, which is reasonable if the intrinsic MFPs are much larger than 

the wire diameter. Under this condition, 200,000 phonons, which represent the total amount of 

heat transfer, are emitted from a random location at the entrance with a direction randomly 

distributed within a focus cone and forced to transmit through the kink and the straight wire 

segment, respectively. The total travel distance of all phonons is calculated, which represents the 

resistance if the speed of sound is taken as a constant. Note that to enforce the fixed amount of 

heat transfer of 200,000 phonons, if a phonon comes back to the inlet, it is reflected back into the 

simulation domain but phonons are allowed to leave the exit. 

Figure 4.17 plots the calculated resistance of the kink and the straight segment, both 

normalized to the resistance of the straight segment under the fully diffuse condition, i.e., a focus 

angle of 90°. For fully diffuse transport, the resistance of the kink is actually less than that of the 

straight segment. However, as the focus angle reduces, the resistance of the straight wire segment 

drops because of diminishing phonon-boundary scattering. In contrast, for the kink, its resistance 

increases rapidly as the focus angle reduces, which is a direct result of back reflection of phonons 

to the inlet. These opposite trends of the resistance clearly show how back reflection of focused 

phonons can lead to a remarkable kink resistance in boron carbide nanowires. 
































