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ABSTRACT OF THE THESIS 

 

Reduced Thermal Conductivity of Compacted Silicon Nanowires 
 
 

by 

 

Taylor S. Yuen 

 

Master of Science in Materials Science Engineering 

 

University of California, San Diego, 2013 

 

Professor Renkun Chen, Chair 

 

Nanocomposite materials have been sought after because of their reduced 

thermal conductivity.  Nanocomposites are fabricated by compacting nanostructured 

materials (i.e. nanoparticles, nanowires, etc.) into bulk composites.  The reduction in 

thermal conductivity is attributed to increased thermal boundary resistance at the 

interfaces between individual nanostructures in the composite.  This resistance is 

attributed to the scattering of phonons at the nanostructure interfaces, as described by 

the diffuse mismatch model. 



 
xvii

This thesis is concerned with the reduced thermal conductivity of compacted 

silicon nanowires.  Reduced thermal conductivity of compacted silicon nanowires has 

been predicted through first-principles modeling.  This treatise will present analytical 

and computer modeling and experimental results for the thermal conductivity of 

compacted silicon nanowires. 
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Introduction 

Low thermal conductivity materials have been sought after for several 

applications.  One such application is thermal barrier coatings.  The designing of high 

efficiency engines raises the challenge of finding coatings that can allow the engines 

to maintain a high operating temperature1.  These coatings can be applied to the 

turbine blades of heat engines to reduce the amount of heat wasted by the engine.  

Such thermal barrier coatings require materials that have low thermal conductivities. 

Another area where low thermal conductivity materials are needed is 

thermoelectric generation.  Thermoelectric generators are capable of extracting waste 

heat from conventional power generators and converting it into usable electrical 

energy.  This conversion of thermal energy into electrical energy is known as the 

Seebeck effect, which refers to the generation of an electric current due to the 

temperature gradient in the material.  The thermoelectric efficiency of a material 

depends on its thermoelectric figure of merit, expressed as �� = 	
����

	
.  A major part 

of increasing the ZT of thermoelectric materials is to reduce the thermal  

conductivity2-4.   

Low thermal conductivity materials are typically found among ceramics and 

composite materials.  Advances in the synthesis of nanostructured materials have 

given rise to materials with lower thermal conductivities than bulk materials.  This has 

broadened the range of materials that can be selected for low thermal conductivity 

applications. 
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This thesis will focus on the reduced thermal conductivity of compacted silicon 

nanowires.  The thesis will be divided into the following chapters.  Chapter 1 will 

cover the fundamentals of heat transfer in nanostructured materials.  Chapter 2 shows 

examples of synthetic nanostructured materials with reduced thermal conductivity.  

Chapter 3 presents the experimental setup and fabrication technique used to create a 

compacted silicon nanowire sample.  Chapter 4 reviews the theoretical modeling used 

to predict the thermal conductivity of compacted silicon nanowires.  Chapter 5 

presents the measurement method used to measure the thermal conductivity of the 

sample and the results of the measurements.  Chapter 6 will contain concluding 

remarks on the research findings. 
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Chapter  1: Heat Conduction in Nanostructured Mater ials 

1.1 – L imitations of Classical Heat Transfer                                                                                                                             

Classical heat transfer studies of conductive heat transfer show that the flow of 

thermal energy in a material is a result of a temperature gradient.  This flow has been 

described as a diffusion of energy within the material, expressed by the Fourier 

equation: 

� = 	−�∇�              (1.1) 

 This equation states that the heat flux through the material is proportional to 

the temperature gradient with a constant of proportionality known as the thermal 

conductivity, k.  The Fourier equation effectively describes heat conduction in bulk 

materials.  However, studies of heat transfer in nanostructured materials have shown 

lower thermal conductivity than those measured for bulk materials.  This is because 

the Fourier equation has assumed the thermal conductivity of bulk materials to be a 

material constant, and did not consider the motions of the atoms or electrons during 

heat conduction.  Thermal conductivity measurements of silicon nanowires have 

demonstrated that their thermal conductivity can be reduced by one to three orders of 

magnitude from that of bulk silicon depending on the diameter of the nanowires. In 

order to understand the effects of nanostructures on thermal conductivity, one must 

look closer into the mechanisms of heat transport in materials 
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1.2 – Heat Car r iers 

 The mechanism behind heat conduction is the transport of heat by heat carriers. 

There are two types of carriers involved in conductive heat transport: electrons and 

phonons.  Weakly bounded valence electrons are said to move freely in a solid, 

serving as energy carriers through the solid2-4.  Phonons are the lattice vibrations in the 

crystal structure of material, which occur when thermal energy is applied to the crystal 

lattice, causing excitations in the lattice structure.  Like electrons, phonons have both 

wave-like and particle-like properties.  Both electrons and phonons are excited by 

thermal energy and in turn “carry”  the excess energy through the solid. 

