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ABSTRACT 

 

 

ZHIGUANG CUI. Characterization of individual straight and kinked boron carbide 

nanowires. (Under the direction of DR. TERRY XU) 

 

Boron carbides represent a class of ceramic materials with p-type 

semiconductor natures, complex structures and a wide homogeneous range of carbon 

compositions. Bulk boron carbides have long been projected as promising high 

temperature thermoelectric materials, but with limited performance. Bringing the bulk 

boron carbides to low dimensions (e.g., nanowires) is believed to be an option to 

enhance their thermoelectric performance because of the quantum size effects. However, 

the fundamental studies on the microstructure-thermal property relation of boron 

carbide nanowires are elusive. In this dissertation work, systematic structural 

characterization and thermal conductivity measurement of individual straight and 

kinked boron carbide nanowires were carried out to establish the true structure-thermal 

transport relation. In addition, a preliminary Raman spectroscopy study on identifying 

the defects in individual boron carbide nanowires was conducted.  

After the synthesis of single crystalline boron carbide nanowires, straight 

nanowires accompanied by the kinked ones were observed. Detailed structures of 

straight boron carbide nanowires have been reported, but not the kinked ones. After 

carefully examining tens of kinked nanowires utilizing Transmission Electron 

Microscopy (TEM), it was found that they could be categorized into five cases 

depending on the stacking faults orientations in the two arms of the kink: TF-TF, AF-

TF, AF-AF, TF-IF and AF-IF kinks, in which TF, AF and IF denotes transverse faults 
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(preferred growth direction perpendicular to the stacking fault planes), axial faults 

(preferred growth direction in parallel with the stacking fault planes) and inclined faults 

(preferred growth direction neither perpendicular to nor in parallel with the stacking 

fault planes). Simple structure models describing the characteristics of TF-TF, AF-TF, 

AF-AF kinked nanowires are constructed in SolidWorks, which help to differentiate the 

kinked nanowires viewed from the zone axes where stacking faults are invisible.  

In collaboration with the experts in the field of thermal property characterization 

of one dimensional nanostructures, thermal conductivities of over 60 nanowires 

including both straight and kinked ones have been measured in the temperature range 

of 20 – 420 K and the parameters (i.e., carbon contents, diameters, stacking faults 

densities/orientations and kinks) affecting the phonon transport were explored. The 

results disclose strong carbon content and diameter dependence of thermal 

conductivities of boron carbide nanowires, which decreases as lowering the carbon 

content and diameter. Stacking fault orientations do modulate the phonon transport (κTF 

< κAF), while stacking fault densities seems to only have obvious effects on phonon 

transport when meeting certain threshold (~39%). The most interesting discovery is 

significant reduction of thermal conductivity (15% – 40%) in kinked boron carbide 

nanowires due to phonon mode conversions and scattering at the kink site.  

Last but not least, micro-Raman spectroscopy study on individual boron carbide 

nanowires has been performed for the first time, to the best of our knowledge. Based 

on the preliminary data, it is found that the stacking fault orientations have no apparent 

effect on the Raman scattering, but the stacking fault densities do. In addition, up as the 
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size going down to nanoscale, some Raman modes are inactive while some new ones 

show up, which is largely ascribed to the quantum confinement effects. One more 

important finding is that the carbon content also plays important role in the Raman 

scattering of boron carbide nanowires in the low frequency region (< 600 cm-1), which 

mainly comes from the 3-atom chains (C-B-C or C-B-B).  
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CHAPTER 1: INTRODUCTION 

 

As the global climate change becomes severe, United States has initiated the 

clean power plan to reduce the carbon dioxide (CO2) emission according to the newest 

Annual Energy Outlook 2016 from Department of Energy.1 In one aspect, current 

environmental problem requires alternative and renewable energy urgently, such as 

hydroelectric power, solar and wind. And more and more researches have been 

performed on developing materials with the abilities to enhance the efficiency of new 

energy’s production. In another aspect, energy recycling shows equal significance in 

solving current energy problems since more than 60% of all primary energy consumed 

is wasted worldwide according to statistical results, most in the form of waste heat.2 It 

would be great if the waste heat could be collected and converted to electrical energy. 

Thermoelectric (TE) materials might make this happen since they are capable to convert 

heat to electricity directly, and vice versa.3-6 The radioisotope thermoelectric generators 

(RTGs) used as power source in satellites and spaces probes have long been 

developed.7-9 However, the low conversion efficiency of current TE materials limits 

their wider application. Therefore, it is necessary to find and explore high performance 

TE materials operated in low temperature (<500 K), moderate temperature (500 K-1000 

K) and high temperature (>1000K). Lots of works have been done on low temperature 

and moderate temperature TE materials, such as PbTe,10-12 Bi2Te3
13-17 and PbSe,18,19 but
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only a few on high temperature TE materials. Our research focus is the high temperature 

TE materials based on boron rich compounds, especially boron carbides. In this chapter, 

the following topics, including (1) the general principle of thermoelectric effects, (2) 

why are we interested in boron-rich materials, especially boron carbides, (3) why do 

we want to bring the bulk boron carbides to nanoscale, (4) the current research progress 

in boron carbide nanostructures’ synthesis and characterization, kinked nanowires and 

Raman spectroscopy on identifying defects in individual nanowires, and (5) the 

objectives of this dissertation work, will be discussed.           

1.1 Thermoelectric Effects 

The first demonstration of thermoelectric effects was done by German scientist 

T.J. Seebeck in 1821,20 in which an electromotive force could be produced by applying 

a temperature gradient at the joint between two different metals. This phenomenon is 

known as Seebeck effect, which is the basic principle for thermoelectric power 

generations. Thirteen years later, in 1834 a French physicist J.C.A. Peltier discovered a 

small heating or cooling effect at the junction depending on the direction of an electric 

current passing through a thermocouple,21 which is just opposite to the Seebeck effect 

and named as Peltier effect. Peltier effect is more often used in the field of 

thermoelectric refrigeration or cooling. The demonstration of Seebeck effect and Peltier 

effect using simple thermocouple was schematically shown in Figure 1.1 (a) and (b) 

respectively. In case of Seebeck effect, a light bulb connected with the cold sides of the 

thermocouple made of p-type and n-type materials will be lightened up in the circuit 

when temperature difference (ΔT) applied between hot side and cold side, which drives 
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the charge carriers (electrons and holes) flow. The resulting current or thermoelectric 

voltage is proportional to the temperature difference. Another important parameter to 

be mentioned is the figure of merit (ZT), which directly describes the performance of 

TE materials or devices and is defined in equation (1.1): 

 
𝑍𝑇 = (

𝑆2𝜎

𝜅
) 𝑇 

(1.1) 

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

and T is absolute temperature. For a material with temperature-independent properties, 

the ideal TE conversion efficiency η, as a function of TH (hot side temperature), TC (cold 

side temperature), ΔT and ZT, could be defined as22 

 η =
Δ𝑇

𝑇𝐻

√1 + 𝑍𝑇 − 1

√1 + 𝑍𝑇 +
𝑇𝐶

𝑇𝐻

 (1.2) 

 

 

 

 

 
 

 

Figure 1.1: Schematic illustrations of a simple TE couple composed of a p-type leg 

and n-type leg for demonstrating (a) Seebeck effect (power generation) and (b) Peltier 

effect (active refrigeration). (a) The temperature gradient causes charge carriers 

(electrons or holes) to diffuse from hot side to cold side, which results in current 

flowing through the circuit. (b) Heat at the upper junction evolves to the lower 

junction when a current passes through the circuit. 
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Figure 1.2 presents the power generation efficiency of ideal TE generator 

(devices) at different ZT values as a function of hot side temperature calculated by M. 

Zdbarjadi et al..23 The cold side temperature is assumed to be room temperature. 

Current best TE materials have ZT value in the range of 1-2, which leads to a power 

generation efficiency of 10%-20%. It is obvious with this low efficiency, TE generators 

could not compete against prime power converters with Carnot efficiency, such as 

internal combustion engines. However, TE generators’ conversion efficiencies are 

comparable to the existing most renewable and clean energy sources, such as 

photovoltaics, geothermal, biomass and wave energy. In general, TE materials with 

higher ZT value are favored in order to achieve high conversion efficiency. A ZT 

value >3 is preferred.   

 

 

 

 

Figure 1.2: Plots of ideal TE generator’s power generation efficiency versus 

temperature of the hot side (cold side assumed to be room temperature) aiming at 

competing with other different energy conversion technologies. The conversion 

efficiency range of other renewable energy is marked on the right side. The 

abbreviation of PV, CSP, Org, TE and TI stands for photovoltaic, concentrated solar 

power, organic devices, thermoelectric devices, and thermionic devices respectively.23 
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As for the demonstration of Peltier effect, the light bulb was replaced by a direct 

current source (battery) and a small thermometer was positioned on the junction of a 

thermocouple. As the current flows through the circuit from n-type leg to p-type leg, a 

slight active cooling at the junction happens and is measured by the thermometer since 

the heat carried by electrons is absorbed at the top junction and released at the lower 

junction. If reversing the current flow direction, the heat transport direction would be 

reversed as well and the upper junction will become hot. The TE cooling efficiency is 

also highly dependable on the figure of merit ZT. Therefore, it is of significance to 

explore TE materials with high ZT no matter for TE power generation or for TE cooling.  

Peltier effect actually interrelates with Seebeck effect according to thermal 

dynamics, which was first discovered by W. Thomson in 1851.24 The relationship 

between Seebeck coefficient and Peltier coefficient was established, which proves 

Peltier coefficient simply equals to the product of Seebeck coefficient and absolute 

temperature. Based on W. Thomson’s theory, he predicted a third TE effect existing in 

a homogeneous conductor, now known as Thomson effect, in which, there is a 

reversible heating or cooling when a flow of electric current passes in the conductor 

with a temperature gradient applied as well. Here, heat transport is proportional to both 

current and temperature gradients. The proportionality constant is Thomson coefficient, 

which is thermal dynamically related with Seebeck coefficient. However, Thomson 

effect has little technical application and attracts less attention than the other two types 

of TE effects.    

1.2 Boron Rich Materials 
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Bulk boron-rich materials describe a wide range of highly refractory and super 

hard boron compounds, which are also referred as the main derivatives of elemental 

boron and borides. Pure elemental boron tends to have four main polymorphs, α-

rhombohedral boron, β-rhombohedral boron, α-tetragonal boron and β-tetragonal 

boron.25 One common and unique building unit of the above mentioned pure elemental 

boron polymorphs is the B12 icosahedron, in which boron atoms stay at the twelve 

vertices and is bonded to five nearest boron atoms.26 Because of the electron deficient 

nature of boron, the internal bonding of the icosahedron is an unusual three center 

bonding. If a crystalline element boron’s building unit is B12 icosahedron, there will be 

more than one B12 icosahedron in the unit cell. For examples, eight B12 icosahedra 

locate at the vertices of rhombohedral unit in α-rhombohedral boron. 27 The bonds 

between icosahedra are extremely strong, which make the crystalline elemental boron 

having high melting point and stability. Therefore, the pure elemental boron has low 

reactivity at room temperature, but high reactivity at high temperature, where it reacts 

with metals, carbons, silicon and oxygen to form various icosahedral boron-rich 

compounds, such as, boron pnictides (B12As2, B12P12), boron carbides (B4C), silicon 

boride (SiB6) and boron suboxides (B6O).25 Those boron-rich compounds adopt the 

similar crystal structure and bonding characteristics of icosahedral elemental boron 

with additional two atoms (P-P, As-As, O-O) or three atoms (C-B-C, C-B-B, B-B-B) 

inter-icosahedra chains.28 Regarding to the unique crystal structures of these 

icosahedral boron-rich materials, many exceptional electronic, thermal and mechanical 

properties could be expected. For instance, icosahedral boron-rich materials have 
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potential application in high-temperature TE applications due to their high temperature 

stability, low intrinsic thermal conductivity, moderately high electrical conductivity and 

large Seebeck coefficients.   

1.3 Bulk Boron Carbides 

Out of the aforementioned icosahedral boron-rich compounds, boron carbides 

are one of the most extensively investigated ones. Boron carbides is a compositionally 

disordered material whose homogeneity range extends from B4C at carbon-rich phase 

(~20 at% C) to B11C at boron-rich phase (~8 at% C).29-31  At this homogeneity range, 

all boron carbides exist as rhombohedral phase, which is similar to α-rhombohedral 

boron. Therefore, the stoichiometric boron-to-carbon ratio varies in different boron 

carbide phases, but B4C (B12C3) is commonly used to simply represent boron carbides. 

The crystal structure of boron carbide is α-rhombohedral of trigonal symmetry (R3̅m 

space group) with lattice parameters (a = 5.16 Å and α = 65.7°).28,32 As illustrated in 

Figure 1.3 (a), the primary structural units of boron carbides, 12-atom icosahedra and 

3-atom linear chain, locate at the eight vertices and the longest diagonal ([111] axis) of 

a rhombohedral unit respectively. It is well known that the rhombohedral structure can 

be transformed and described as a hexagonal structure, in which the [0001]h axis 

corresponds to the [111]r rhombohedral axis. In this dissertation, all crystallographic 

indices are in rhombohedral notation.  

Lots of works have been done to investigate the occupancy of carbon atoms in 

the boron carbide rhombohedral unit cell, especially in the 3-atom chain.33-37 There are 

two types of chemically distinct sites in each icosahedral cluster: six equatorial sites 
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connecting to the chain and six polar sites connecting directly to another icosahedron, 

as visualized in the B12 icosahedra shown in Figure 1.3 (b), in which the bright atoms 

represent polar sites while the dark atoms represent equatorial sites.32 The possible 

combination of structural elements for boron carbide which has been proposed are B12 

and B11C icosahedra and C-C-C, C-B-C (Figure 1.3 (d)), C-B-B (Figure 1.3 (e)), B-B-

B, B-vacancy-B (Figure 1.3 (f)) chains. But there is still debate on the exact carbon 

occupancy in boron carbide even with same stoichiometric boron-to-carbon ratio. For 

example, the structural representation of B4C or B12C3 could be (B11C)CBC or 

(B12)CCC. If taking the equatorial sites and polar sites into account, (B11C)CBC could 

be further categorized into two cases, (B11Cp)CBC and (B11Ce)CBC, in which Cp means 

carbon atom occupying polar site and Ce represents carbon atom occupying equatorial 

site.38 Figure 1.3 (c) shows one polar boron site is randomly substituted by a carbon 

atom (black sphere).  

It is worth noting that in practice the as-synthesized boron carbides, mostly 

being polycrystalline, are more disorder than the ideal model, which means the carbon 

atoms could substitute any boron atoms in the icosahedra and diagonal chain. However, 

just because of the complicated structure, boron carbide as a p-type semiconductor 

exhibits unusual chemical and physical properties, such as super hardness (only lower 

than diamond and cubic boron nitride), low density (~2.52 g/cm3), light weight, high 

melting point (~2540 °C), high corrosion resistance, wide bandgap, high cross-section 

for absorption of neutrons and excellent high temperature TE performance.  
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Figure 1.3: Element rhombohedral unit cell and structural components of boron 

carbide. (a) the general locations of B12 icosahedra and 3-atom linear chain (C-B-C) in 

a elementary cell; (b) one B12 icosahedron with polar sites and equatorial sites 

highlighted; (c) One B12 icosahedron with a B polar site randomly substituted by C 

atom; (d)-(f) three types of diagonal chain are illustrated C-B-C, C-B-B, B-vacancy-

B.32 

 

 

 

In early 1984, boron carbide was proposed by Charles Wood et al.39 to be 

potentially used for high temperature TE converter because of the high temperature 

stability and exceptional electronic transport properties. The figure of merit (ZT) of hot 

pressing bulk boron carbide were reported by M. Bouchacourt et al.40 as early as in 

1985 and the largest value of ZT was 1.06 at 1250 K for boron carbide with 13.3 at% 

carbon, which further confirm the good TE performance of boron carbide. After that, 

the thermoelectric properties of boron carbide and silicon or aluminum doped boron 

carbide synthesized via hot pressing, arc melting, spark plasma sintering are widely 

studied with only a few ZT (less than 1) reported in 1990s.34,41-48 It was found the 
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Seebeck coefficient of boron carbide is large ( 200-320 μV/K) at high temperatures and 

continuously increases up to 2000 K;48,49 its electrical conductivity also increases when 

temperature elevates; while its thermal conductivity is very low (5-30 W/mK) in the 

whole homogeneity range and remains low (5-12 W/mK) at high temperatures.49 Based 

on equation (1.1), all these properties make boron carbide a very promising TE material 

with potential high figure of merit ZT, especially in high temperature range. Most of 

the boron carbide materials being studied is polycrystalline. In order to better study the 

thermoelectric properties of boron carbide, I. Gunjishima et al.50 synthesized single 

crystalline boron carbides using a floating zone method. The Seebeck coefficient of 

single crystalline boron carbides is 240-260 μV/K, which is comparable to the 

polycrystalline, but their thermal conductivity is higher than that of polycrystalline ones.  

Entering 2000s, M. Takeda et al. proposed to fabricate boron carbides thin film using 

pulsed laser deposition and intense pulsed ion beam evaporation.51,52 Moreover, a thin 

film based thermoelectric device was demonstrated. B13C2 film and SrB6 film was used 

as p-type and n-type parts respectively to form the p-n thermoelectric device,53 as 

shown in Figure 1.4 (a). Figure 1.4 (b) presents the open circuit voltage (maximum 3.93 

mV at ΔT = 53 K) measured with applying the temperature difference to the device, but 

the hot side temperature was not specified. After inserting a load into the circuit, the 

output voltage and output electrical power were also evaluated and a maximum 9.15 

pW was obtained when load resistance equals to internal device resistance, which is 

quite small as compared to the maximum output (several Watts at similar conditions) 

of other available thermoelectric modules (i.e. Bismuth Telluride) composed of tens of 
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thermocouples. Obviously, there is an urgency to improve the figure of merit (ZT) of 

the boron carbides.  

 

 

 

 

Figure 1.4: (a) A photograph of the p-n thermoelectric device; (b) open circuit voltage 

generated from the device with the temperature difference being applied to the 

device.53 

 

 

 

1.4 Why Going to Nanoscale 

From equation (1.1), it is apparent that a higher figure of merit ZT would be 

obtained by increasing the Seebeck coefficient S and electrical conductivity σ, while 

decreasing the thermal conductivity κ = κe + κlat, where κe and κlat represent the thermal 

conductivity contributed by electrons and lattice vibrations respectively. For bulk TE 

materials of metals and highly doped semiconductors, in which charge carriers (i.e. 

electrons) dominate both the electron and phonon transport, those three parameters are 
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inter-correlated.54 Increasing S would generally result in decreasing σ at the same time 

because of the less number of charge carriers and increasing σ implies an increase in κ 

since the electrons contributed thermal conductivity is governed by Wiedemann-Franz 

law, which states that the ratio of the electrical conductivity and thermal conductivity 

contributed by charge carriers is fixed at specific temperature:55 

 
σ

κ𝑒
= 𝐿 (1.3) 

where L is a constant Lorenz number, 2.410-8 J2K-2C-2, and T is the temperature. 

Therefore, it is really difficult to increase ZT in those bulk TE materials because of such 

adverse effect. However, heat transport in semiconductors is dominated by lattice 

vibration or phonons,56 which suggests that interfering with the phonon dynamics could 

effectively suppress the thermal conductivity while having the Seebeck coefficient and 

electrical conductivity almost unchanged. 

It is known that the lattice thermal conductivity can be reduced by phonon 

scattering from various types of defects, including point defects, boundaries and 

stacking faults of finite semiconductor crystals.57-61 Point defects or atomic disorders 

could be introduced through the synthesis of isostructural solid solution alloys and 

consequently leads to significant reduction of thermal conductivity. The representative 

examples are Bi2-xSbxTe3 and Bi2Te3-xSex solid solutions, whose TE performance are 

superior to the parent compound Bi2Te3’s.62,63 The other idea “phonon glass electron 

crystal” was proposed by Slack in 1995 to achieve low lattice thermal conductivity 

without deteriorating electronic performance. 64 The “rattling” motion of loosely 

bonded atoms in skutterudites and clathrates, greatly enhances the phonon scattering, 
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while has no effects on electron transport.65-68 Though the aforementioned two 

approaches have led to marked increase in ZT, the best ZT of most bulk TE materials 

without nanoscale engineering is around 1, which is still far away from the desired ZT 

(>3) for practical applications.69  

Nanophase inclusions in the order of 3-20 nm were frequently discovered in 

bulk AgPbxSbTe2+x system,70-73 AgPbxSnySbTe2+x+y system,74 NaPbxSbTe2+x system75,76 

and KPbxSbTe2+x system77, which reduce the lattice thermal conductivity effectively to 

as low as 0.5 W/mK because of the strong boundary scattering of phonon. The 

maximum ZT of these bulk nanostructured TE materials reaches ~1.7 for cubic 

AgPbxSbTe2+x.72 Figure 1.5 shows the figure of merit (ZT) values of more high 

performance TE materials developed with the idea of nanostructuring.78 The operating 

temperature of these TE materials covers a wide range from 200K to 1300K. The initial 

works on low dimensional TE materials including superlattices, quantum dots and 

nanowires were pioneered by Dresselhaus et al. who suggested that quantum 

confinements could enhance the power factor (S2σ). A high ZT value of up to 2.4 and 

3.0 was found in Bi2Te3/Sb2Te3
79 and PbTe/PbTeSe18 superlattices respectively.       
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Figure 1.5: Figure of merit (ZT) of some high performance bulk TE materials as a 

function of temperature. Most of these TE materials are subjected to nanostructure 

engineering.78 

 

 

 

In addition, in gas-kinetic theory, the heat transport in an elastic medium, which is 

a random process, could be described in the following equation:80 

 κ =
1

3
𝐶𝜈ℓ (1.4) 

where C is the heat capacity per unit volume, ν is the velocity of sound, ℓ is the mean 

free path of phonon between collisions. In addition, the length scale of mean free path 

for phonons is usually much larger than that for charge carriers. Such large difference 

raises a strategy of nanostructuring to reduce thermal conductivity without affecting the 

electron transport properties.81 For this strategy to be successful, the nanostructures 

should be smaller than phonon mean free path but larger than electron mean free path 



15 

in at least one dimension. For single crystalline silicon, its phonon mean free path is 

~300 nm, while the electron mean free path is only ~1-2 nm.82  A first principle study 

on n-type silicon with charge carrier concentration between 1016 and 1019 cm-3 shows 

the nanostructures with size of 20 nm could exhibit five times higher ZT than bulk 

counterparts in the temperature range of 100 to 400 K.83 Much stronger TE 

enhancement was observed in individual Si nanowires experimentally, whose thermal 

conductivity (2 W/mK) was much smaller than bulk Si’s 150 W/mK.84 The resulting 

ZT values are very promising, 0.6 for rough Si nanowires at room temperature85 and ~1 

for normal Si nanowire at 200K,86 which are tens of fold enhancements comparing to 

the bulk (ZT = 0.01). Other than Si nanowires, GaN,87 Bi2Te3,88 InSb,89,90 InAs91,92 and 

Bi nanowires93 also exhibit significant reduction in thermal conductivity due to phonon-

boundary scattering.  

Besides the size reduction induced high performance TE materials, it has been 

proposed that the geometry of the low dimensional nanostructures, especially kinks in 

nanowires, could also play an important role in reducing thermal conductivity while 

enhancing Seebeck coefficient and electrical conductivity. For instance, molecular 

dynamics (MD) simulations performed by Jinwu Jiang and coworkers94 on the 

investigation of kinked Si nanowires’ thermal conductivity indicates that the kinks are 

helpful to reduce the thermal conductivity. Comparing to the straight nanowires, the 

reduction percentage of kinked Si nanowires’ thermal conductivity can be as high as 

70% at 300K when there are 10 segments of kinks. Biao Wan et al.95 theoretically 

investigated the TE transport properties of bent nanowires, kinked nanowires, stubbed 
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nanowires and segmented like superlattices nanowires using GaAs nanowires as an 

example. For kinked nanowires with single kink, the maximum power factor (S2σ), 

which is a function of Seebeck coefficient and electrical conductivity, is 1 kB
2/h when 

kink angle is 30° at μ (chemical potential) = 0.11 eV. While for kinked nanowire with 

fixed kink angle (45°) and different number of kinks (1, 2, 3), more kinks could enhance 

the Seebeck coefficient as well as power factor. Therefore, kinks in nanowires will not 

only reduce thermal conductivity but also improve the power factor, which offers the 

opportunity to further improve the figure of merit ZT in nanowires.  

Inspired by the theoretical prediction and experimental validation of increasing 

the figure of merit ZT by reducing dimensionality to 2-dimensional (2D) quantum 

wells96-98 and superlattices and 1-dimensional (1D) nanowires99-101, some works have 

been done on exploring low dimensional boron-rich nanostructures for TE in recent 

years.102,103 In the case of boron nanobelts with α-tetragonal crystal structure, the power 

factor was found to be the highest among crystalline boron and amorphous boron. 102 

Another boron-rich nanostructure being investigated for TE application is boron 

carbide nanowires, which do have lower thermal conductivity (7 W/mk) than bulk (35 

W/mK) at room temperature.103 However, to date, no direct ZT value has been measured 

and reported for boron-rich nanostructures. 

Moreover, another driven force for bringing bulk boron-rich materials to 

nanoscale is their potential applications in serving as building blocks in 

microelectromechanical systems (MEMS) and nanoelectromechanical systems (NMES) 

because of their p-type or n-type semiconductor nature and excellent mechanical 
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properties.104-106 Recently, more efforts have been emphasized on synthesizing and 

studying boron-rich including boron carbide nanostructures, which will be reviewed in 

detail in the next section. 

1.5 Boron-rich (Boron Carbide ) Nanostructures 

Lots of works have been done on making boron-rich thin films, which could be 

considered as a type of 2D nanostructures, but most of the recent research focus on 

synthesizing and characterizing 1D boron-rich nanostructures. For examples, boron 

nanowires,107 boron nanobelts,108 boron nanoribbons,109 alkaline-earth hexaboride 

(CaB6, SrB6, BaB6)110,111, rare earth hexaboride (REB6, RE = Y, La, Ce, Pr, Nd, Sm,, 

Gd, Tb, Dy, Ho),112 boron arsenide (B12As2) nanowires,113 boron carbide (B4C) 

nanowires103,114-117 and nanorods118 and boron suboxide (B6O) fibers and nanowires 119 

have been synthesized by magnetron sputtering, laser ablation, catalyst-assisted 

chemical vapor deposition and solid state reaction.  The structure,103,114,115 field 

emission,117 thermal transport120 and electrical transport117 properties of the above 

boron-rich 1D nanostructures have been investigated and reported, out of which, boron 

nanoribbon120 shows enhanced thermal conductivity when bundled together while the 

thermal conductivity of boron carbide nanowires is significantly lower than that of bulk 

boron carbide. It should be noted that some 2D boron-rich nanostructures, such as boron 

and boron carbide nanosheets,121-124 are also able to be fabricated currently, but with 

little information about their thermal and electrical properties. 

Boron carbide nanostructures, including 0D (nanoparticles), 1D (nanowires, 

nanorods and nanobelts) and 2D (nanosheets and nanoflakes) have attracted increasing 
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attentions in recent years due to promising applications in reinforcing nanocomposites 

and TE conversion. The boron carbide nanoparticles synthesized by solid state reaction 

or solid vapor reaction tend to have nanometer size (less than 100 nm) and submicron 

size (around 300 nm), and it was expected that the small grain size could significantly 

enhance the mechanical properties of B4C nanoparticle reinforced nanocomposites.125-

127 Most reported boron carbide 1D nanostructures, especially nanowires, were 

synthesized via carbothermal reaction and catalyst-assisted chemical vapor deposition 

with solid or gas source of B and C. Even though the as-synthesized boron carbide 1D 

nanostructures are usually single crystalline,103,114 oxygen rich amorphous layer and 

planar defects are often observed.103 For example, Figure 1.6 (b) and (c) shows a boron 

carbide nanowire with stacking faults orientation perpendicular to the projected 

preferred growth direction of the nanowire (transverse faults, TF) and Figure 1.6 (d) 

and (e) shows a boron carbide nanowire with stacking faults orientation parallel to the 

projected preferred growth direction of the nanowire (axial faults, AF). The planar 

defects are induced by disorder stacking during the growth, as shown in Figure 1.6 (a). 

In addition, a thin amorphous layer was seen on both type of nanowires. Out of question, 

those amorphous layer and planar defects might affect the various properties of boron 

carbide 1D nanostructures, such as thermal conductivity and mechanical properties. But 

due to the complicated rhombohedral structure of boron carbide, there is lack of detailed 

structural characterization on the formation of planar defects, which challenges the 

establishment of true structure and property relationship of boron carbide nanowires. 
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Figure 1.6: (a) Schematic drawing of CCP arrangement for a rhombohedral boron 

carbide with normal stacking sequence, twins and stacking faults; Transmission 

electron microscope (TEM) results of as-synthesized nanowire with transverse planar 

faults (b and c) and axial planar faults (d and e).103 

 

 

 

Another issue worth noting is that the determination of planar defects is mostly 

based on the modulated contrast of high resolution TEM images and streaks appearing 

in diffraction patterns (DPs), which requires extensive and tedious TEM works. The 

model proposed by Zhe Guan et al.128 on correlating the DPs and projected preferred 

growth direction of a nanowire helps to facilitate the process of identifying the types of 

planar defects that exist in the nanowires. In that model, the (001) planes were defined 
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as defect planes and three in-zone axes [100], [010] and [11̅0] (orange line in Figure 

1.7), from which the defect planes (001) could be seen and three off-zone axes 

[001], [101̅] and [011̅] (blue line in Figure 1.7), from which the defect plane could 

not be seen. Based on the simulation results and experimental verification, two TF cases 

and three AF cases were obtained to help identify the stacking fault orientation of as-

synthesized boron carbide nanowires when only off-zone data could be collected. Table 

1.1 shows the five cases and the corresponding identification criteria. However, one 

question could be asked here is whether one can find an alternative and even quicker 

way to determine the planar defects of 1D nanostructures? The answer is conditionally 

yes and this will be discussed in detail in section 1.7. 

 

 

  

 

Figure 1.7: A schematic drawing of the rhombohedral unit cell with defined defect 

plane (001) being shaded, three in-zone axes [100], [010] and [11̅0] within the 

defect plane (orange lines) and three off-zone axes [001], [101̅] and [011̅] out of the 

defect plane (blue lines).128 
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Table 1.1: Five cases of determination of fault orientation within a nanowire when 

only off-zone TEM data are available128 

Case No. Zone 

Axis 

Alignment of the projected preferred growth direction in 

the diffraction pattern 

TF case 1 [001] Through 1̅1̅0 and 110 spots 

TF case 2 [101̅] Through 1̅01̅ and 110 spots 

[011̅] Through 01̅1̅ and 011 spots 

AF case 1 [001] Perpendicular to the tie line between 01̅0 and 010 spots 

AF case 2 [101̅] Perpendicular to the tie line between 01̅0 and 010 spots 

AF case 3 [011̅] Perpendicular to the tie line between 01̅1̅ and 011 spots 

 

 

 

1.6 Kinked Nanowires 

Since we have already understood the structural evolution in straight boron 

carbide nanowires, our focus in this dissertation is the kinked boron carbide nanowires. 

In this section, a brief overview of the research progress of the kinked semiconductor 

nanowires is presented.  

The common “bottom up” synthesis methods developed to synthesize group IV, 

III-V semiconductor nanowires and metal oxide nanowires, including molecular beam 

epitaxy (MBE), chemical vapor deposition (CVD), chemical beam epitaxy (CBE) laser 

ablation, and thermal evaporation mainly apply one principle growth mechanism, i.e., 

vapor liquid solid (VLS) growth, which was first mentioned by Wagner and Ellis on 

investigating Au-catalyzed Si whisker growth.129,130 In VLS growth, there are three 

main steps: (1) the metal catalysts (Au, Cu, Ti, Fe or In)131 are prone to form liquid-

alloy droplet as the precursor gas is being injected; (2) the liquid-alloy droplet will 

eventually become saturated when excess precursor gas decomposes and adsorbs on or 

into the droplet; (3) the whiskers or nanowires will then precipitate layer by layer 
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beneath the liquid-alloy droplet with continuous precursor gas supply. The best 

advantage of VLS is the guided growth, which is important for controlling the 

morphology of nanowires in order to fabricate functional devices.132 Efforts were 

initially made to synthesize straight nanowires for axial nanowire based device.133,134 

However, by varying the reaction conditions (temperature, pressure and source gas), 

kinked nanowires were often accompanied by the growth of straight nanowires. As 

early as in 1960s, kinked or branched silicon (Si) micro-whiskers were observed.135 

Later in 1990s, kinked and curved Si nanowires were reported by J. Westwater and his 

coworkers.136 After that, more and more kinked nanowires from other materials system 

have been synthesized and reported, for example germanium (Ge) nanowires,137-139 

III/V group nanowires (GaP,140 InP,141-143 InAs,144 GaAs,145-147 Zn3P2
148),  oxide 

nanowires (SnO2,149,150 In2O3,151-153 Zn2GeO4
154) and some heterostructure 

nanowires155-157(Si/Ge, Si/GaP, GaAs/InAs, GaP/InP). In 2009, Charles Liber’s group 

at Harvard reported a single crystalline kinked Si nanowires superstructure with 

controllable number of kinks and crystallographic direction by using proper growth 

parameters, as shown in Figure 1.8 (a) and (b). The growth direction of the synthesized 

nanowires switches from <112> to <112> at each kink site to keep a fixed 120° angle 

joint. And based on those kinked nanowires, some novel nanodevices were designed 

and demonstrated, such as bioprobe FETs 158-160 and p-n diodes, 161 which raised the 

importance of kinked nanowires. Figure 1.8 (c) and (d) illustrates the general overview 

of the design and application of bioprobes made of kinked Si nanowires with the ability 

of deep penetrating and intracellular and extracellular recording. Besides controllable 
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synthesis, the underlying growth mechanisms of kinked nanowires are also of 

significant importance. Kinking of nanowires means the growth direction or orientation 

changes and is often caused by changing the reaction conditions (temperature and 

pressure). It was proposed that the instability at liquid-solid surface or surface migration 

of catalyst or liquid-solid droplet maybe responsible for kinks’ formation in 

nanowires.162 However, it still requires more works to better understand the kinked 

nanowires’ crystal structures, growth mechanisms and properties in terms of both 

experimental and theoretical results. 

 

 

 

 

Figure 1.8: (a) Low magnification transmission electron microscope (TEM) image of 

a kinked Si nanowire with multiple number of kinks (b) Zoom in TEM image of the 

kink area showing the growth directions of two arms and transition part;161 U-shaped 

bioprobe with integrated nanoFET (red) for intracellular recording (c) and W-shaped 

with multiple nanoFETs (red) bioprobe for simultaneous intracellular/extracellular 

recording based on kinked Si nanowires.159 

1.7 Raman Spectroscopy on Individual Nanowires 
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In section 1.5, a question was raised on whether there is an alternative technique 

other than TEM to determine the planar defects of boron carbide nanowires effectively 

and quickly. Quick identification of boron carbide nanowires’ defects and fault types 

will facilitate the mechanical and thermal test, which is important for establishing 

structure-property relationships. It was found that Raman spectroscopy might be an 

option. Due to its non-destructive and micro-spatial resolution, Raman spectroscopy is 

a powerful tool for rapid structural, compositional and properties characterization of 

individual nanowires.  

A great number of Raman spectroscopy characterization works on individual 

nanowires have been reported in the last decade. Out of all, polarized Raman 

spectroscopy was most widely used to determine the growth direction of single GaN163, 

RuO2
164,  α- and β-Bi2O3

165 and CdS166 nanowires, to study the strain effect of single 

InAs167, Si168 and GaN/AlN nanowires169, and to study the diameter dependent Raman 

scattering of single Si and AlN nanowires. In addition, the composition of single 

wurtzite and zinc-blend GaAs170 and AlxGa1-xAs/GaAs171 was analyzed by combining 

the compositional dependence of the Raman peaks with the existence of photonic 

modes in the nanowires. Moreover, both ordered stacking faults (polytypes, 2H and 9R) 

and disordered stacking faults in single Si nanowire identified by Raman spectroscopy 

with sensitivity to a few fault planes were reported by Lauhon’s group.172,173 One 

interesting finding of their studies is for kinked Si nanowires, the defects could evolve 

during growth, which could be characterized by Raman spectroscopy, as shown in 

Figure 1.9. Low magnification TEM image with inset DPs in Figure 1.9 (a) shows the 
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growth direction of the Si nanowire switched from 〈111〉 to 〈112〉 from left to right. By 

taking Raman spectra at the regions (green circle in Figure 1.9 (c) and (d)) with different 

growth directions, it was found that an extra Raman peak at ~495 cm-1 showing up in 

the 〈112〉 region. This finding was further confirmed by doing the Raman mapping of 

the nanowire via monitoring ~519 cm-1 and ∼495 cm-1 bands. More recently, the 

polytypes formed by periodical twinning in individual Ge nanowire138,174 was also 

confirmed using Raman spectroscopy. 

Inspired by the success of identification of planar defects in individual Si and 

Ge nanowires by means of Raman spectroscopy, in this dissertation we have performed 

Raman spectroscopy studies on individual boron carbide nanowires to determine if 

there is any relationship between the stacking faults orientations/densities and Raman 

scattering.  
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Figure 1.9: (a) Low magnification TEM image with inset diffraction patterns (DPs) 

from [112] zone axis showing the growth direction of the nanowire changed from 

〈111〉 to 〈112〉 (left to right) at a kink (red circle). (b) Raman spectra taken from 

regions indicated by green circles in (c) and (d) (top and bottom, respectively). Raman 

intensity mapping of (c) ∼519 cm-1 and (d) ∼495 cm-1 bands. Scale bars are 1 µm172 

 

 

 

1.8 Objectives 

As reviewed above, boron carbide nanowires have already been synthesized via 

carbothermal reduction method or CVD method and their crystal structure and thermal 

properties have been characterized by means of TEM examination and microthermal 
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measurement. However, no detailed microstructure-thermal property relation of boron 

carbide nanowire has been established so far. Particularly, there is no experimental 

study on the structural and thermal characterization of kinked boron carbide nanowires. 