 Heat conduction in metals is dominated by electrons while heat conduction in 

insulators and semiconductors is dominated by phonons2-4,6.  Since this treatise will 

mostly cover semiconducting materials, further explanation of the nature of phonons is 

required.  As said earlier, phonons exhibit both wave-like and particle-like properties.  

The wave-like properties of phonons can be visualized using simple mass and spring 

analogies2-5.  Imagine the atoms of the crystal lattice being spherical masses connected 

to each other by springs of length a (crystal lattice length).  For simplicity, let us 

consider only a one-dimensional array of masses and springs (see figure 1.1), where 

all the masses and springs between them are the same. 
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Figure 1.1: A one-dimensional array of a spring-mass system analogy of phonons2.   
 

If the nth atom is displaced by a distance xn, the equation of motion can be 

written as: 

 � ∗ 
�
�
���� = � ∗ ����� � ���� − 2���    (1.2) 

 In this equation, the force on the nth atom is assumed to be contributed only by 

its nearest neighboring atoms.  The solution of this equation should have the form: 

            �� =	������������                  (1.3) 

When this solution is plugged into equation 2.2, the resulting expression is:        

 !� = �"2 −	����� − ���� = 2��1 − cos '(�   (1.4) 

 =	)!*+ �1 − cos '(� 

The above equation can be plotted in a ω-K plot (figure 1.2) to show the 

phonon dispersion.   
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Figure 1.2: Phonon dispersion plot of acoustic branch (left) and other branches (right)5. 
 

The plot of this equation represents the acoustic branch of phonons.  Because 

the crystal lattice of materials is a periodic array, with atoms having a periodicity of a, 

the minimum allowable wavelength is 2a.  This means that the range of K is − ,
�  to  

,
�.  

The slope of the phonon dispersion is known as the group velocity, -*, of the phonons 

(the velocity of energy propagation in a medium).  What can also be observed in the 

phonon dispersion is that the slope of the curve as K → 0 is constant2.  This refers to 

the long-wavelength limit of the phonons and the dispersion relationship (1.4) in this 

limit can be written as 

 =	)*
+'( = -*'       (1.5) 

 which is known as the Debye model.  The vg of phonons at the long-

wavelength limit is equivalent to the solid medium’s speed of sound, hence the name 

acoustic branch.  The long-wavelength limit behavior is typically observed for 

phonons propagating at low temperatures.  Another observation is that as K → 
,
�,  
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vg → 0.  This means that phonons propagating with higher K (or shorter wavelengths) 

contribute very little to heat conduction.  The frequency at the limit K → 
,

�
 is known 

as the Debye cut-off frequency, ωD, and is the maximum frequency of the phonon 

dispersion2. 

The wave motions of phonons can be further analyzed by examining lattices 

with adjacent atoms having the same spring constants but different masses, or the 

same masses but different spring constants.  This produces a second dispersion curve 

known as the optical branch (O branches in figure 1.2).  The optical branch contains 

phonons that are propagated when photons (or electromagnetic waves) come into 

contact with the surface of the solid.  Yet, the optical branch phonons have very low 

group velocities, meaning that they contribute little to heat conduction.  One could 

also consider the transverse and longitudinal motions of the phonons, giving rise to 

three polarizations of the acoustic branch (one LA, and two TA) and two polarizations 

of the optical branch (LO and TO) (see figure 1.2).  Each of these polarizations or 

modes of phonon branches can be distinct depending on the crystal orientation of the 

material. 

 

1.3 – Nanoscale Heat Transfer  Processes 

 When studying heat transfer in nanoscale materials, one must analyze the 

interactions of carriers within a solid.  There are two types of interactions involved in 

heat transport: carrier-carrier interactions and carrier-defect interactions.  These 

interactions are also known as scattering mechanisms, meaning that these interactions 
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can cause changes in the wave frequency or direction of the heat carriers.  There are 

two types of scattering: elastic and inelastic scattering.  Elastic scattering changes the 

direction of the heat carriers without changing their frequencies, while inelastic 

scattering changes the frequencies as well as the direction of the heat carriers2. 

 In metallic materials, electrons dominate heat transfer in solids.  The main 

scattering mechanisms are electron-electron scattering, electron-phonon scattering, 

and electron-defect scattering.  It is assumed that electrons are infrequently scattered 

by other electrons, and hence electron-electron scattering plays only a minor role in 

heat transfer3.  Electron-phonon scattering occurs between electrons and acoustic 

phonons, and electrons and optical phonons.  When electrons are scattered by acoustic 

phonons, their frequencies are not significantly changed, though their direction and 

momentum is changed (elastic scattering)2.  When electrons are scattered by optical 

phonons, the exchange of energy during the process can significantly change their 

frequencies in addition to changing their direction and momentum (inelastic 

scattering)2.  Electron-defect scattering results in the change of direction and 

momentum of the electrons, but not their frequencies (elastic scattering)2. 

 In semiconducting and insulating materials, phonons dominate as heat carriers.  

Phonon scattering can be divided into three categories: phonon-defect, phonon-

electron (mentioned in previous paragraph), and phonon-phonon scattering.  Phonon-

defect scattering includes phonon-impurity, phonon-dislocation, and phonon-boundary 

interactions.  The frequencies of the phonons remain unchanged during this scattering 

process (elastic scattering)2. 
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Figure 1.3: Elastic scattering mechanisms of phonons2. 
 

Phonon-phonon scattering is an inelastic process that changes the energy or 

frequency of the phonons.  There are two types of phonon-phonon scattering 

processes: normal process and Umklapp process.  The normal process scattering 

occurs when two phonons merge to form a single phonon (case A), or when a single 

phonon splits into two phonons (case B).  In both cases, the frequencies of the phonon 

changes, but not the momentum, which result in almost no thermal resistance in the 

material5.  The Umklapp process occurs when two phonons collide and produce a 

phonon that has a lower frequency and wave vector, K (case C).  The momentum of 

the phonon is not conserved, contributing to thermal resistance in the material5. 

 

Figure 1.4: Vectorial representation of phonon-phonon scattering. Case A and B represent the normal 
processes, while case C represents Umklapp process2. 

 

The scattering mechanisms mentioned are the fundamental means by which 

heat is transferred within a material, and are essential to understanding heat transfer 
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within a nanostructured material.  Although both elastic and inelastic scattering can 

contribute to thermal resistance, how much they contribute depends on their effect on 

the heat carriers.  In general, scattering processes that change the direction of the heat 

carriers against the heat flux or change the momentum of the heat carriers will 

contribute to thermal resistance.   

Scattering mechanisms can be quantified using the relaxation time, τ.  τ is 

described as the average time between collisions2.  Shorter τ means more scattering 

occurs.  There are different expressions used to calculate τ based on the type scattering 

that occurs.  It is convenient to express the combination of all the scattering 

mechanisms in a material as the effective relaxation time, τeff.  An assumption often 

used is the Matthiessen rule, which adds up the scattering rates or the reciprocal of the 

relaxation times (defect: .�; Umklapp: ./; boundary: .0) for different scattering 

processes as: 

�

1233
=	 �14 �

�
15 �

�
16	       (1.6) 

The equation essentially adds the thermal resistances posed by each scattering 

process.  Thermal resistance is related to the reduction in thermal conductivity of 

nanoscale materials.  Thus the key to reducing conductivity is to increase the 

scattering of heat carriers in the material. 

 

1.4 – Classical Size-Effect of Nanostructures on Heat Transfer  

As mentioned previously, the basis of heat transfer in a medium is the 

movements and interactions of electron and phonons.  One characteristic length scale 
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used to describe the movement of electrons and phonons is the mean free path, Λ6-7.  

The mean free path is defined as the average distance a heat carrier travels before 

transferring its excess energy6.  In other words, the average distance that an electron or 

phonon can travel before colliding with another particle.  This is related to the 

relaxation time, τ, as 7 = 	-*τ.  Λ can be related to the thermal conductivity, k, of a 

material by the following expression based on the kinetic theory: 

� = 	 �9∑ ;<-*7=>? @             (1.6) 

where C is the heat capacity of the material.  This is a generalized expression 

for thermal conductivity, which considers the frequency dependence of C, -*, and Λ 

as well as the different values of C, -*, and Λ for each polarization of phonons.  

Different phonon frequencies contribute differently to the thermal conductivity.  The 

contribution of phonons at different frequencies to the thermal conductivity can be 

visualized through plots such as the thermal conductivity accumulation with respect to 

mean free path. 

 

Figure 1.5: Percentage of thermal conductivity accumulation with respect to mean free path of 
bulk silicon30. 
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Figure 1.5 shows that phonons with mean free paths on the order of 100 nm to 

1 um greatly contribute to the thermal conductivity of bulk silicon.  This infers that 

phonons at some frequencies contribute more to the thermal conductivity than 

phonons at other frequencies.  In general, low frequency phonons contribute the most 

to the thermal conductivity. 

Another important characteristic length in heat conduction is the device 

dimension, h, which can be either the diameter or film thickness depending on the 

structure of the device6.  In bulk solids, h >> Λ which means that scattering occurs far 

within the solid and a wide spectrum of phonons contribute to the total thermal 

conductivity7.  However, if a material is synthesized with h << Λ of  low frequency 

phonons, the boundary of the material confines the phonons to have mean free paths 

that are smaller than low frequency phonons.  In essence, this screens out low 

frequency phonons, which removes their contribution to the thermal conductivity and 

thus lowers the thermal conductivity.  This is known as classical size-effect. 