Therefore, the general objective of this dissertation project is to explore a high 

temperature TE material—boron carbide nanowires (straight or kinked) and to 

understand their growth mechanisms, structure and thermal transport property relations. 

The approach is to integrate rational materials synthesis, transport property 

measurement on single nanowire, thorough structural characterization of samples 

before and after measurement, and theoretical analysis to understand structure-phonon 

transport property relation.  

In Chapter 2, the details of the experiments and methods are described as well 

as the working principle of the instrument being used. In Chapter 3, the structural 

investigation of boron carbide nanowires, including the structural evolution of straight 

boron carbide nanowire before and after mechanical test and thermal test, and the 

detailed kinking behavior study in as-synthesized kinked boron carbide nanowires are 

presented. In Chapter 4, a thorough study of the thermal transport in individual boron 

carbide nanowires is presented. This part of work is done in collaboration with Dr. Deyu 

Li’s group at Vanderbilt University. The thermal transport measurement was done by 

Li’s group. The content discussed in the dissertation is extracted from a manuscript 

jointly prepared by the two groups. (Both myself and Mr. Qian Zhang from Vanderbilt 

University are first authors of the manuscript.). In this collaborative work, the effect of 

diameter, carbon concentration, stacking fault orientation, fault density and kink 
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morphology on the final thermal conductivity are explored. It is worth noting that, to 

the best of our knowledge, the reduction of thermal conductivity because of the 

presence of kink is verified experimentally for the first of time. In addition, Seebeck 

coefficient and electrical conductivity were measured as well as the ZT value of boron 

carbide nanowires was estimated. In Chapter 5, micro-Raman study on individual boron 

carbide nanowires was performed and presented. The experimental parameters were 

optimized to extract decent Raman signal due to the small Raman scattering cross 

section of boron carbide nanowires. The relationship between the stacking faults and 

Raman scattering was evaluated preliminarily. Chapter 6 presents the conclusions and 

future works.



 

CHAPTER 2: EXPERIMENTS AND METHODS 

 

In this chapter, the main focus is the discussion of the synthesis methods and 

characterization tools used for this dissertation work, including but not limited to the 

general working principles, components of the tools, and the operation parameters.     

2.1 Chemical Vapor Deposition (CVD) 

Chemical vapor deposition (CVD) is one of the few deposition processes for 

producing high quality coating and thin film initially and now is widely used in the field 

of low dimensional nanostructures’ synthesis, such as 2D graphene, 1D carbon 

nanotube, and various nanowires.175-177 A typical CVD process involves a series of gas-

phase and surface chemical reactions close to or on a substrate while introducing source 

gas precursors into the reactor chamber, in which the decomposition of the precursors 

and subsequent reactions are usually activated or initiated by heating, high frequency 

radiation or plasma. Depending on the pressure inside the reaction chamber, the CVD 

can be further divided to three groups: atmospheric pressure CVD (APCVD), low 

pressure CVD (LPCVD) and ultrahigh vacuum CVD (UHVCVD), whose CVD 

processes are at atmospheric pressure (760 torr), sub-atmospheric pressures (~10-3 torr) 

and very low pressure (typically below ~10-8 torr) respectively.178 

In the case of synthesis of our boron carbide nanowires via co-pyrolysis of dibo-
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rane (B2H6) and methane (CH4), a home-built LPCVD system was developed and 

unitized. Here based on the schematic drawing of our LPCVD system shown in Figure 

2.1, the general components of a CVD setup are briefly illustrated.179 Gas delivery 

system, which supplies the precursors and carrier gas to the reactor chamber, is 

presented in the right dashed square, in which 1-3 denotes the gas cylinder for B2H6, 

CH4 and Ar respectively, whose flow rates are regulated by each gas flow controller (4-

6). The blue dashed square highlights another important component, furnace and reactor 

chamber. The reactor chamber usually is a quartz or alumina tube, and the heating is 

provided by the electrical furnace with a thermocouple (indicated by the red line) 

inserted at the center with sensor placed between the heater and tube.  The target 

heating temperature can be set in the temperature controller, which is a proportional-

integral-derivative controller (PID controller) controlling the power switch and solid 

state relay.  The thermocouple measures the instant temperature of the heating zone 

during the heating process and sends the information to the temperature controller, 

which maintains a stable power supply to the furnace when the target temperature is 

reached. The third part of the LPCVD system is the vacuum system, which includes a 

pressure gauge placed downstream measuring the pressure of the chamber (tube), a 

vacuum trap close to the outlet of the chamber condensing additional vapors inside the 

system to enhance the vacuum level, a mechanical pump providing vacuum for the 

whole system, and a bubbler used for releasing pressure when venting the chamber.  
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Figure 2.1: Schematic drawing of the LPCVD system. Gas delivery system: 1-

3 denotes gas cylinder for B2H6 (precursor gas), CH4 (precursor gas), Ar (carrier gas) 

respectively; 4-6 are gas flow controllers; 7-9 are valves. Furnace and reactor 

chamber: 10 denotes thermocouple; 11 is the furnace; 12 is a quartz or alumina tube; 

13 is the substrate; 14 is a quartz or alumina boat. Vacuum system: 15 denotes 

pressure gauge; 16 is a vacuum trap; 17 is bubbler; 18-20 are valves; 21 is the vacuum 

pump.179 

 

 

 

In our LPCVD system, the highest temperature locates at the center of the 

furnace. The measured heating temperature goes down gradually as the thermocouple 

moves away from the center and drops to the lowest at the two ends of the tube.179 The 

position dependent morphology and crystal structures of boron nanostructures 

synthesized by this method were carefully investigated by my former groupmate, Zhe 

Guan.179 Three substrates coated with nickel (Ni) were placed close to the tube’s right 

inlet where precursor gases (B2H6 and CH4) were injected through, as shown in Figure 

2.2 (a). The temperature distribution trend is T3 > T2 > T1. In addition, the 

decomposition rates of B2H6 and CH4 are different. The B2H6 decomposed quickly and 

completely once entering the tube while CH4 needs more time and higher temperature 



32 

to be fully decomposed. Therefore, the boron content is higher at the inlet while carbon 

content is higher a little away from the inlet (substrate #3 position), as indicated by the 

dotted and dashed curve in Figure 2.2 (a). The CVD process is extremely sensitive to 

the temperature and the content of source precursors and so are the morphology and 

crystal structures of final products. Three different types of crystalline boron 

nanostructures were found on the above three substrates: substrate #1, α-tetragonal 

boron nanoribbons and nanoplatelets; substrate #2, tapered and short boron carbide 

nanostructures; substrate #3, boron carbide nanowires with high aspect ratio.  

 

 

 

 

Figure 2.2 (a) schematic drawing of the arrangement of the three substrates, 

temperature profile and concentration profiles within the tube; the SEM images of the 

products at position #3 (b), #2 (c), and #1 (d) respectively.103 
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In this work, our focus is the straight and kinked boron carbide nanowires 

synthesized at position #3. The heating temperature is between 950 and 1050 ºC and 

Nickel (Ni) was used as catalyst material and coated onto Si/SiO2 or sapphire substrates 

via sputter coating. The detailed synthesis procedures and parameters could be found 

elsewhere.103,179  

2.2 Scanning Electron Microscope (SEM) 

The resolution of light microscope is determined by the formula of Ernst 

Abbe:180  

 𝑟𝑒𝑠𝑜𝑙𝑣𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 =
0.61𝜆

𝑁. 𝐴.
 (2.1) 

where λ is the wavelength of light and N.A. is numerical aperture of the lens. A useful 

rule of thumb for light microscope is that theoretical maximum resolution is λ/2. 

Therefore, as the wavelength of the light gets smaller, the resolving power becomes 

better. The visible light ranges from 400 nm to 700 nm. Current most modern light 

microscope enables the eye to resolve objects separated by as small as 100 nm via using 

shorter light with a shorter wavelength and reducing the numerical aperture together. 

However, with a great demand of seeing features less than 100 nm or even 

smaller as the rapid development of nanomaterials, alternative microscopy tools are in 

need. It is well known that the wavelength of electrons depends on the accelerating 

voltage, for example, it is 0.009 nm when the accelerating voltage is 20 KV if ignoring 

relativistic effects from the following equation: 

 λ =
1.22

√𝐸
 (2.2) 
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Obviously, the electron microscope would have higher resolution than the light 

microscope in terms of much shorter wavelength according to equation (2.1). 

Moreover, it is discovered the accelerated electrons behave much like light in vacuum 

and electric and magnetic fields could be used to shape and focus the electron beam 

path. SEM uses high-energy electrons instead of light for imaging via raster scanning 

the surface of the specimens, which is an advanced tool for high-resolution imaging of 

specimens in small scale. Comparing with traditional light microscope, the additional 

advantages of SEM include much higher magnification and larger depth of field, which 

are able to produce images representing 3D structure of the sample.   

A typical SEM consists of electron gun, alignment coil, vacuum column, 

condenser lenses, objective lens, scan coil, objective lens aperture, specimen chamber 

and secondary electrons detector, which are all shown in Figure 2.3. Electron gun, on 

top of the column, is used to generate a beam of incident electrons with energy ranging 

from 0.1 to 30 KeV. Two types of electron guns are generally used, thermionic gun 

(hairpin tungsten and LaB6) and filed emission gun (FEG). The characteristic properties 

and performance of four typical electron guns are summarized in Table 2.1. The source 

size of FEG is much smaller than that of thermionic guns, which enables a better 

resolution in SEM with FEG. As mentioned earlier, accelerated electrons only behave 

like light in vacuum, which requires the column and specimen chamber in a good 

vacuum level with the help of diffusion pump in order to focus electrons emitted from 

the gun onto the surface of the specimen with an even small probe size (0.4-5 nm) 
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through a series of electromagnetic lenses (two condenser lenses and one objective lens) 

and a set of scanning coils near the end of the column.  

 

 

 

 

Figure 2.3: Schematic diagram of a SEM showing its key components181 

 

 

 

Table 2.1: The characteristic properties of four typical guns: Tungsten, LaB6, 

Schottky FEG and Schottky FEG180 

 
Tungsten LaB6 Schottky FEG cold FEG 

Brightness 

(A/cm2sr) 

106 107 5*108 109 

Operating 

temperature (K) 

2700 1700 1700 300 

Crossover Size 

(nm) 

105 104 15 3 

Energy spread 

(eV) 

3 1.5 0.7 0.3 

Current stability 

(%/hr) 

<1 <1 <1 5 

Vacuum (Torr) 10-5 10-7 10-8 10-11 

Lifetime 100 1000 >5000 >5000 
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When the electrons beam reaches onto the surface of the sample, the electrons-

matter interaction (elastic and inelastic scattering) happens, which results in different 

types of signal from different volumes of interaction. The size of the interaction volume 

extending from 100 nm to 5 μm depends on many factors, including electron energy, 

atomic number and density of the specimen. As shown in Figure 2.4, Auger electrons 

(AE), secondary electrons (SE), backscattered electrons (BSE) and characteristic X-

rays are the typical signals collected by specific detectors for topography and 

composition analysis. In most cases, SE is collected for imaging the true surface 

structure of a specimen due to its relative small escape depth (~50 nm).  

 

 

 

 

Fig. 2.4 Electron beam interaction diagram showing different types of electrons and 

X-rays ejected from the surface of the specimen182  
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In the real practice operation of SEM, acceleration voltage, working distance, 

and spot sizes are three important parameters affecting get high resolution and high 

quality SEM images if the alignment is good. In our work, a JSM-6480 SEM from 

JEOL with has a thermionic hairpin tungsten gun, a spatial resolution at 30 kV of 3 nm 

for SE imaging, and 4 nm for BSE imaging, was used to characterize the morphology 

of boron carbide nanowires. The acceleration voltage, working distance and spot size 

was chosen as 10 KV, 10, and 30 nm respectively.  

2.3 Transmission Electron Microscope (TEM) 

TEM is another type of electron microscopes being used in examining 

nanostructures and is extensively used in this work. The accelerating voltage in TEM 

is quite high, usually 80-300 KV, which brings electrons beam with high energy and 

extremely short wavelength. If recalling Equation (2.1), it would be easily to conclude 

the resolution of TEM will be even better than SEM’s and it is true in reality. Different 

from raster scan of a fine electron beam probe in SEM, the parallel electron beam is 

transmitted through the ultra-thin specimen (less than 500 nm) and then the transmitted 

electrons are collected and focused for imaging in TEM. For high resolution TEM 

(HRTEM) imaging, the specimens’ thickness should be less than 100 nm. Therefore, 

the general purpose of TEM sample preparation is to make the sample as thin as 

possible, which are difficult. Several methods have been developed on TEM sample 

preparation, for example precision ion polishing (PIP), focused ion beam (FIB) thinning, 

and ultramicrotome cutting.180 In the case of our boron carbide nanowires, whose 

diameters are usually less than 100 nm, the thickness is not an issue. Individual 
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nanowires are transferred onto the TEM grid. Our approach is to transfer a bunch of 

boron carbide nanowires from the donor substrate onto a PDMS receiver substrate via 

dry contact printing method. The individual nanowires are later picked up with a 

micromanipulator and then moved onto the mesh slot of the TEM grid.    

There are two basic operation modes of the TEM imaging system, as shown in 

Figure 2.5. One is diffraction mode, in which the electron diffraction pattern (EDP) 

forming at the back focal plane (BFP) is projected onto the viewing screen or CCD 

camera. The other is image mode, in which the image of the object forming at the 

imaging plane is projected. In combination of EDP and TEM image, the structural and 

morphological information of the examined samples could be obtained. By inserting a 

selective area aperture (SA) at the image plane of the objective lens, the EDP from a 

specific area of the sample could be recorded, which is called SAEDP. Most of the 

EDPs shown in this dissertation are SAEDPs. In addition, with the help of objective 

aperture locating at the BFP, bright field (BF) and dark field (DF) TEM images are 

produced by selecting the direct-beam electrons and scattered electrons respectively.  
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Figure 2.5: Schematic and simplified ray diagram of two basic operation modes in 

TEM: image mode (left) and diffraction pattern mode (right)183 

 

 

 

A JEOL JEM-2100 LaB6 TEM operating at 200 kV acceleration voltage was 

used to record BF TEM images, DF TEM images, HRTEM images and SAEDPs of 

boron carbide nanowires. A JEOL double-tilt holder and a Gatan double-tilt holder were 

used for large angle tilting (±30˚ in both X and Y directions).  

2.4 Energy Dispersive X-ray Spectroscopy (EDX/EDS) 

As shown in Figure 2.4, X-rays including characteristic X-rays, continuum X-

rays (Bremsstrahlung), Fluorescent X-rays (cathodoluminescence) could be produced 
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as a result of the electron-matter interaction. Out of them, characteristic X-rays carry 

energy directly related with the atoms’ orbital electrons transitions between inner shells. 

Figure 2.6 (a) presents the schematic drawing of the production of characteristic X-rays, 

in which, three steps are involved: first, an electron in an inner shell is knocked out by 

the incident high energy electron beam; second, a hole is generated in that shell; then 

an electron from the one of the outer shells transition to the hole in the inner shell with 

excess energy being emitted as a characteristic X-ray. The characteristic X-rays are 

named depending on the shell in which hole is generated and the shell from which an 

electron fills the hole, For example, the transition from the electrons in L, M and N shell 

to the vacancy in K shell emits K lines, including Kα, Kβ and Kγ. Figure 2.6 (b) also 

presents the other possible characteristic X-rays, such as Lα, Lβ and Mα. Moreover, it 

taking the energy degeneration at each shell into consideration, the case shown in Figure 

2.6 (a) emits Kα3 X-ray. 

  

 

 

 

Figure 2.6: (a) Schematic drawing of a characteristic X-ray generation process; (b) 

Different characteristic X-rays between inner and outer shell.184  
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EDX/EDS usually combined with SEM/TEM collects those characteristic X-

rays signals with the help of a semiconductor based detector consisting of a collimator, 

an electron trap, a window, a semiconductor crystal and the electronic components, 

which allows one to identify the composition elements with atomic numbers from 4 to 

92 and their atomic percentage within the specimen.185 In our work, boron with atomic 

number 5 and carbon with atomic number 6 are able to be detected by an INCA energy 

dispersive X-ray spectroscope (EDS/EDX) system from Oxford Instruments, which has 

a Si(Li) detector cooled down to liquid nitrogen temperature to reduce electronic noise. 

With integration to the TEM, we are able to identify the local composition along the 

individual nanowires by focusing the electron beam with a diameter smaller than the 

boron carbide nanowires’ diameters. One more thing need to mention is current most 

advanced EDX system (i.e. FEI super X) coupled with aberration corrected STEM 

could produce element mapping of nanostructures with atomic spatial resolution.      

2.5 Electron Energy Loss Spectroscopy (EELS) 

EELS, which collects and analyzes the inelastic scattering electrons transmitted 

through the ultrathin specimens, is a strong complementary technique to EDX/EDS for 

identifying elements (especially light elements) quantitatively and qualitatively. The 

energy resolution of EELS (<1 eV) is much better than that of EDX/EDS (>100 eV), 

which results in a more accurate analysis of the composition elements and atomic 

percentage. Besides elemental identification, EELS provides an additional tremendous 

amount of information on specimen atoms’ fine chemistry and electronic structures, 
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including but not limit to, bonding/valence state, the nearest-neighbor atomic structure, 

the free electron density and the specimen thickness.180    

A magnetic prism spectrometer mounted below the viewing screen is 

indispensable in order to collect the electron energy loss spectrum, as shown in Figure 

2.7 (a). The magnetic prism actually has an electrically isolated drift tube, in which 

electrons beam is directed by the magnetic field. And the electron beam could be 

selected by an entrance aperture with variable size mounted above the entrance of the 

magnetic prism. A schematic ray path of electrons passing through a magnetic prism is 

shown in Figure 2.7 (b), in which the electron beam was deflected by a 90° angle. The 

dispersing and focusing of zero loss and energy loss electrons in the image plane are 

different. Electrons that have lost energy travelling with a smaller speed and deflected 

further (dashed line in Figure 2.7 (b)).186 But the on-axis and off-axis electron beams 

suffering same energy loss could be brought back to a focus in the image plane, where 

the detector locates to obtain the final EELS spectrum.  
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Figure 2.7: (a) Schematic drawing of the configuration TEM-EELS and the collection 

of energy loss spectrum by a YAG based detector;180 (b) Ray paths of electrons 

travelling through a magnetic prism.186 

 

 

 

Figure 2.8 presents a typical EELS spectrum, which is separated into two parts: 

one low loss region (<50 eV) and one core (high) loss region (>50 eV). In the low loss 

region, the intense zero-loss peak mainly comes from the electrons going through an 

elastic scattering process or even without interacting with the specimen, while the 

plasmon peak actually results by a longitudinal wavelike oscillation from weakly bound 

conduction and valence-band electrons.180 As moving to the core (high) loss region, 

primary elemental information related to tight bounding electrons, core-shell electrons 

and distribution could be extracted from the spectrum. In order to ionize an atom, a 

critical energy needs to be transferred from the incident electron beam to the electron 

being kicked out, which is shown as the ionization energy edge of specific atom. For 

example, N-K edge, Ti-L1,2,3 edge and O-K edge are identified the EELS spectrum in 

Figure 2.8.       
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Figure 2.8: A typical EELS spectrum including both low loss and core loss regions 

from a Ti2Al(O,N) phase layer.187 

 

 

 

2.6 Micro-Raman (μ-Raman) Spectroscopy  

From the theory, the lattice vibration in crystals or molecular vibration in 

chemicals with a vibrational frequency ωj will mediate with the electric moment  𝑃 =

𝜀0𝜒0𝐸0 resulted by the electric field 𝐸 = 𝐸0 exp[𝑖(𝑘𝑖 ⋅ 𝑟 − 𝜔𝑖)] when the interaction 

between light and crystal happens at position r. The induced electric moment after 

interaction could be described by the following equation:188 

 
P = ε0χ0 ∙ E0 exp[𝑖(𝑘𝑖 ⋅ 𝑟 − 𝜔𝑖)] + ε0E0 (

𝜕𝜒

𝜕𝑄𝑗
)

0

𝐴𝑗

× exp[−𝑖(𝜔𝑖 ± 𝜔𝑗)𝑡]  exp [𝑖(𝑘𝑖 ⋅ 𝑟 ± 𝑞𝑖) ⋅ 𝑟] 

(2.3) 

It is the electrical susceptibility χ that is actually changed by lattice vibrations 

characterized by a normal coordinate 𝑄𝑗 = 𝐴𝑗 exp[𝑖(𝑞𝑗 ⋅ 𝑟 − 𝜔𝑗𝑡)] . To be more 

straightforward, moment shown in Equation (2.3) could be simplified as:189 
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 P = P(ω𝑖) + 𝑃(𝜔𝑖 + 𝜔𝑗) + 𝑃(𝜔𝑖 − 𝜔𝑗) (2.4) 

in which the first term denotes the elastic scattering of the light (Raleigh scattering), 

which shares the same frequency as the incident light; the second and third term 

correspond to the inelastic scattering of light, whose frequency is either larger (anti-

Stokes Raman scattering) or smaller (Stokes Raman scattering) than that of incident 

light. Figure 2.9 schematically shows the three types of scattering using an energy-level 

diagram.    

 

 

 

 

Figure 2.9: Schematic energy-level diagram showing the process of Rayleigh 

scattering and Stokes and anti-Stokes Raman scattering. 

 

 

  

Raman spectroscopy, which measures the inelastic scattering of light, has been 

successfully used in- and ex-situ studies of materials in different states (solid, liquid 

and gas). For solid state crystalline materials, their mechanical stress, crystallographic 

orientation, doping and even composition could be evaluated non-destructively and 
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efficiently by Raman spectroscopy, since lattice vibrations or phonons are sensitive to 

those internal and external perturbations.188 However, not every lattice vibration in the 

crystal can be probed via Raman spectroscopy because of the selection rule ((
𝜕𝜒

𝜕𝑄𝑗
)

0

≠

0 ), which depends on crystal symmetry. Moreover, with integration of advanced 

microscope objective lens to focus the incident laser, the final laser spot shinning on 

samples could be as small as ~750 nm (for 100x objective lens), which raises the 

development of micro-Raman spectroscopy for the analysis of a small sample area or 

volume (even in nanoscale). The general setup of a micro-Raman spectrometer in a 

backscatter configuration is shown in Figure 2.10. The incident laser light could be 

ultraviolet (335 nm), blue (441 nm), green (532 nm) or red (633 nm). By choosing 

appropriate notch filters, the cut off stokes edge could be tuned. The confocal hole here 

is used to enhance the spatial resolution with scarifying part of the signal. In this work, 

a LabRAM HR800 micro-Raman spectrometer from Horiba with a green laser (532 nm) 

excitation source was used to characterize individual boron carbide nanowires. The 

details will be discussed in Chapter 5. 

 

       

 

 
Figure 2.10: Schematic drawing of a micro-Raman spectrometer.  
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2.7 Micro-device for Thermal Conductivity Measurement of Individual Nanostructures   

The traditional thermal conductivity measurement methods and devices are not 

able to deal with samples in nanoscale length, for example 1D nanotubes, nanowires, 

and nanoribbons, which all have unique thermophysical properties deserving well 

investigations. To address this issue, several novel methods including suspended micro-

devices,84,190 joule heating191 and micro-Raman spectroscopy,192 have been developed 

to measure the thermal properties of individual 1D nanostructures. Out of them, the 

suspended micro-devices are more popular and widely used. Here the components and 

working principles of the suspended micro-devices is briefly discussed.      

As shown in Figure 2.11 (a), the micro-device consists of a resistive platinum 

heater (Rh) and a resistive platinum thermometer (Rs) patterned on two suspended 

silicon nitride (SiNx) membranes separated with a 2~6 μm space. Six long (420 μm) 

and narrow (3 μm) beams are used to support each membrane and to ensure minimal 

heat loss from the sample to the ambient environment. Furthermore, a thin SiO2 layer 

could be patterned covering the Pt resistor only, which serves to avoid the nanowire 

contacting the Pt resistor electrically. By flowing a direct current Idc through two beams 

to the Pt heater, the thermal conductance Gs of 1D nanostructures (nanowires, 

nanotubes) bridging the gap is measured. The resistances of heating and sensing 

membrane are both measured by 4-point I-V method, which is enabled by connecting 

the resistor to four contact pads through metal lines lying on the suspended beams. A 

smaller AC current (iAC< 0.5 μA) passes through the other two beams and a lock-in 

amplifier measures voltage drop across the platinum coil. In this way, the measurement 
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sensitivity is ~1 nW/K.193 With knowing the thermal conductance, the thermal 

conductivity could be calculated based on the following equation: 

 κ𝑠 =
𝐺𝑠𝐿

𝐴
 (2.5) 

where A is the area of the sample’s cross section and L is the suspend length between 

the membrane. Moreover, the Seebeck coefficient and electrical conductivity could also 

be measured using this micro-device, which in turn leads to the calculation of figure of 

merit (ZT).193   

 

 

 

 

Figure 2.11: SEM photographs of (a) a microdevice and (b) a microdevice with a 

boron carbide nanowire on it. (Courtesy of Li’s group ) 

 

 

 

Using a micro-manipulator, an individual boron carbide nanowire could be 

placed to bridge the two separated membranes. In order to enhance the thermal contact 

between the boron carbide nanowire and suspended device, platinum (Pt) contact pads 

were locally deposited at the nanowire-Pt electrodes junctions via electron beam 

induced deposition (EBID) performed in the SEM, as shown in Figure 2.11 (b). 

Currently, the micro-device being used is etched through to facilitate the TEM 
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examinations after thermal conductivity measurement. In addition, an extra radiation 

shield is directly mounted on the sample holder inside the cryostat in our setup, which 

could further reduce the heat loss to the surrounding environment.  

 

 

 

 



 

CHAPTER 3: STRUCTURAL INVESTIGATION OF BORON CARBIDE 

NANOWIRES 

 

3.1 Structural Aspects on Establishing True Structural and Properties Relations of 

Boron Carbide Nanowires 

Individual nanowires subjected to mechanical properties and thermal properties 

test need to be clamped firmly or be in good contact with the micro-device. The current 

widely used approach is to deposite carbon or platinum by means of EBID in the 

SEM.194-197 The diameter information is mostly obtained from the recorded SEM 

images directly without any pre- or post-test TEM examination. However, due to the 

low resolution of SEM, the dimensional data measured from the SEM images would 

bring large errors in the calculation of the final Young’s modulus and thermal 

conductivity. In addition, amorphous layer and additional contaminants might build up 

along the nanowire during the EBID process as well. However, the SEM is not able to 

distinguish such tinny structural change, which will also greatly impacts on the data 

analysis. Moreover, most of the calculations assumes the cross section of the nanowires 

is in a circular shape since it is really difficult to evaluate the cross section of nanowires 

experimentally. But in actual case, the nanowires’ cross section varies, such as 

rectangular, hexagonal, octagonal and even irregular polygons. Here we address those 

issues by examining the boron carbide nanowires using the TEM before and after test 

and by looking into the cross section using both SEM and TEM.
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3.1.1 The Effect of EBID 

As introduced in section 2.7, a specific micro-device was utilized for testing the 

thermal properties of individual boron carbide nanowires. A single nanowire is firstly 

placed on the micro-device with two ends touching the two membranes respectively via 

a micromanipulator under optical microscope, and then the whole piece will be 

transferred to the SEM chamber for subsequent EBID of platinum to enhance the 

contact between the nanowire and platinum pad. Figure 3.1 (a) shows the SEM image 

of the micro-device with suspended nanowire right after EBID. Two square shape 

platinum contacts could be seen on the membranes and the magnified SEM image of 

one contact is shown in Figure 3.1 (b). The nanowire looks uniform and smooth and its 

diameter is measured as 85 nm from this SEM image. After thermal test, the micro-

device could be examined by TEM since the bottom is etched through. Figure 3.1 (c) 

shows the low magnification TEM image of whole length of the nanowire bridging 

across the two membranes on the micro-device. Here phase contrast and thickness 

contrast are clearly seen. In addition, by magnifying the nanowire, the amorphous layer 

and platinum nanoparticles are observed, as shown in Figure 3.1 (d). It is evident that 

the diameter measured from SEM image including the thickness of the amorphous layer 

is larger than the actual diameter. In addition, due to low resolution of SEM and relative 

small size of boron carbide nanowire, it is believed that TEM will give more reliable 

measurement of the wire diameter. From Figure 3.1 (d), the diameter including 

amorphous layer is 68 nm and the core diameter excluding amorphous layer is 59 nm. 

Both are smaller than that obtained from SEM. Referring to the Equation (2.6), the 
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thermal conductivity is inversely proportional to the area (A) of the cross section, which 

directly depends on the diameter of the nanowire. In this case, the thermal conductivity 

could have been overestimated around 36% or 52% if we only performed SEM 

examination. Therefore, it is of significance to examine every nanowire subjected to 

the subsequent properties test. Figure 3.1 (e) and (f) display another nanowire’ 

structural change before and after EBID under TEM. By aligning the two images, the 

much thicker amorphous layer and platinum nanoparticles are more clearly visualized. 

Since the platinum nanoparticles are only physically adsorbed on the surface, they will 

not influence the phono transport in the nanowire. And the dimensional information of 

all our thermal tested boron carbide nanowires are taken from TEM images, which 

ensure our thermal conductivity data are computed with minimal errors.  

 

 

 

 

Figure 3.1: SEM images ((a) and (b), courtesy of Mr. Qian Zhang) and TEM images 

((c) and (d)) of a same nanowire on a micro-device after EBID, (e) and (f) comparison 

between another nanowire’s amorphous layer before and after EBID. 
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Besides individual nanowires’ thermal conductivity measurement, its 

mechanical properties are also investigated in our group. An example of measure single 

nanowire’s Young’s modulus via vibration test is shown in Figure 3.2 (a). The test is 

done with help of a home-built nano-manipulator under SEM, which is also capable to 

perform tensile, compression and buckling test. No matter what kind of tests, the 

nanowire should be firmly bonded with the tungsten tip. Figure 3.2 (b) shows the EBID 

area, where carbon was deposited to secure the nanowire with the tip. By identifying 

the resonant frequency (f) of the vibration, the Young’s modulus could be calculated 

based on the following equation:198  

 
𝐸 =

4𝜋2

𝛽0
4 𝜌

𝐿4𝐴

𝐼
𝑓2 

(3.1) 

where ρ is the density, L is the effective length, A is the area of the cross section, I is 

the area moment of inertia, and β0 is the eigenvalues obtained from the following 

equation:  

 cos 𝛽0 cosh 𝛽0 − 1 = 0 (3.2) 

Before the vibration test, the nanowire was examined by TEM to identify the 

fault type, fault density, diameter and length, similar as what we have done for the 

nanowires for thermal test. After the test, the nanowire will be cut at the line indicated 

by the yellow arrow (Figure 3.2 (b)) and collected for later TEM examinations to see if 

there is any structural change. As can be seen in Figure 3.2 (c) and (d), before EBID 

the amorphous layer is very thin (1-2 nm), while it becomes much thicker (~10 nm) 

after EBID. Since we have already used TEM images to extract dimensional 
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information, the diameter uncertainty is not an issue. The main problem here is the 

additional mass the thick amorphous layer bringing to the nanowire, which will make 

the measurement of resonance frequency smaller, which in turn will result in the 

calculated Young’s modulus smaller than the actual one.  

 

 

     

 

Figure 3.2: (a) and (b) EBID clamping of a nanowire on a tungsten tip for vibration 

test, (courtesy of Dr. Youfei Jiang) (c) and (d) TEM images of the same nanowire 

before and after EBID. 

 

 

 

3.1.2 The Effect of Cross Section Shape 

As can be seen in both Equation (2.6) and (3.1), cross sectional area is a key 

parameter to calculate the thermal conductivity and Young’s modulus. In order to get 

valid data, the cross section of each nanowire needs to be characterized. However, 
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because of the difficulty to do that, most people tend to assume the cross section is in a 

circular shape and use the following equation to calculate the area: 

 𝐴 = 𝜋𝐷2/4 (3.3) 

In the case of boron carbide nanowires, it is found that their cross section is 

actually not circular. As evidenced in Figure 3.3 (a) and (b), in which the diameters 

from two zone axes are different. Otherwise, one would expect an equal diameter at 

different viewing zone axis. Moreover, it is lucky enough to view some cross sections 

of short branched nanowires under TEM. One example is shown in Figure 3.3 (d), 

which has an irregular polygon shapes with approximate eight sides (red lines) and is 

darker due to the strong thickness contrast. The corresponding short branch or segment 

is viewed by tilting the nanowire in around 60°. As shown in Figure 3.3 (c), an AF 

characteristic feature is seen and the diameter indicated by the blue line is 90 nm, which 

resulting in a cross sectional area of 6358 nm2 based on Equation (3.3). While the area 

directly measured from the polygon highlighted Figure 3.3 (d) using Image J is about 

6719 nm2, which is only slightly larger (5%) than that of the circular one. Therefore, 

the thermal conductivity and Young’s modulus calculation based on the assumption of 

a circular cross section is within acceptable error range for our boron carbide nanowires. 

Figure 3.3 (c) and (d) present two more examples of the boron carbide nanowires’ cross 

sections viewed under SEM, which exhibit similar irregular polygon shape as observed 

in TEM. 
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Figure 3.3: Cross section analysis of boron carbide nanowires: (a) and (b) an AF 

nanowire viewed from two different zone axis, (c) and (d) a short segment before and 

after tilting, (e) and (f) SEM images of two nanowires’ cross sections cut by FIB. ((e) 

and (f) are courtesy of Mr. Qian Zhang). 

 

 

 

3.1.3 Conclusions 

In conclusion, a thorough TEM examination of each nanowire before and after 

thermal and mechanical properties test is necessary to establish the true structure-

properties relations for individual nanowires since EBID often result in a thick 

amorphous layer built-up. The cross section of boron carbide nanowire is in an irregular 

polygon rather than a round shape with minor difference in area measurement. 

Therefore, our thermal conductivity and Young’s modulus calculation based on a 

circular cross section assumption is still valid.  

3.2 Kinking in Boron Carbide Nanowires 

3.2.1 Introduction 

Semiconductor nanowires (NWs), including group IV, group III-V ones, metal 

oxides ones and heterostructure ones, have attracted enormous attentions in the last two 
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decades due to their outstanding electrical, optical, mechanical and thermal properties 

comparing to their bulk counterparts.84,199-202 In regards of the future nanoscale 

electronic device applications, straight NWs are more preferred in many aspects 

because of good alignment ability and well-investigated properties, also straight NWs 

based field emission transistors (FETs),203 lasers,204 photo detectors,205 sensors206 and 

solar cells207 have already been demonstrated in many groups. Therefore, one aim of 

the controllable synthesis of semiconductor NWs via vapor liquid solid (VLS) is to 

avoid undesirable kink structures.208,209 

However, recent reports have shown these traditionally unfavorable kinked 

NWs tend to exhibit similar electrical properties as compared to the straight ones,210 

reduced thermal conductivity94,95 and nanospring mechanical behaviors211. It is 

believed that the kink imposes favorable effect on the transport and mechanical 

properties. It is proposed that kinked NWs could also be the building blocks for next 

generation nanoelectronic devices with improved performance.158,212,213 For example, 

owing to their special geometry, kinked Si nanowires based bioprobes are capable of 

monitoring inter- and intracellular processes with enhanced penetration depth and 

spatial resolution.159  Clearly, it is of significant importance to understand how and 

why kinking occurs during the NWs growth (e.g. the change of growth orientation and 

evolution of microstructures) so as to be able to control the growth of kinked NWs for 

future devices with unique capabilities.  

The <111> to <111>, <111> to <112> and <112> to <112> growth orientation 

transitions are commonly observed in kinked Si NWs.136,161,214 In addition, a very recent 
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publication reported a kinked Si NW with rare <111> to <311> transition.215  Even 

though Ge shares the same diamond cubic structure as Si, kinked Ge NWs grown via 

VLS frequently exhibit <111> to <110> kinks without any defects.139 Group III-V NWs 

(GaAs, InAs, InP, etc.) usually have a cubic zinc-blend (ZB) or hexagonal wurtzite (WZ) 

crystal structure and tend to have high density of planar defects on the (111) planes with 

a <111> growth orientation.216 With the possibility of growing along <100> and <110> 

direction, <111> to <111>, <111> to <110> and <111> to <100> kinks usually exist in 

kinked group III-V NWs.141,217 For instance, both <111> to <110> and <111> to <100> 

kinks have been demonstrated for InP NWs.141  Experimentally observed kinking in 

VLS grown semiconductor NWs often occurs when temperature or pressure changes in 

the reaction chamber. 135,218 In addition, the surface chemistry (hydrogen bond) is also 

reported to be able to control the kink structure’s formation.139,219 By modulating the 

parameters such as temperature and pressure or surface chemistry, the number of the 

kinks and even the growth orientation could be controlled. It is believed that the liquid 

droplet’s dynamic motions (pinning and unpinning), shape and geometry evolution 

caused by liquid-solid interface’s instability may lead the formation of kinks in VLS 

grown nanowires.220 However, planar defects, such as twin boundaries (TBs) and 

stacking faults (SFs), may also influence the change in original growth orientation, 

though not all kinked NWs have such defects.137   

So far, most of the VLS grown kinked semiconductor NWs being studied, as 

mentioned above but not limited to, exhibit simple cubic, diamond cubic, cubic ZB or 

hexagonal WZ crystal structures. It would be beneficial if the similar structural and 
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growth studies could be extended to some NWs with more complicated crystal 

structures. Boron carbide (B4C) nanowires, which has a rhombohedral crystal structure 

(R3̅m, No. 166) with eight B12 icosahedron and a C-B-C chain located at the vertex and 

longest diagonal respectively,28 offer such an opportunity. Straight B4C nanowires have 

been synthesized and characterized by several groups including our group.103,114,115,122 

However, to the best of our knowledges, research on the detailed microstructures of 

kinked B4C nanowires, which are keys to establish true structure-properties relationship, 

are extremely rare.   

In this chapter, a thorough discussion on investigating the structures and growth 

mechanisms of kinked B4C NWs using SEM and TEM is presented. In our previous 

studies,103 two types of planar defects, transverse stacking faults (TF) in which growth 

direction is perpendicular to the defect planes and axial stacking faults (AF) in which 

growth direction is parallel with the defect planes, exist in our as synthesized B4C NWs. 

In current study, a third type of planar defects, inclined stacking faults (IF) in which 

growth direction is neither perpendicular to nor parallel with the defect planes, was 

identified. Based on the planar defects on two arms of the kink, the observed kinked 

B4C NWs could be categorized into five cases: TF-TF (case 1), AF-TF (case 2), AF-

AF (case 3), TF-IF (case 4), AF-IF (case 5) kinked NWs. The characteristic kink angle 

of each case was determined by calculating the inter-growth direction angle. Besides, 

kinked B4C NWs with multiple kinks were also found, but it could be broken down to 

the above mentioned five cases. Furthermore, by looking into the catalyst’s movement, 
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position, shape and interface, the possible growth mechanisms were proposed to 

explain the formation of kinked B4C NWs.   

3.2.2 Experiments 

The kinked B4C NWs investigated in this work were grown by co-pyrolysis of 

diborane and methane in a home-built low-pressure chemical vapor deposition system 

following the VLS mechanism at temperature between 950 and 1050 ºC. Nickel (Ni) 

was used as catalyst material and coated onto Si/SiO2 or sapphire substrates. Detailed 

synthesis procedure was described elsewhere.103 The general morphologies of as-

synthesized B4C NWs were first examined by JEOL JSM-6480 SEM. Individual kinked 

B4C NW was transferred to each labeled mesh of a TEM grid with lacey carbon 

supporting film using a micromanipulator under the optical microscope for TEM 

characterization. Each NW was tilted in a full range during TEM investigation, which 

is limited by the configuration of the microscope and holder. Some NWs were re-

examined to observe the planar defects by re-orientating and repositioning individual 

NWs onto another region of lacey carbon film.  

A JEOL JEM-2100 LaB6 TEM operated at 200 kV acceleration voltage was used 

to record bright-filed (BF) images, dark filed (DF) images, high resolution TEM 

(HRTEM) images and selected-area diffraction patterns (SADPs) of kinked B4C NWs. 

A JEOL double-tilt holder was used for large angle tilting (±30˚ in both X and Y 

directions). The maximum tilting angle is 60˚. Software packages such as SolidWorks 

and CrystalMaker were used to construct the kinked B4C nanowires models and planar 

defects. 
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3.2.3 General Morphology 

Figure 3.4 (a) presents the top view SEM image of the as-synthesized B4C NWs 

on a substrate. Both straight and kinked B4C NWs were observed while kinked ones 

are minorities, as marked by the yellow arrows. The side view SEM image of the 

substrate (Figure 3.4 (b)) has clearly shown the existence of kinked B4C NWs with 

single kink or multiple kinks. Figure 3.4 (c) shows one example of kinked B4C NWs 

viewed under TEM. From this low magnification TEM image, the kink angle could be 

determined as 90˚. Figure 3.4 (d) – (f) presents the represent HRTEM images viewed 

along the [010] zone axis of above mentioned three types of planar defects (SFs and 

TBs): TF (d), AF (e) and IF (f). The white arrow indicates the growth direction ([0.292̅̅ ̅̅ ̅̅ ̅ 

0.292̅̅ ̅̅ ̅̅ ̅ 1], [100] and [110]) and the inset is the SADPs, which shows characteristic 

streaks features. The schematic illustration on the geometry relationship between the 

growth direction and defect planes or TBs is also shown in Figure 3.4 (g)-(i). It is worth 

noting that AF and TF B4C nanowires are more common than IF ones. Now if we zoom 

into the kink site shown in Figure 3.4 (c), what we see is actually a combination of AF 

segment and TF segment. Based on these three types of planar defects and their 

combinations, the kinked B4C NWs can be categorized into five cases: TF-TF, AF-TF, 

AF-AF, TF-IF, and AF-IF kinked NWs.  
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Figure 3.4: Top view (a) and side view (b) of as-synthesized B4C nanowires with 

yellow arrows indicating kinked ones; (courtesy of Dr. Zhe Guan) (c) Low 

magnification TEM image of a 90˚ kinked B4C nanowire; (d-f) three types of stacking 

faults observed in as-synthesized B4C nanowires with schematic illustration: 

transverse faults (TF), axial faults (AF), inclined faults (IF), (g-h) the schematic 

drawing of orientation of the planar defects. 

 

 

 

3.2.4 Case 1: TF-TF Kinked NWs 

Planar defects could be clearly seen in most TF-TF kinked NWs’ two arms or 

segments during TEM examination when tilting the nanowire to certain zone axis, as 

shown in Figure 3.5 (a) and (c). It is clearly seen before and after the growth direction 

transition, both SFs and TBs keep perpendicular to the growth direction, which is 

exactly a TF type. The measured kink angles are 106˚ and 107˚ for the two examples 

respectively, which both match extremely well with the theoretical value of 106.9˚. 

Figure 3.5 (b) and (d) are the zoom in HRTEM images of dashed line highlighted kink 

area in Figure 3.5 (a) and Figure 3.5 (c) respectively. The former one shows a defect-

free transition area, while the latter one composed two SFs: SF1 and SF2 (indicated by 
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the red line) formed at the (100) and (001) planes respectively as well as some 

deformations within the transition area. This subtle structure difference may affect the 

final transport properties within the TF-TF kinked NWs. However, by simply looking 

at the low magnification TEM images shown in the left inset in Figure 3.5 (a) and (c), 

it is impossible to distinguish the structure difference between these two NWs, which 

in turn imposes difficulty to correlate the structure and transport properties. Besides 

106.9˚ kink angle in TF-TF kinked NWs, its supplementary angle 73.1˚ should also be 

possible. Indeed, this is experimentally verified by observing several TF-TF kinked 

NWs with such an acute kink angle. One example was shown in Figure 3.5 (e), in which 

a 73˚ kink angle was determined according to the TEM image. The black spot is a 

catalyst nanoparticle attached onto the kinked NW. The transition area has a diamond 

shape and high density of SFs at one segment. Kinked B4C NWs with acute angles are 

only observed in TF-TF kinked ones, which could be used as a reference to quickly 

identify the kinked B4C NWs’ cases. However, it should be noted that only very few 

(less than five) TF-TF kinked NWs have been observed so far. 
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Figure 3.5: (a) and (b) TF-TF kinked NWs with obtuse 106.9˚ kink angle. The insets 

are low magnification TEM image showing whole NW and the corresponding 

SADPs. (c) and (d) are the zoom in HRTEM images of the kink area in (a) and (b). (e) 

TF-TF kinked NW with acute 73˚ kink angle and HRTEM image (f) of the kink area 

showing stacking faults formed on (100) and (001) plane. 

 

 

 

If the above-mentioned 106.9˚ or 73.1˚ TF-TF kink could be repeated in one 

B4C NW, a coherent crystallographic structure TF-TF kinked B4C NW with multiple 

kinks would be produced. However, our kinked B4C NWs with multiple kinks are not 

similar to those Si kinking superstructures having the same kink angle and 

crystallographic orientation.161,219 Figure 3.6 presents a kinked B4C NWs with two 

kinks. As seen in Figure 3.6 (b), kink 1 with 105.8˚ kink angle is identical to the 

common 106.9˚ TF-TF kink and the transition area at kink 1 exhibits two intersected 

SFs lines or planes. Small deformation occurs at the intersection point. However, kink 

2 demonstrates different features as compared to kink 1. Firstly, the measured kink 

angle from the TEM image (Figure 3.6 (c)) is 122˚. Secondly, planar defects were 

observed in one segment (above the kink) of the NW, while not in the other (below the 

kink). The viewing direction is [010], as determined from the inset SADPs. But based 
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on our experience, the observation of the “ring” features and the geometry relation 

between the growth direction and SADPs infers that the segment below the kink 

belongs to TF. Moreover, this NW was tilted around 57˚ to the other zone axis [1̅10]. 

Figure 3.6 (d) and (e) present the TEM images of the entire NW and the kink site 

respectively. The planar defects were still not visible in the segment below the kink. It 

speculated that the two segments at kink 2 are not in the same plane, as shown in Figure 

3.6 (f). The defect planes of kink 2 is more like to be (010) instead of (001). This 

observation also demonstrates the wide range of catalyst’s movement or migration. 

 

 

      

 

Figure 3.6: A TF-TF NW with two kinks viewed from tow direction: [010] and [1̅10] 

whole NW (a,d), kink 1 (b,e) and kink 2 (c,f) 
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Even though kinks in TF-TF kinked NWs could exist in different planes, it was 

found that the basic nature (transition) of all types of kinks is identical under modeling. 

Because of the tilting limitation to (maximum 60°), the kinks can not be viewed in every 

zone axis. It should be noted that the recorded TEM images are the projections of the 

samples being examined, which poses difficulty to model the kinked nanowires solely 

based on the data from one zone-axis. Here our basic model was built in the SolidWorks 

based upon the TEM images obtained from [010] zone axis, viewing from which both 

sides of the kink are in-zone and atomic arraignment or stacking is evident. Based on 

the crystallography structure of a rhombohedron, Figure 3.7 (a) shows a general view 

of the model with a “saw tooth” edge at the transition area, but it is physically imaged 

as a smooth edge surface due to limited resolution. This simple model could be rotated 

and viewed in any direction in order to compare with the experimental data. As shown 

in Figure 3.7 (b)-(e), the general morphology and kink angle match very well between 

the model and actual nanowire viewed from [11̅0], [100], [010], and [1̅10] zone axes, 

which further validates the accuray of our model. Particularly, from Figure 3.7 (b) to 

Figure 3.7 (c), the nanowire needs to be tilted 114.2°, far beyond the limit of our TEM 

holder, which explains why a full set of data from one kink is rarely seen experimentally. 

This also emphasizes the advantages of building the models, which facilitate the 

identification kinked NWs’ types even from the images in off-zone axis.   
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Figure 3.7: The comparison between the model and experimental kinked angles 

viewed from different zone axis: (a) [11̅0], (b) [100], (c) [010] and (d) [1̅10]. 

 

 

 

3.2.5 Case 2: AF-TF Kinked NWs 

Another commonly observed kinked B4C nanowires exhibit a combination of 

an AF segment and a TF segment, which usually results in a 90˚ turning angle, as shown 

in Figure 3.4. In this kind of kinked nanowires, the stacking faults plane in both AF and 

TF arms is the same (001). In addition, AF arm’s growth direction [010] is parallel with 

(001) plane, while TF arm’s one [0.292̅̅ ̅̅ ̅̅ ̅ 0.292̅̅ ̅̅ ̅̅ ̅1] is perpendicular to (001) plane. 

Therefore it is easy to derive the kink angle to be 90˚. However, even the general kink 

angle is the same, the structural details varies a lot in between nanowires.  
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Figure 3.8: Low and high magnification TEM images of Two types of AF-TF kinked 

NWs based on the location of the catalyst: (a-c) AF-TF-catalyst, (d-i) TF-AF-catalyst. 

 

 

 

Based on the location of the catalyst, AF-TF kinked could be further categorized 

to two groups, one, AF-TF-catalyst, in which AF arm usually grows first, then the TF 

arm continues and finally the catalyst sits on top of the TF arms, the other, TF-AF-

catalyst, in which the growth sequence reverses. One representative example of AF-

TF-catalyst kinked nanowires was shown in Figure 3.8 (a), in which the fault types of 

the two arms are labeled and the yellow arrow indicates the location of the catalyst. By 

zooming in to the kinked area, a smooth and direct transition from an AF segment to a 

TF segment was evidenced in Figure 3.8 (b) (the growth direction indicated by the 

peach arrows). One interesting finding is that the fault density of the AF arm is 

relatively low, in other words the number of stacking fault planes are small, as 
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confirmed from the DPs (inset in Figure 3.8 (a)) and HRTEM image (Figure 3.8 (c)) 

collected in the kinked area. In high fault density area, a streak is commonly seen in the 

DPs, while in low fault density area, instead of a streak, distinctive diffraction spots 

appear along the stacking faults’ direction, which is the case in the inset in Figure 3.8 

(a). Two sets of rhombus (red and blue) were resolved in the DPs, which indicate the 

existence of microtwins. In Figure 3.8 (c), the AF and TF planar defects are more clearly 

seen and are marked by blue lines. By looking more closely, the angle between the AF 

segment and the first few defect-free layers of TF segment is found to be 107˚. If there 

are no defects forming after transition, one could expect a defect-free segment 

connecting to the AF segment with an angle either 106.9˚ or 73.1˚. However, defect-

free B4C NWs have not been found in our as-examined hundreds of NWs, which means 

that the AF-defect free kinks probably would not exist.  

Figure 3.8 (d) and (g) shows two examples of TF-AF-catalyst kinked nanowires. 

As indicated by the yellow arrows, the catalysts locate on top of the AF ends in both. 

In addition, different from the AF-TF-catalyst ones, these two nanowires’ AF arms have 

much higher fault density. Actually it is reasonable since TF arms usually have high 

fault density. And when the catalyst migrates to the TF arm’s sidewall and leads the 

further growth layer by layer, the later arm tends to share the similar fault density as the 

TF seeds. However, the true mechanism governing this kind of catalyst’s migration and 

subsequent growth is complicated. As seen in Figure 3.8 (e) and (h), a number of large 

twin blocks (marked by white arrows) formed before the growth of the AF arms. 

Moreover, in the kinked area, additional defects (new stacking faults, twins, 
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dislocations) pointed by red arrows were also observed. From the HRTEM image 

shown in Figure 3.8 (f) and (i), the stacking faults including in the original and new 

planes (blue lines), twin boundaries (green lines), dislocations (dashed circle) were 

carefully identified. At the boundary, where several SFs lines meet, the lattices 

deformation and mismatch are serious, which is believed to cause the dislocations. The 

corresponding DPs from the kinked area shown in Figure 3.8 (f) and (i) are inserted in 

Figure 3.8 (d) and (g) respectively. In the DPs shown in Figure 3.8 (d) inset, three 

rhombuses were highlighted. The red and blue are two mirrored ones, while the green 

one is induced by the new inclined stacking faults planes. The inter-plane angle between 

the original stacking faults plane (001) and inclined one (001’) is 163˚, which matches 

with the theoretical calculation. One more thing worth noting is that the kinked area in 

Figure 3.8 (g) nanowire is like a knot and the two arms are not in the same plane, which 

is confirmed by tilting the nanowire to another zone axis [1̅10]. From the DPs collected 

at the knot (Figure 3.8 (g) inset), additional diffraction spots from different blocks 

showed up with some rotation compared to the original ones.   

A simple model describing the common AF-TF kinked B4C NWs’ transition 

area was built using SolidWorks. The model was simplified to show only the stacking 

faults orientation change and 90˚ angle. Figure 3.9 shows an AF-TF kinked NW tilted 

to two different zone axes [010] and [1̅10] under the TEM. Again, the experimental 

measured kink angles are in good agreement with the ones obtained from the model 

viewed from exactly the same zone axis in SolidWorks. 
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Figure 3.9: (a) Low magnification TEM image of an AF-TF NW (b) General view of 

AF-TF model built using SolidWorks (c) HRTEM image of AF-TF NW viewed from 

[100] zone axis and (d) the model viewed in the same zone axis in SolidWorks; (e) 

same NW titled to [11̅0] zone axis and corresponding model in same zone axis (f). 

 

 

 

3.2.6 Case 3: AF-AF Kinked NWs 

Figure 3.10 (a) shows a B4C NW, which looks almost straight without carefully 

examining the TEM image. By zooming in to the red square area marked in Figure 3.10 

(a), a “step” shows up in the HRTEM images (Figure 3.10 (b)) though the overall 

growth direction stays unchanged. The kink angle was determined as 180˚. However, it 
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is clear that before and after the “step” the NW shares the same AF planar defects with 

different stacking sequence or polymorphs. Another example of AF-AF kinked NWs is 

shown in Figure 3.10 (c). From the low magnification TEM image, two kinks actually 

could be observed. Here our focus is the top one since the bottom one is a common TF-

TF kink. Figure 3.10 (d) is the zoom in TEM image of the top kink with a 135.1˚ angle, 

in which a short zigzag side is shown and planar defects are not seen above and below 

the kink area. From the inset SADPs, the zone axis was determined to be [011̅]. In order 

to better understand the structure of this special kink, the NW was tilted to the limitation 

of the microscope and holder. The TEM image with corresponding SADPs is presented 

in Figure 3.10 (e). The current zone axis is very close to [010], viewing from which the 

planar defects could be seen below and above the kink. Though no HRTEM images, 

the SFs and TBs parallel to the growth direction indicate the two segments are of AF 

planar defects. In addition, one side’s zigzag features observed from the other zone axis 

were not seen. By closely examining at the transition from top to bottom at the kink, 

the above AF segment first gradually change the stacking fault density but retains the 

same growth direction. Then the transition from this point to the bottom AF segment 

manifests the development of several short defects free segments as evidenced from the 

dark band in Figure 3.10 (d). The kink angle viewing from this direction is 145.6˚.  
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Figure 3.10: (a) and (b) AF-AF kinked NWs with a “step”; (c-f) an AF-AF NW 

viewed from two zone axes 

 

 

 

Another interesting finding on the structural study of the AF-AF kinked B4C 

NWs is for one type of kinked nanowires with large obtuse angle (166° or 158°), the 

kink could only be seen in off-zone conditions, where the planar defects could not be 

seen, while not in in-zone conditions, where the planar defects become visible, as 

shown in Figure 3.11. As introduced in section 1.6, the defect planes of our boron 

carbide nanowires are usually defined as (001) planes with the three off-zone conditions 

being [001], [101̅] and [011̅], while three in-zone conditions are [100], [010] and 

[11̅0]. Figure 3.11 (a) and (c) represents the same nanowire viewed from zone axis 

[01̅1] (off-zone) and [01̅0] (in-zone) respectively. The insets in Figure 3.11 (a) and 

(c) are corresponding DPs and the one in Figure 3.11 (c) has streak features, which 

indicates defect planes were seen as well. By enlarging the kink area viewed from off-

zone (Figure 3.11 (c)) and in-zone (Figure 3.11 (d)) axes, it cabe be clearly seen that 

the kink in off-zone disappeared when tilting the nanowire to in-zone. This kind of kink 
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is ascribed to extrinsic nature of B4C NWs, which is most likely due to external force 

induced curving or bending. 

 

Figure 3.11: An AF nanowire viewed from two different zone axes: kink cab be seen 

in [01̅1] zone axis (a) and (c) but not [01̅0] zone axis (c) and (d). 

 

 

 

Moreover, Figure 3.12 shows another three examples of above-mentioned AF-

AF kinked nanowires, which do not match our AF case model thoroughly along the 

nanowire. More specifically, the segment at one end of the kink successfully matches 

the model, while the segment at the other end does not. The AF case model is 

summarized in Table 1.1, which was proposed to determine the stacking fault 

orientation within a nanowire when the nanowire is in off-zone conditions. The first 

row of Figure 3.12 presents an AF nanowire viewed from [011̅] zone axis. From the 

low magnification image of the nanowire, Figure 3.12 (a), a clear kink was observed. 

The high magnification Iimages and corresponding DPs were collected at both sides of 
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the kink and were shown in Figure 3.12 (b) (position 1) and (c) (position 2). From 

Figure 3.12 (b), an AF case 3 could be concluded according to the model, in which the 

projected preferred growth direction (red line extracted from the inset image) is 

perpendicular to the tie line between 011 and 01̅1̅ spots (blue line). However, as shown 

in Figure 3.12 (c), the projected preferred growth direction (green line) is not 

perpendicular to the tie line between 011 and 01̅1̅ spots (yellow line), which means it 

does not agree with our AF case model. More interestingly, by using the projected 

preferred growth direction at position 1 and the DPs taken at position 2, an AF case 3 

could be obtained (the red line is perpendicular to the yellow line in Figure 3.12 (c)). 

Figure 3.12 (d-j) shows two additional nanowires viewing from the other two off-zone 

zone axes [1̅01] and [001̅]  respectively with similar findings, namely one end of the 

kink matches our model (AF case 2 at [1̅01] and AF case 1 at [001̅]), but not for the 

other end. The reason is that the DPs taken at position 1 and 2 are identical, but the 

projected preferred growth directions vary. Therefore, if one position agrees with our 

model, the other part definitely will not. The question now is why there is no difference 

or little difference between the DPs taken at two different positions? Theoretically, the 

DPs taken at different ends of the kink should be different. Here the hypothesis is that 

curving and bending will not affect the periodic arrangement nature of the unit cells and 

one arm gives a false growth direction.    
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Figure 3.12: Three kinked AF nanowires viewed from [011̅] (a, b, c), [1̅01] (d, e, f) 

and [001̅] (g, h, i) zone axis respectively with one end of the kink matches our AF 

case model but not the other end. 

 

 

 

Recently, a third type of AF-AF kinked NWs was discovered. Similar to the one 

shown in Figure 3.11, kinks are only seen from off-zone axes while not from in-zone 

axes. The major difference is the kink angles. Current ones exhibit smaller kink angles: 

107° for [001] and 120° for [01̅1], as can be seen in Figure 3.13 (a) and (b) respectively. 

In addition, two kinks are often seen in one nanowire with a short segment in the middle 

connecting the other two long arms. By viewing from the in-zone axis [010], only the 

segment’s cross section other than the body could be seen, the dark part shown in Figure 

3.13 (d). If looking more closely, when one long arm is in-focus, the other one is always 

not, which clearly indicates that the two arms are not in the same plane and are separated 

by a short segment.  
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Figure 3.13: (a) and (b) A same kink viewed from [001] and [01̅1] zone axis 

respectively; (c) and (d) another kink viewed from [01̅1] and [01̅0] zone axis 

respectively. 

 

 

 

Again a simple model corresponding to the abovementioned observation was 

built to describe the transition at the kink area. Figure 3.14 (a) shows the general view 

of this model, in which a short segment (“step”) is included in between two arms. 

Viewing from the in-zone axes, [100] (Figure 3.14 (b)) and [11̅0] (Figure 3.14 (c)), the 

model looks exactly straight, while kinks only appear in the off-zone conditions, [001] 

(Figure 3.14 (d)), [01̅1] (Figure 3.14 (e)) and [101̅] (Figure 3.14 (f)). Moreover, the 

shapes and the kink angles measured from the model are in good agreement with the 

experimental ones, which confirms the current model is relevant and useful to describe 

this kind of AF-AF kinked NWs with insightful structural information.     
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Figure 3.14: The AF-AF kinked NW model viewed from different zone axis in 

SolidWorks: (a) general view, (b) [100] view, (c) [11̅0] view, (d) [001] view, (e) [01̅1] 

view and (f) [101̅]. 

 

 

 

3.2.7 Case 4: TF-IF Kinked NWs 

Inset DF TEM image in Figure 3.15 (a) presents a TF-IF kinked B4C NW. It is 

clearly seen that planar defects at the top segment belong to TF, while the bottom one 

belongs to IF. The IFs planes stacks in a direction which forms an angle of 163˚ with 

the TF planes. The measured kink angle is 160.8˚, which is extremely close to the 

theoretical value of 160.5˚. At the transition area from TF to IF (Figure 3.15 (a)), a clear 

TB at (001) plane was formed. A simple twin model of two B4C unit cells was built and 

inserted for better illustration. The inset SADPs were taken from [010] zone axis at the 

respective positions marked with the white dashed square areas. It is worth noting that 

the inclined stacking faults were initiated at left corner of the TB, where this might be 

the liquid-solid-vapor triple phase line as the catalyst moves and wets the side 
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surfaces.221 Ideally the kinking occurs when the catalyst completely wets the newly 

formed inclined facet. In our case, the growth direction is not perpendicular to the 

inclined facet, which means the catalyst might sit on the inclined facets of both sides 

and induce the current grown direction shown in Figure 3.15 (a). 

3.2.8 Case 5: AF-IF Kinked NWs 

Figure 3.15 (b) presents an example of AF-IF kinked B4C NWs. The inset DF 

TEM image clearly shows the IF part, where the IF planes stack in two directions 

marked by the red arrows. A simple model (bottom right inset) consisting of five B4C 

unit cells was built to explain the two stacking directions. While the AF part is 

evidenced by the two TBs marked. The transition area looks as if being twisted from 

AF segment into the IF segment. For this NW, it is difficult to tell where the inclined 

faults first initiated. The kink angle being measured is 108.0˚, which matches well with 

theoretical one 110˚. 

 

 

 

 

Figure 3.15: TEM images of (a) TF-IF and (b) AF-IF kinked NWs with inset DF TEM 

images showing the transition. (Courtesy of Dr. Baobao Cao) 
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3.2.9 Growth Mechanisms 

The kinked B4C NWs discussed in this dissertation generally involve with 

planar defects (AF, TF, IF) formed at (100) planes, which is probably due to the relative 

low stacking fault energy (76 mJ/m2) of B4C.222 Stacking faults or twins at (100) planes 

are also frequently being observed in bulk B4C samples.223-225 Here our focus is to 

understand and discuss how those kinked B4C nanowires were grown. As mentioned in 

the experimental section, the as-synthesized NWs were grown following a VLS 

mechanism. In VLS grown NWs, catalyst is the key to control the diameter and 

morphology. It is believed that the liquid droplet (catalyst)’s dynamics caused by the 

instability at the solid-liquid interface are the driving force for kinking during the 

growth process.162,226,227 Catalyst shape and configuration also play key roles on leading 

defects as well as kinks formation.228 This is also adapted to rationalize the kinking in 

the kinked B4C NWs.  

Figure 3.16 presents three representative TEM images of the catalysts found on 

kinked B4C NWs, which are in an irregular shape (broken ball, triangle and sharp tip) 

and do not cover the whole cross section of the nanowires compared to those 

hemisphere catalysts for straight B4C NWs. The catalysts shown in Figure 3.16 (a) and 

(b) decompose and diffuse to the side surface of the nanowires, and lead the growth of 

a TF-TF kinked NW and AF-TF kinked NW respectively. Moreover, the catalysts 

shrink slightly at the right corner of the interface between catalyst and nanowires and 

the diffusion occurs at the left side. Catalyst shown in Figure 3.16 (c) shrinks even more, 

but without diffusion. Meanwhile the one shown in Figure 3.16 (d) only contacts with 
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nanowire partially. The catalyst in Figure 3.16 (e) sits on top of an IF nanowire segment 

and leaves part of the facet exposed. Though it looks like the catalyst was partially 

removed, no diffusion was found along the nanowires, which also agree with our 

previous hypothesis: catalyst may be in a partially liquid status for AF nanowires. By 

zooming in to the interface, an identical “zig-zag” line was observed as in the AF 

nanowires. Figure 3.16 (f) shows a catalyst completely migrates to the side surface of 

an AF nanowire segment. These findings prove that the catalysts are extremely instable 

during the kinked NWs’ growth and thus results in kinking. 

 

 

 

 

Figure 3.16: Catalysts with different shapes in kinked boron carbide nanowires. 

 

 

 

The schematic diagram of the possible growth mechanisms for most cases is 

shown in Figure 3.17. The growth mechanism of AF-AF cases with kinks being visible 

in off-zone while not in in-zone condition is not quite well-understood and thus is not 

presented here. The first panel of Figure 3.17 shows the growth of TF-TF kinked NWs. 

First, straight TF NW was grown with liquid catalyst sitting on top of the flat surface, 
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as shown in Figure 3.17 (a). Then, with a small perturbation (unstable gas flow or 

temperature), the catalyst might slightly move away from the top surface (Figure 3.17 

(b)). As the synthesis process continues, the arc shape transition area forms either with 

or without defects (Figure 3.17 (c)). Eventually, the catalyst completely wets the other 

same plane facet (100) of lowest surface energy and stable configuration, leading the 

NW to grow in the direction perpendicular to the new wetted facet (Figure 3.17 (d)). 

However, the catalyst may also wet another equivalent facet which is out-of-plane (010). 

This causes the subsequent segment to grow in an out-of-plane direction, as shown as 

dash line in Figure 3.17 (e) and (f). Figure 3.17 (g) and (h) shows the initiation of 

inclined faults at the liquid-solid-vapor triple phase corner and the subsequent IF 

segment was grown following the catalyst. The possibility of growing an AF segment 

after TF segment is very low, which probably due to the energy required to move the 

catalyst to the side surface is much higher than to the other facet. This is also confirmed 

by examining the catalyst final position on the nanowires, in which the catalyst was 

prone to sit at the end of TF segment in most of examined AF-TF NWs. Figure 3.17 (i) 

shows the initial stage of growing AF segment NW. As the catalyst may move away 

from the surface (Figure 3.17 (j), the AF NW continues to grow at a small slope and 

subsequently, the final morphology of the NW will resemble the one a “step” shown in 

Figure 3.17 (k) while maintaining the growth direction. But, the catalyst may shift to 

the side surface and gradually pin off the top surface and completely wet the side 

surface, as shown in Figure 3.17 (l) and (m). After that, the catalyst will drive the NW 

to grow in the direction perpendicular to the defect plane, which results in AF-TF 
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kinked NW. For AF-IF NWs growth, the catalyst may stabilize right on top of two 

surfaces since the IFs stack in two directions and two inclined facets form.  

 

 

 

 

Figure 3.17: Schematic drawing of the growth mechanisms of TF-TF, TF-IF kinked 

nanowires (starting from (a)) and AF-AF, AF-IF kinked nanowires (starting from (i)) 

 

 

 

3.2.10 Conclusion 

In conclusion, a detailed structural investigation of kinking in B4C NWs was 

systematically performed via extensive TEM examination of tens of kinked B4C NWs. 

The two segments of as-synthesized kinked B4C NWs could be the combination of 

either any two of TF, AF and IF planar defects except the combination of two IF 

segments, which gives total 5 cases of kinked B4C NWs, i.e., TF-TF, AF-AF, AF-TF, 

TF-IF, AF-IF kinked NWs. The kinked B4C NWs with multiple kinks also exist but 
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they are not structurally coherent because the kink angles and crystallographic 

orientation vary. Even within each of the five cases, the structure, particularly at the 

transition area, may be different.   

It is necessary to perform TEM examination of the kinked NWs before studying 

their transport properties since the usual optical microscope and SEM examinations will 

not be able to distinguish subtle defects, whereby they may strongly affect the transport 

properties. Only by doing so, should researchers be able to establish the true structure-

property relation. Additionally, the growth mechanism for each case of kinked B4C NW 

is proposed based on the dynamics of liquid droplet (catalyst), which divided the kinked 

NWs’ growth into several steps. The current work extends the analysis of kinked NWs 

from simple crystal systems to complex ones.



 

CHAPTER 4: THERMAL TRANSPORT AND REPRESENTATIVE ZT OF 

STRAIGHT AND KINKED NANOWIRES 

 

In this chapter, the transport properties, especially thermal transport properties 

of both straight and kinked boron carbide nanowire were thoroughly explored 

experimentally. This is a collaborative work with Dr. Deyu Li’s group at Vanderbilt 

University. The thermal conductivity measurement and analysis are done by Dr. Li’s 

group. Meanwhile, we are our responsible to conduct the structural characterization and 

analysis of the boron carbide nanowires. The correlation between structure and thermal 

conductivity is conducted by both groups.  

4.1 Background 

Owing to high temperature stability and decent figure of merit (ZT), boron 

carbide has long been projected as a type of promising thermoelectric (TE) materials. 

39,229 However, the measured thermal conductivity, electrical conductivity and Seebeck 

coefficient are often obtained from hot pressing polycrystalline bulk boron carbide 

samples with a wide range of grain sizes due to the extreme challenge of synthesizing 

high quality single crystalline samples.40,230-232 As such, the measured properties 

include the contributions from the grain boundaries and suffer from the average effects. 

Boron carbide nanowires with highly crystalline nature offer an opportunity to 

eliminate abovementioned structure-properties uncertainty. In addition, it is believed 

that the low dimensional nanostructures would have superior TE properties compared  
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to their bulk counter parts.233,234 However, transport properties, particularly thermal 

transport properties of boron carbide nanowires with stacking faults and kinks have not 

been well explored experimentally.         

In this chapter, the experimental thermal conductivities of single crystalline 

boron carbide nanowires of different structures and compositions are reported. 

Different parameters, such as wire diameter, carbon concentration, stacking faults 

orientation and density, and especially kinks, which might affect the thermal transport 

of boron carbide nanowires, have been extensively explored. The results present a 

comprehensive picture of structure-thermal properties relation of boron carbide 

nanowires and provide important physical insights into tuning the thermal transport 

properties of the nanowires.  

4.2 Experiments 

Single crystalline boron carbide nanowires were synthesized in a LPCVD 

system as mentioned in the previous chapter. With the help of a home-built 

micromanipulator, individual boron carbide nanowires were then picked up and 

transferred to a copper grid with lacey carbon for structural investigation using TEM, 

which serves as a key process to identify appropriate nanowires for the subsequent 

thermal test. The TEM characterization reveals two dominant types of stacking faults 

orientation inside the boron carbide nanowires, i.e., transverse faults (TF) and axial 

faults (AF).103 The fault density of AF nanowires was also extracted from HRTEM 

image by dividing the number of total atomic planes and the number of stacking fault 

planes. In addition to straight boron carbide nanowires, kinked ones are also observed, 
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as described in detail in Chapter 3. The carbon concentration was measured by both 

EELS and EDS, which provide comparable results in majority nanowires (within 2%), 

as presented in Appendix A.  

The characterized nanowires were then transferred to a specific suspended 

micro-device for subsequent thermal properties measurements from 20 to 420 K, which 

were conducted in a cryostat (Janis-CCS 450) under a high vacuum level (< 1×10-6 

mbar). In addition, dual radiation shields with an inner one mounted on the sample 

holder directly, were utilized to minimize the effects of radiation heat transfer. Figure 

4.1 (a) presents the schematic drawing of this dual radiation shield setup, in which a 

micro-device with a nanowire bridging across the stage, as shown in Figure 4.1 (b). The 

background thermal conductance (Gbg) between the two suspended membranes was 

measured separately and subtracted from measured thermal conductance of the 

nanowries. Moreover, in order to reduce contact thermal resistance, the contacts 

between the nanowire and the suspended membranes were enhanced with EBID of 

platinum (Pt). With this EBID treatment, the contact thermal resistance could be 

minimized to a negligible level, which is confirmed by measuring the Seebeck 

coefficient from different sets of electrodes following the approaches as demonstrated 

by Mavrokefalos et al.235. In Figure 4.1 (c), a long nanowire contacts with the 

suspended membranes at four points (electrodes) and the Seebeck coefficients from 

both outer two (1,4) and inner two electrodes (2,3) were measured simultaneously. The 

result shows that both measurments overlapped each other essentially (Figure 4.1 (d)). 
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This indicates negligible temperature difference between 1 and 2, 3 and 4, and the 

contact thermal resistance contributes merely to the total measured quantity.  

 

 

 

 

Figure 4.1: (a) Schematic drawing of the dual radiation shields setup; (b) an actual 

micro-device with a nanowire secured on it; (c) a long nanowire with 4-point contacts 

suspended on the micro-device; (d) Seebeck coefficients comparison between the 

electrodes positioned at 1,4 and 2,3. 

 

 

  

4.3 Results and Discussions 

A large number of boron carbide nanowires (> 50 nanowires) have been 

measured and subsets of samples with only one parameter different from each other are 

carefully selected to extract the true effects of each factor since our examined boron 

carbide nanowires are of different diameters, carbon concentrations, stacking faults 
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orientations/densities, and straight/kinked morphologies. However, it is crucial to 

confirm that measured thermal conductivities overlap with each other for such complex 

nanowires of similar structure, diameter and composition to make sure that the extracted 

trends are physically meaningful. Figure 4.2 plots the thermal conductivities of three 

TF nanowires with ~50 nm diameter and ~14% carbon concentration. It is obvious that 

the measurement results of these three nanowires almost overlapped, suggesting that it 

is still feasible to extract the effects of sole parameter through comparing data from 

samples with only one parameter as a variable. 

 

 

Figure 4.2: Plot of thermal conductivities from three TF nanowires with similar 

diameter and carbon concentrations. 

 

 

 

4.3.1 Carbon Concentration  
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It has been found that thermal conductivity of bulk polycrystalline boron 

carbides becomes larger as the carbon concentration increase even though the reported 

data are quite scattered.40,236,237 This general trend is confirmed in both TF and AF 

boron carbide nanowires during our measurement. As mentioned earlier, boron carbide 

could have carbon concentration ranging from 8-20%. In our boron carbide nanowires, 

majority have a carbon concentration of 13~15% with only a small number of 

nanowires falling out of this range from the EDS/EELS measurement. Figure 4.3 (a) 

and (b) presents two sets of TF and AF nanowires’ thermal conductivity plots at 

different carbon concentration. As shown clearly, the nanowires with lowest carbon 

concentration (9.3% or 9.5%) exhibit lowest thermal conductivity. Note that, the 

diameters of these nanowires are not same, but our strategy here is to select nanowires 

with higher carbon concentrations having diameter similar or smaller than those with 

lower carbon concentrations. In this way, any effects from phono-boundary scattering 

will counter the trend of the carbon concentration; therefore, the actual thermal 

conductivity increase with carbon concentration should only be more prominent. In 

addition, the fault density of the three AF nanowire shown in Figure 4.3 (b) is different 

as well, but the fault density found to have negligible effect on the thermal transport of 

boron carbide nanowires, which will be discussed later. 
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Figure 4.3: Thermal conductivities of TF (a) and AF (b) nanowires with similar 

diameters while different carbon concentrations 

 

 

  

The carbon dependent thermal conductivity in boron carbide has been mainly 

ascribed to the more ordered molecular structure and reduced structural defects as 

carbon concentration increases.236 Boron carbides have a rhombohedral unit structure 

with eight 12-atom icosahedra locating at the corners and one 3-atom chain occupying 

the longest diagonal of the unit. Depending on the carbon atoms’ substitution sites 

(icosahedra or 3-atom chain), a C-B-C structure is preferred for higher carbon 

concentration, while either C-B-B or B-B-C for that of lower carbon concentration. 

Moreover, C-B-C structure is more ordered and structure defects are reduced as the 

carbon concentration increases, which would benefit the phonon transport.33      

4.3.2 Diameter 

Besides carbon concentration dependence, the thermal conductivity of boron 

carbide nanowires also behaves a clear dependence on diameter due to strong phonon 

boundary scattering at the nanowire surface,84,86 as confirmed in both TF and AF 

nanowires. Figure 4.4 (a) plots the thermal conductivity of three TF nanowires with 
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similar carbon content (13.7%-14.1%). As the diameter decreases, the thermal 

conductivity goes down as well. In Figure 4.4 (b), the fault densities of three AF 

nanowires are similar (20%), while the carbon contents vary. However, the 43 nm 

nanowire with the highest carbon content (16.3%) still has the lowest thermal 

conductivity, which actually emphasizes the diameter dependence since the highest 

carbon content was supposed to result in a highest thermal conductivity. 

 

 

  

 

Figure 4.4: Thermal conductivities of two groups of nanowires with different 

diameters: (a) TF, (b)AF  

 

 

 

4.3.3 Fault Density 

It is commonly believed that any structural defects, such as planar defects (twins 

or stacking faults), would have significant suppressing effects on phonon transport.238-

241 Therefore, it is expected to see a large reduction of thermal conductivity if the fault 

density is high. However, looking at the AF nanowires with similar diameters (40 nm) 

but with varying fault densities, it was found that almost no change happens to the 

thermal conductivity until the fault density reaches 39% and thermal conductivity rises 
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beyond this point (Figure 4.5 (a)). Figure 4.5 (b) shows an example of how to calculate 

the fault density of AF nanowires from a HRTEM image. A possible explanation to this 

observation is at the stacking faults planes, a large portion of the phonons will transport 

specularly, which will not pose significant resistance to the thermal transport, while at 

the nanowire surface, all phonons will be scattered or reflected and this process is nearly 

diffusive. For high fault density nanowires, the surface scattering is suppressed, which 

in turn leads to a high thermal conductivity.  

 

 

 

 

Figure 4.5: (a) Thermal conductivities of five AF nanowires with variable fault 

densities; (b) an example showing how to calculate the fault density of AF nanowires 

 

 

 

4.3.4 AF vs. TF 

As mentioned before, our as-synthesized nanowires display two types of 

stacking faults orientations, TF and AF. It is initially expected that the TF nanowires 

would have a lower thermal conductivity than AF nanowires since the planar defects of 

TF nanowires are perpendicular to the phonon transport direction, which would pose 

more resistance to the specular or diffuse phonon transport. In order to do a systematic 
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comparison, the nanowires were divided to four groups with similar diameters in each 

group but different stacking faults orientation, as shown in Figure 4.6. Though the 

carbon concentration also varies in each group, a general trend that TF nanowires have 

a lower thermal conductivity than AF ones could still be extracted in Figure 4.6 (b) 

(group 60 nm) and (d) (group 80 nm). The violation of this trend in Figure 4.6 (d) is 

from an 81 nm nanowire (purple triangle), whose thermal conductivity is close to the 

TF nanowires’. Note that this is mainly due to its lower carbon concentration (11.2%) 

than the rest of nanowires in the group, which essentially reduces its thermal 

conductivity as a result of the carbon concentration dependency. However, this trend is 

hard to observe based on the data shown in Figure 4.6 (a) (group 50 nm) and (c) (group 

70 nm). Though, in Figure 4.6 (c) the AF nanowire has a higher thermal conductivity 

than that TF ones, this may be attributed to its higher carbon concentration. However, 

these data show that phonon transport is generally more difficult in TF nanowires than 

that of AF nanowires..    
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Figure 4.6: Thermal conductivity comparison between TF and AF nanowires: (a) 

group 50 nm, (b) group 60 nm, (c) group 70 nm and (d) group 80 nm. 

 

 

 

4.3.5 Straight vs. Kinked 

With a good understanding of the effects of carbon concentration, diameter, and 

stacking faults densities and orientations for straight boron carbide nanowires, next the 

effect of kinks on thermal transport is explored. The kinks that we are investigating here 

are of two simple ones, i.e., TF-TF with a 106.9° kink angle and AF-TF with a 90° kink 

angle, as shown in Figure 4.7 (e) and (f). The detailed structural investigation of those 

two kinks could be found in Chapter 3. Based on the difference in diameter, three subset 

data of TF-TF kinked nanowires are plotted in Figure 4.7 (a), (b) and (c), which all 

show significant reduction of thermal conductivity for kinked nanowires. Figure 4.7 (d) 

displays the comparison between a straight AF nanowire, a straight TF nanowire, an 
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AF-TF kinked nanowire, and a TF-TF kinked nanowire. Again, kinked nanowires 

exhibit lower thermal conductivity as compared to the straight ones. In addition, the 

AF-TF kinked nanowire shows less thermal conductivity reduction than that of TF-TF 

kinked one, which suggests substituting one TF arm with AF will enhance the thermal 

transport. This observation supports the idea that more resistance is imposed in TF 

nanowires, as discussed in section 4.3.4. 

 

 

   

 

Figure 4.7: Thermal conductivity of straight nanowire vs kinked nanowires based on 

different diameter group. 

 

 

 

It is worth noting that the straight nanowires selected to compare with the kinked 

ones all have similar or smaller diameters and lower carbon concentrations than the 

kinked ones. By doing this, it is for sure that the reduced thermal conductivity of the 

kinked nanowires is indeed arose from the effect of kinks instead of other parameters. 

In addition, the kinked region of the tested kinked nanowires is of single crystalline 
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without any defects, as confirmed from the TEM examination, which suggests the 

reduced thermal conductivity cannot be emerged from low quality crystalline structure 

at the kinks. Moreover, the thermal conductivity is reduced 15% to 40% at room 

temperature for different groups of nanowires. The kink actually poses a resistance 

which is 6 to 16 times greater than a straight nanowire segment if we assume the 

equivalent length of the kink is 100 nm.  

Assuming the phonons mean free path contributing to thermal transport is large 

in boron carbides, which is reasonable because of the extremely complex structure, the 

phonon transport in the kinked region is mostly ballistic and the reduced conductance 

comes from the smaller view factor between the two ends of the kinked region than that 

between the two ends of a straight wire of equivalent length. However, a ray tracing 

Monte Carlo simulation performed on a ‘L’ shape (kinked) wires with square cross 

section shows the thermal conductivity reduction rate is far smaller than that that in 

boron carbide nanowires because of the low resistance. For example, even with a 

specular reflection boundary condition that yields a larger conductance reduction, the 

resistance only increases by about 25%, much smaller than the required 6 to 16 times 

hike to lead to 15-40% thermal conductivity reduction.  

Though there are no direct experimental studies of thermal conductivity 

reduction by kinks in nanowires, a molecular dynamics (MD) simulation conducted by 

Jiang et al.94 gives some hints on how kinks can affect thermal transport through silicon 

nanowires. Their results show a single kink can reduce the thermal conductivity by 

about 20% at 300K for a kinked silicon nanowire of 1.1 nm diameter, which falls in the 
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range (15%-40%) of our experimental observed reduction though our boron carbide 

nanowires are of much larger diameter (>50 nm). They attributed the thermal 

conductivity induced by kink to phonon pinching effects, in which phonons have much 

smaller chance to transmit through the kink since the atoms vibrations of the same mode 

in the two sides of the kink are in orthogonal direction. This pinching effect could be 

adopted to explain the obvious reduction of thermal conductivity in our kinked boron 

carbide nanowires. However, this transport phenomenon dominated by the phonon 

wave nature requires further theoretical and modeling investigations. But one 

interesting group of data from our measurements seems to support the viewpoint. As 

can be seen in Figure 4.8, a nanowire with clear stacking faults and dislocations in the 

kink region has a thermal conductivity smaller than that of a straight nanowire but larger 

than that of a kinked nanowire without defects in the kink region. They all have similar 

diameters and carbon concentrations. In the phonon pinching effects, the scattered 

phonons essentially undergo a mode conversion process to transmit into the other side 

of the kink. The phonon mode conversion would be enhanced by the structural defects, 

which helps phonon scattering, and thus more phonons will be directed into the other 

side of the kink. In other words, phonon scattering actually promotes heat transport 

instead of posing resistance, similar to the phenomenon observed for the contact 

thermal resistance between two multi-wall carbon nanotubes.242  
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Figure 4.8: Thermal conductivity comparison ((a)) between TF-TF kinked nanowire 

with defects ((b) and (c)) and without defects ((d) and (e)) in the kink region. 

 

 

  

4.3.6 Figure of Merit (ZT)  

As a key parameter to describe the performance of TE materials, the figure of 

merit (ZT) of boron carbide nanowires was evaluated preliminarily. With the same 

micro-device, we are able to measure the Seebeck coefficient and electrical 

conductivity as well. However, due to the fact that a 1-2 nm thick oxide sheath always 

exists as the outer layer of the boron carbide nanowire and its insulating properties, this 

oxide sheath must be etched away at the position where EBID of Pt locates to ensure a 

good ohmic contact. Figure 4.9 plots the thermal conductivity (a), Seebeck coefficient 

(b), electrical conductivity (c), and ZT (d) of two AF nanowires. The 56 nm nanowire 

has a smaller thermal conductivity, a larger Seebeck coefficient, but much smaller 

electrical conductivity, which results in a smaller figure of merit (ZT), 0.004 at 420 K 

than that of the other one, 0.009 at 420 K. Note that, the current measured ZT value of 

boron carbide nanowires is much smaller than those (0.15-1) of bulk boron carbides at 

high temperature (>1000 K), but is larger than those (0.0005) at low temperature (< 500 
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K). The enhancement of TE performance is apparent in boron carbide nanowires. It is 

expected to see an even larger enhancement as higher temperature is used in the test 

since the electrical conductivity increases with the temperature. The next step is to 

extend the measurements to higher temperature and to proceed with measuring the 

figure of merit of straight TF nanowires and kinked nanowires, which might have larger 

ZT value than the AF ones.  

 

 

 

 

Figure 4.9: Measured thermal conductivity (a), Seebeck coefficient (b), electrical 

conductivity (c), and calculated ZT (d) of two AF nanowires. 

 

 

 

4.4 Conclusions 
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In summary, we have experimentally measured the thermal conductivity of 

boron carbide nanowires of different diameters, carbon concentrations, stacking fault 

orientations/densities and geometries (straight or kinked). Several general trends of 

thermal conductivity in boron carbide nanowires are discovered and confirmed: (1) 

carbon concentration dependence: higher carbon concentration leads to higher thermal 

conductivity because of more ordered structure and less defects (2) diameter 

dependence: smaller size leads to lower thermal conductivity due to enhanced phono 

boundary scattering; (3) TF nanowires generally have lower thermal conductivity than 

the AF ones; (4) stacking fault density seems to only have marginal effects; (5) kinked 

nanowires share significantly reduced thermal conductivity, which might come from 

the need for phonon mode conversion before they can propagate into the opposite side 

of the kink. In addition, the figure of merit (ZT) of boron carbide nanowires is analyzed 

preliminarily, in which the lower value is due to the low temperature. This discovery 

provides new insights into phonon transport in the complex boron carbide nanowires 

and the reduced thermal conductivity of the kinked nanowires could further boost the 

thermoelectric properties of these nanowires.



 

CHAPTER 5: RAMAN SPECTROSCOPY ON INDIVIDUAL BORON 

CARBIDE NANOWIRES 

 

5.1 Background 

As discussed in Chapter 1, the structure of boron carbide is really complex and 

the debate still exists on the exact carbon positions inside the unit cell even from various 

theoretical calculations and experiments, such as free-energy calculation,243 density 

functional theory,244,245 electronic transport,39 thermal transport,236 X-rays 

diffraction,246 neutron diffraction247 and electron-spin resonance248 measurements.  

However, it is agreed that the carbon content and its position actually play important 

roles in determining the boron carbide’s structure, i.e. order or disorder molecular 

structure. For instance, high carbon content (B12C3) C-B-C chains, which have 

orientational symmetry, are believed to lead to more ordered structures than low carbon 

content (B13C2) C-B-B chains with an agreement that one carbon atom resides within 

each icosahedron (B11C).33 This structural change is well reflected from the thermal 

transport studies, in which higher carbon content boron carbides always exhibit larger 

thermal conductivity.236 In addition, Raman spectroscopy, which has long been utilized 

to study the structure of boron carbide due to its sensitivity to the molecular bonds’ 

vibrations, also provides evidences to support this view.33,249  
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Besides those molecular level disorders, some other defects, such as stacking 

faults are often observed in boron carbides, no matter bulks or nanostructures, due to a 

relative smaller stacking energy.222 Moreover, it has been reported that Raman 

spectroscopy could also be used to detect stacking faults in several material systems, 

i.e. epitaxy grown silicon carbide (SiC)250-252 and molybdenum diselenide (MoSe2)253 

crystals layers or thin films by monitoring some characteristic phonon modes. 

Disordered stacking faults will introduce either broadened or distorted Raman bands. A 

denser stacking faults typically will only lead to the widening of the full width at half 

maximum (FWHM) while not shifting the peak positions.252 Moreover, Raman 

spectroscopy has been applied on identifying stacking faults in individual silicon (Si) 

and germanium (Ge) nanowires.138,172 However, to the best of our knowledge, no study 

has been done to correlate the Raman spectroscopy with stacking faults in boron 

carbides. The main reason may be due to the complex structure and the large 

homogeneous range of boron carbide. Even though the synthesis of boron carbide thin 

films is relatively easy, the problem is the low quality of as-synthesized products, which 

usually have a polycrystalline nature. Here in this chapter, we investigate the effect of 

stacking faults including the orientations and densities on Raman scattering in high 

quality single crystalline boron carbide nanowires with minimal variation in carbon 

contents by means of micro-Raman spectroscopy. The purpose is to evaluate the 

possibility of utilizing micro-Raman spectroscopy as a quick tool to identify the defects 

in the as-synthesized boron carbide nanowires.       

5.2 Experimental  
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Boron carbide nanowires were synthesized via LPCVD as usual. After growth, 

individual nanowires were either transferred to a lacey carbon TEM grid or to the edge 

of a thin glass slide, as shown in Figure 5.1 (a) and (b) respectively. In the former case, 

the nanowires were first examined by TEM first to identify the stacking faults types 

and to obtain information on the wire diameters and compositions, and then followed 

by micro-Raman spectroscopy examination. While in the latter case, the nanowires 

were initially subjected to micro-Raman spectroscopy examination and later transferred 

to the lacey carbon grid for subsequent TEM examination. In the latter methond, the 

nanowires are able to lie down flatly, which results in an enhanced Raman scattering, 

but the risk is the nanowires might be lost during the transfer from glass slide to the 

TEM grid.  

 

 

 

 

Figure 5.1: (a) An individual nanowire lies on the lacey carbon film of a TEM grid; 

(b) Several nanowires suspend on the edge a thin glass slide. 

 

 

 

A Horiba Jobin-Yvon LabRam HR800 micro-Raman spectroscopy system with 

a spectral resolution 0.5 cm-1 is utilized to record the Raman spectra ranging from 100 
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to 1200 cm-1 for all individual nanowires excited by a torus 532 nm laser made by Laser 

Quantum at room temperature (300K). Laser power could be tuned from 20 pW to 20 

mW with the helpful of internal filters and an external neutral density filter. An 

Olympus BX 41 microscope with a motorized XY moveable stage is attached to focus 

the laser to a small spot (~0.75 μm at 100x objective lens (N.A. = 0.9)) and locate the 

nanowires. In addition, in order to control the geometry configuration between the 

nanowires and incident laser, a high precision rotation mount (360°) from Thorlabs is 

placed on the moveable stage to support the glass slide, on which the TEM grid or thin 

glass slide is positioned. Moreover, TEM grids with nanowires were put on a gold 

coated PDMS strip to reduce the vibration and avoid the interference from the PDMS. 

The measurements are conducted in a backscattering configuration. The instrument was 

calibrated using a clean silicon chip as reference, which has a typical Raman peak at 

520.7 cm-1.          

5.3 Results and Discussions 

5.3.1 Test Optimization  

It is known the Raman scattering intensity is greatly influenced by the 

specimens’ Raman scattering cross-sections,189 which is quite small for boron carbides. 

One way to get stronger Raman scattering in boron carbides is to use higher laser power 

since the signal is linearly proportional to laser intensity. While for nanowires including 

boron carbide nanowires, laser power should be kept very small (< 300 μW) in order to 

avoid damaging or burning the samples as well as heating effect.172 Besides the laser 

power, other parameters, such as substrates, nanowires’ position, confocal hole size and 
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integration time, also affect the quality of the final Raman spectral during the 

measurements. Therefore, the test parameters are firstly optimized to obtain decent 

Raman scattering signal from individual boron carbide nanowires. 

Depending on the substrates, the threshold of laser power may vary. As shown 

in Figure 5.2 (a), one nanowire on TEM grid got burnt within 3 minutes (acquisition 

time: 45 s, integration cycle: 1) when the laser power reaches 230 μW (measured by a 

power meter from Thorlabs), as reflected from the Raman spectrum, in which there was 

a drop around 900 cm-1 and the peak around ~1060 cm-1 shown in the other three Raman 

spectral at lower laser power almost vanished. However, one nanowire suspended on 

the glass slide’s edge survived under the same conditions, even with longer exposure 

time. One hypothesis to explain this threshold difference is that the laser power intensity 

per area is larger for nanowires on TEM grid since the nanowires are often tangled 

(inclined or not flat). One more evidence to support this view is that even different 

nanowires on the same TEM grid show different laser power threshold due to their 

unique positions. Therefore, for later measurements the laser power is set as 120 μW 

and 230 μW for nanowires on TEM grid and on glass slide respectively. It should be 

noted that we mainly use nanowires suspended on the edge of a glass slide for 

subsequent parameters optimization because of the relative stronger Raman scattering.  

Next parameter being optimized is the confocal hole size. As described in 

section 2.6, the Raman setup used has a confocal hole locating in front of the grating 

and detector, which is mainly being set for the confocal analysis. Typically, as the 

confocal hole size decreases, the confocal performance of the system improves since 
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out-of-focus Raman scattering light is eliminated by the confocal hole, for example, 

higher spatial resolution.254 In addition, because of the small analysis volume of the 

samples in confocal mode, the signal level will decrease accordingly. In our case where 

the individual boron carbide nanowires’ diameters are mostly less than 100 nm, the 

confocal hole should be set to a small diameter. Three small confocal hole sizes (100, 

200 and 300 μm) were chosen for the comparison and optimization. As plotted in Figure 

5.2 (b), the Raman spectrum collected at the smallest confocal size (100 μm) while with 

other parameters maintained same (230 μW, 25 s acquisition time and 5 integration 

cycles) does exhibit stronger peaks. Hence, we used 100 μm confocal hole for the 

subsequent measurements.    

By knowing the appropriate laser power and confocal hole size, now the 

acquisition time and integration cycles are being studied. Obviously, one can imagine 

a longer acquisition time will accumulate more signals and more integration cycles are 

able to increase the signal/noise ratio and smoothen the spectrum. However, when 

dealing with such small nanowires, longer collecting time means there is a higher 

possibility of single nanowire being drifted away even though the vibration is 

minimized, especially for the nanowires on TEM grid. Figure 5.2 (c) displays the 

Raman spectra of a nanowire suspended on glass slide’s edge recorded at different 

integration time. It is clearly seen that the Raman scattering intensity of longer 

acquisition time is stronger. However, in the practice, the longest acquisition time for 

one cycle is usually set no more than 60 s to avoid heating effect and sample shifting. 

Therefore, we did not go beyond 60 s. But it is surprised to observe negligible sample 
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shifting during the measurement even though the acquisition time was set to 60 s, which 

indicates our efforts on reducing the vibrations is in effect. Figure 5.2 (d) shows an 

example of how the number of integration cycles affects the Raman spectra. As can be 

seen, though both spectra are noisy because of the weak Raman scattering in boron 

carbide nanowires, more integration cycles lead to a relative smoother profile. Here, in 

order to be time-efficient, 10 cycles are used in our experiments.  

 

 

 

 

Figure 5.2: Optimization of laser power (a), confocal hole size (b), acquisition time 

(c) and integration cycles (d) for collecting micro-Raman spectrum of individual 

boron carbide nanowires. 

 

 

  

Another parameter significantly affecting the Raman scattering in boron carbide 

nanowires is the nanowires’ position or orientation, i.e. vertically or horizontally 
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aligned. As illustrated in the schematic drawing (Figure 5.3 (a)), the preferred growth 

direction of vertically aligned nanowires coincides with the y-axis, while horizontally 

aligned ones’ overlaps with the x-axis. In addition, the laser propagates along the z-axis. 

The torus 532 nm laser being used has a TEM00 spatial mode and vertical polarization 

direction, which means the electric field only oscillates in the y-axis direction, as 

indicated by the red sinusoidal line. Moreover, the laser spot (~750 nm) is much larger 

than the diameters of boron carbide nanowires. It is quite straightforward to imagine 

that the interaction range (~750 nm) between electric field and vertically aligned 

nanowires will be greatly larger than that (50~100 nm)of the horizontal aligned ones, 

which in turn will result in a stronger Raman scattering in the former ones. Moreover, 

the internal electrical field is different in aforementioned two nanowires’ orientations.  

This is confirmed by our experimental data, in which there is almost no detectable 

Raman scattering in a horizontally aligned nanowire, while multiple peaks show up 

after aligning the same nanowire vertically, as shown in Figure 5.3 (b). The TEM 

examination reveals that the nanowire is a TF one. In order to confirm that the effect of 

nanowires’ orientation is not related to stacking faults orientations. Figure 5.3 (c) shows 

the Raman spectra of another AF nanowire examined by micro-Raman at two different 

configurations and similar phenomenon was observed. Therefore, all nanowires were 

aligned vertically before acquisition of Raman spectrum began.  
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Figure 5.3: The effect of nanowires’ positions on Raman scattering: (a) schematic 

drawing showing the general configuration between laser and nanowire, (b) A TF 

nanowire and (c) an AF nanowire’s Raman spectra when vertically and horizontally 

placed. Insets are the corresponding HRTEM images and DPs.  
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5.3.2 Comparison Between Bulk and Nanowires 

Raman spectra extending from 200 to 1200 cm-1 of bulk single crystalline and 

polycrystalline boron carbide have been reported in many literatures.255-258 However, 

because of the complex structure and uncertainty of the carbon positions, there is still 

debate on assigning the observed Raman peaks. But, it is agreed that carbon 

concentration affects the Raman scattering in boron carbide. As an example, Figure 5.4 

(a) presents the micro-Raman spectra of boron carbide thin films prepared by LPCVD 

with different carbon concentrations.249 In addition, a standard bulk single crystal boron 

carbide’s Raman spectrum as a reference was shown in Figure 5.4 (a) as well. As can 

be seen in the Raman spectrum from the standard boron carbide (20 at% C), several 

broad and narrow Raman peaks at 270 cm-1, 320 cm-1, 481 cm-1, 531 cm-1, 728 cm-1, 

830 cm-1, 970 cm-1, 1000 cm-1 and 1080 cm-1 are distinctively observed. In general, the 

Raman bands appearing in low frequency range (<600 cm-1) are ascribed to the 

stretching vibrations of the three atoms chains associated with libration and wagging of 

the icosahedron containing C,33 while those in high frequency range (>600 cm-1) are 

caused by the vibrations of intra-icosahedra and inter-icosahedra.259 As the carbon 

concentration decreases, the Raman profile in the low frequency region starts to change 

(i.e. diminishment of 270 cm-1, 481 cm-1 and 531 cm-1 bands, arising of a new 380 cm-

1 band). In the meantime, Raman bands between 600 cm-1 to 1200 cm-1 are relatively 

less affected, in which only a blue shift is observed in comparison with the reference 

Raman spectrum.  
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Figure 5.4 (b) presents two representative Raman spectra with distinctive 

profiles of our individual boron carbide nanowires, in which the top one is observed 

more often. Both nanowires are on TEM grids and the experimental parameters were 

set same. The major difference between these two Raman spectra arises within the 

lower frequency range in which carbon content plays important role. The top one has 

two broad Raman peaks at 180 cm-1 and 370 cm-1, while the bottom one exhibits a 

Raman peak at 270 cm-1 besides the 370 cm-1 peak. In addition, the Raman peaks 

between 600 cm-1 to 1200 cm-1 in top spectrum shift slightly to lower value (1054 cm-

1 to 1047 cm-1, 919 cm-1 to 916 cm-1). The observation can be rationalized as a result of 

the slight change in the carbon concentration of the nanowires, although it was initially 

suspected that stacking fault orientation is responsible for it. Our boron carbide 

nanowires usually share a similar carbon concentration (13% to 15%) with occasional 

larger (16%) or smaller (11%) carbon concentration. The EDX measurements show the 

nanowire with top Raman spectrum has a carbon content of 15.7%, while the other one 

has a 14.0%. By comparing with Raman spectra shown in Figure 5.4 (a), it is found that 

boron carbide nanowires’ typical Raman spectrum is close to the bulk ones with 

13.8~16.2 at% C, which agrees well with our EDX analysis. The 728 cm-1 and 830 cm-

1 Raman bands are not well resolved, but the bump within 600 to 850 cm-1 shown in 

Figure 5.4 (b) does indicate certain Raman scattering exists. In addition, some distinct 

features are also observed between bulk (thin film) and nanowires, for instance, the 

strong 480/531 cm-1 double peaks usually present in the bulk are barely seen in 

nanowires, new peaks at 180 cm-1 or 270 cm-1 emerge and large blue shifts of most 
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Raman bands occur. It has been confirmed that quantum size confinement effects in 

nanowires are able to broaden and downshift the Raman bands. In the case of our boron 

carbide nanowires having high density of stacking faults, some additional Raman bands 

may appear because of the structural disorder. 

 

 

 

 

Figure 5.4: Raman spectra comparison between bulk boron carbide crystals (a)249 

and boron carbide nanowire (b) 

 

 

 

5.3.3 Laser Power Dependence  

As mentioned in the optimization part, laser power was the first parameter being 

investigated. With the help of the internal filters, the Raman spectra of several boron 

carbide nanowires were recorded at high power (~200 μW) and low power (~20 μW). 

An interesting finding is that the 551 cm-1 Raman peak becomes much more prominent 

(comparable to the strongest Raman peak) while the rest get suppressed at low power, 

as can be seen in Figure 5.5. The top two panels present the Raman spectra of two 

nanowires suspended on a SixNy substrate. The strong and sharp peak locating at 522 

cm-1 is mainly from Si. The bottom two panels plot the Raman spectra of nanowires 
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suspended on a glass slide. Usually high laser power will lead to the broadening and 

shifting of Raman peaks because of heating effect. However, it seems this is not the 

case in our boron carbide nanowires. One possible explanation is that the 3-atoms chain 

vibrations which gives rise to the 551 cm-1 peak are more sensitive to low power laser 

due to the anisotropy properties of boron carbide.260 

 

 

 

 

Figure 5.5: Raman spectra of individual nanowires on SixNy substrate (a and b) and 

glass slide (c and d) taken at two different laser power: ~200 μW (black) and ~20 

μW (red)) 

 

 

 

5.3.4 Diameter Dependence 

It has been shown that Raman intensity is dependent on diameter in Si 

nanowires with diameters ranging from 80 to 240 nm, in which the authors showed the 
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Raman intensity increases with decreasing diameter for a typical back scattering 

configuration.261 However, such diameter dependence was absent in AlN nanowires262 

with diameters ranging from 33 to 4000 nm because of the relative small Bohr exciton 

radius of AlN, which makes quantum confinement not in effect. Here we selected 

several nanowires with different diameters and took each’s Raman spectrum at the same 

conditions. As shown in Figure 5.6, the comparisons were categorized to two groups, 

TF and AF nanowires. In the TF nanowires group (Figure 5.6 (a)), it does show that the 

nanowire with larger diameter tends to exhibit weaker Raman scattering. However, 

there is no such trend in AF nanowires group (Figure 5.6 (b)). Therefore, the diameter 

dependence of Raman scattering in boron carbide nanowires is not consistent. In 

addition, the effect of fault density could also be simply evaluated from the data shown 

in Figure 5.6 (b), in which one nanowire has a fault density of 24%, while the other has 

a slightly higher one (28%). By looking at the Raman band at 1060 cm-1, it is found the 

one with higher fault density shifts toward lower frequency region and exhibits a 

broader band. It has been reported that high stacking fault density will broaden the 

Raman peak in some crystals (i.e. silicon carbides) due to the disorder in bond 

polarizability, which will then induce phonon modes with wave vectors away from the 

Brillouin zone center become Raman active.251 Therefore, with examining the width of 

the Raman peak, we could roughly estimate the fault densities of boron carbide 

nanowires. However, by carefully examining the Raman spectra obtained from several 

nanowires on glass slide, one more interesting phenomenon was discovered. As can be 

seen Figure 5.7, all five nanowire exhibit similar Raman spectrum profiles. However, 
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the intensity ratio of the 371 cm-1 to the 189 cm-1 peak varies among the nanowire. Out 

of these five nanowires, NW 1 gives a ratio slightly larger than 1, while the rest four 

nanowires all have ratios less than 1, ranging from 0.87 to 0.97. Now the reason leading 

to this observation is unclear, but carbon concentration and position may play a role, 

and further structure investigations are needed.  

 

 

 

 

Figure 5.6: Raman spectra of individual nanowire with different diameters: TF group 

(a) and AF group (b). 

 

 

  

  

Figure 5.7: Raman spectra of five boron carbide nanowires suspended on the edge of 

thin glass slide. 
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5.3.5 Stacking Faults Orientations 

Initially, it is thought that the stacking fault orientation will have significant 

effects on Raman scattering. If this is true, Raman spectroscopy will be a great tool to 

identify the boron carbide nanowires’ stacking fault types. However, we discovered that 

stacking fault orientation actually does not impose significant effects on the Raman 

scattering. Figure 5.8 displays the Raman spectra of a TF and an AF nanowire, which 

looks almost identical. Another evidence could be traced back to Figure 5.5, in which 

two distinctive Raman spectra are observed in TF nanowires. Therefore, it is concluded 

that the Raman scattering is more related to carbon content other than stacking fault 

orientations.   

  

 

 

Figure 5.8: Comparison between Raman spectra obtained from a TF and an AF 

boron carbide nanowire.  
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5.4 Conclusions 

In this chapter, we have performed a preliminary Raman study of individual 

boron carbide nanowires. Because of the small Raman scattering cross section, the 

Raman scattering intensity of boron carbide nanowires is extremely weak. In order to 

acquire decent Raman spectra, the parameters, such as laser power, substrates, 

nanowires’ positions, acquisition time and integration cycles must be optimized prior 

to the acquisition. The appropriate laser power was determined to be 230 μW and 120 

μW for nanowires on glass slide and TEM grid respectively. It should be noted that 

some nanowires on TEM grid could sustain higher laser power as long as the exposure 

time is short. The acquisition time is set as 60 s to accumulate as many signals as 

possible during one cycle. As for the integration cycles, 10 cycles are typically used in 

our experiments.  

In comparison to the  Raman spectra from the bulk boron carbides, boron 

carbide nanowires’ Raman spectra exhibit several distinctive features: diminishment of 

480cm-1 and 531 cm-1 double peaks, arising of 180 cm-1 or 270 cm-1 peak, and blue 

shifts of most Raman band, which are believed due to the quantum size confinement 

effects and high density of stacking faults. In addition, the effects of laser power, 

diameter, stacking fault densities and stacking faults orientations on Raman scattering 

in boron carbide nanowires were explored. It is interesting to find out that (1) the Raman 

peak at 551 cm-1 becomes more intense at low laser power, (2) higher stacking fault 

densities actually could broaden the Raman bands, and (3) the intensity ratio of two 

Raman bands (i.e., the 371 cm-1 to the 189 cm-1 peak ) varies among the nanowires. 
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However, no solid or consistent diameter and stacking fault orientations dependence 

were discovered, which makes it impossible to employ Raman spectroscopy as an 

alternative tool to TEM to identify the stacking faults orientations in boron carbide 

nanowires. Nevertheless, Raman spectroscopy still could be used to tell the difference 

between a defective nanowire and defect-free nanowire, which has been confirmed in 

Si and Ge nanowires. We are not able to verify this finding as there is none defect-free 

boron carbide nanowires being identified in our as-synthesized nanowires. Though so, 

it will be worth looking into this issue in the future study.  



 

CHAPTER 6: CONCLUSIONS AND FUTURE WORKS 

 

6.1 Conclusions 

In this dissertation, aiming to correlate the structures with thermal properties 

and Raman scattering, we have systematically investigated the structure evolutions of 

kinked boron carbide nanowires via extensive TEM examinations and structure 

reconstruction modeling,  performed thermal properties characterizations and analysis 

of tens of individual boron carbide nanowires including both straight and kinked ones 

(in collaboration with Dr. Li’s group at Vanderbilt University), and aslo conducted 

micro-Raman studies on individual boron carbide nanowires. The following 

conclusions were obtained based on our studies. 

For the kinked boron carbide nanowires, five kinking cases (TF-TF, AF-TF, AF-

AF, TF-IF and AF-IF kink) are discovered based on the combination of the stacking 

faults orientations. In addition, the characteristic features and kink angles of kinked 

boron carbide nanowire viewed from different zone axes were explored and 

summarized to assist in differentiating the nanowires. The catalysts’ instability and 

migration are believed to be responsible for kinking during the VLS growth of boron 

carbide nanowires. 

The thermal properties and structure relation of boron carbide nanowires has 

been established. The thermal conductivities of boron carbide nanowires exhibit strong



121 

carbon content and diameter dependence. Larger diameter nanowires of higher carbon 

concentration typically have higher thermal conductivities. In addition, TF nanowires 

generally have ~20% lower thermal conductivities than the AF ones. The fault density 

only seems to affect the phonon transport when it is beyond a threshold (~39%). The 

most important finding is the significant reduction of thermal conductivities of kinked 

nanowires, which may be due to the need for phonon mode conversion or scattering 

before they can propagate into the other side of the kink.  

On the hand, micro-Raman spectroscopy could be used to distinguish the 

stacking faults densities instead of the orientations. Higher stacking fault densities 

broaden the Raman bands. In addition, carbon content plays an extremely important 

role in Raman scattering, especially in the low frequency region (< 600 cm-1), which 

arises from the vibrations of three-atom chains.       

6.2 Future Works 

For the structural study of boron carbide nanowires, though we have proposed 

several general growth mechanisms of kinking in boron carbide nanowires based on the 

catalysts’ instability and migration, more works need to be done in order to clarify this 

hypothesis. For example, the phases, interface and the decomposition, diffusion and 

migration routes of the catalysts should be carefully investigated, which might shine 

insights on the rational synthesis of kinked boron carbide nanowires. 

For thermal properties study of boron carbide nanowires, we have focused on 

the thermal conductivities measurement within 20-420 K. Since boron carbide 

nanowires are potential high temperature TE materials, the measurement should be 
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extended to a higher temperature (800K). In addition, in order to evaluate the 

thermoelectric performance of the boron carbide nanowires, electrical conductivities 

and Seebeck coefficients should be measured as well. The preliminary results indicate 

the figure of merit of boron carbide nanowires is still relatively low due to the small 

electrical conductivity. Therefore, our next approach is to find the nanowires (e.g. 

kinked nanowires with multiple kinks) with even smaller thermal conductivities or to 

dope the current nanowires with Al or other metals to enhance the electrical 

conductivities.  

For micro-Raman study of boron carbide nanowires, a more systematic 

investigation of the carbon concentration’s effect on Raman scattering is necessary. This 

will give hints on the carbon positon within the boron carbide unit cell. In addition, the 

parameters should be further optimized to obtain better quality Raman spectra of boron 

carbide nanowires since the current ones contain much noises. For example, the 

nanowires could be placed directly on an Au-coated silicon or glass substrate.   
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APPENDIX A: COMPARISON BETWEEN EELS AND EDX 

 

It is well known that EELS is more sensitive and accurate to detect light 

elements (i.e. B and C). However due to the limitation of accessing the EELS 

instrument, in this dissertation, the EDX is used to determine the composition of boron 

carbide nanowires. In order to confirm the carbon concentration information obtained 

from the EDX is acceptable to investigate the carbon dependent thermal transport and 

Raman scattering in boron carbide, we have collected and compared both EELS (9.36-

15.35% C) and EDX (8.5-16.23%) spectra of 81 boron carbide nanowires. As can be 

seen in Figure A1, the distribution of carbon content difference between EELS and 

EDX from all measured nanowires are plotted, in which more than half (47) of the total 

number of nanowires exhibit a difference less than 2%, while only 5 nanowires have 

differences of 3.5-4% and the rest are in between 2-3.5%. By taking uncertainty in 

examining location into consideration, it is safe to conclude that the carbon 

concentration obtained from our EDX is comparable to the EELS with a relatively small 

difference. 
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Figure A1: Distribution of carbon content difference between 

EELS and EDX