 

Figure 1.6: Phonon movement in a bulk material (top figure) and thin film (bottom figure).   In thin 
film materials, the mean free paths, Λ, of the phonons are constrained by the size, h7. 
 

 

h >> Λ 

h << Λ 
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1.5 – Thermal Boundary Resistance 

One more aspect that needs to be considered for nanostructured materials is 

heat transfer at solid-solid interfaces.  This is especially important when considering 

more complex nanostructured materials such as superlattices and nanocomposites (see 

Chapter 3).  In these types of materials, interfaces are formed between dissimilar 

materials.  These can be interfaces between different materials or interfaces of the 

same material with different crystallographic orientations.  The interface can be 

imaged as a plane in between two dissimilar materials.  When phonons come into 

contact with the interface, they will either reflect off the interface, transmit through the 

interface, or undergo a combination of both9.  The occurrence of these events can 

scatter the phonons and create a resistance to the heat flux known as the thermal 

boundary resistance. 

 

Figure 1.7: Phonon interactions with interface, reflection and transmission.9 

The heat flux through the interface from material 1 to material 2 can be 

described by the following expression: 

��→! =	 �!∑ ; ; B�,Dħω	N�,D�ω, T�I�→! 	cos J sin J dθ	dω�OPQ
�

R
�
�D      (1.7) 
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where ħ is the reduced Planck’s constant, N�ω, T� is the phonon density of 

state, B�,D is the speed of sound for material 1, I�→! is the transmission coefficient, θ is 

the incident angle of the phonon, and j is the polarization of the phonons.  The 

expression ; I�→! 	cos J sin J dθ
R
�
�  is known as the transmission probability Γ.  The 

materials at the interface are assumed to be Debye solids with the generalization that 

the longitudinal and transverse speeds of sound are different, N�,D�ω, T� for 

frequencies below the Debye cutoff frequency,  S, is: 

T�,D� , �� =	 ��

!,�UV,WX "Y
� ħZ[6\���]

           (1.8) 

where kB is the Boltzmann constant.  An expression similar to 1.7 can be made 

for the heat flux from material 2 to 1.  The thermal boundary conductivity can be 

written as: 

ℎ_� =	�`�a =	 �!∑ ; ; B�,Dħω	 �bV,W�c,d��a I�→!,D 	cos J sin J dθ	dω�e
�

R
�
�D      (1.9) 

ℎ_� =	 �f,� ħ�
g6d�∑ ; ; ch

UV,W� 	
Y�
ħZ
[6\�

"Y�
ħZ
[6\���]�

I�→!,D 	cos J sin J dθ	dω�e
�

R
�
�D   

which is the reciprocal of the thermal boundary resistance.  The thermal 

boundary resistance can thus be calculated once the transmission coefficient is 

determined. 

There are two models that have been used to quantify the thermal boundary 

resistance: the acoustic mismatch model (AMM) and the diffuse mismatch model 

(DMM).  AMM considers all phonons as plane waves traveling through continuous 
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medium and thermal resistance as the result of differing acoustic properties of the 

materials at the interface.  By assuming that no scattering takes place at the interface, 

the transmission coefficient, α1-2, for the phonon energy in material 1 incident normal 

to the interface with material 2 is given as: 

I�→! = 	 fiVi�
�iV�i���                   (1.10) 

where Z = ρc is the acoustic impedance, with c and ρ being the speed of sound 

(acoustic phonon velocity) and mass density of the material, respectively.  As shown 

by 1.7, if the materials at the interface are the same, the transmission coefficient is 

equal to 1.  This means that if the materials at the interface are the same, all phonons 

will transmit through the interface. 

DMM assumes that all phonons are diffusely scattered at the interface, and that 

the phonons striking the interfaces loses “memory”  of where they came from8.  

Therefore, the probability of the phonon scattering to one side of the interface is 

proportional only to the phonon density of states on that side (I�→! = 1 −	I!→��.  In 

addition, the number of phonons leaving material 1 is equal to the number of phonons 

leaving material 2.  Therefore, by balancing the heat flux equations from material 1 

and material 2, the transmission coefficient can be derived as: 

I�→!� � =	 ∑ U�,Wj�,W��,a�W
∑ UV,WjV,W��,a�W �∑ U�,Wj�,W��,a�W

                (1.11) 

 where N1,j(ω,T) and N2,j(ω,T) are the phonon density of states on side 1 and 2, 

respectively.  Using the Debye approximation (1.8), 1.11 becomes: 

I�→!� � = 	 ∑ U�,Wk�W
∑ UV,Wk�W �∑ U�,Wk�W

                (1.12) 
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According to this model, if the materials at the interface are the same, the 

transmission coefficient is 0.5.  This means that only half of the phonons will be 

transmitted through the interface even though the materials on each side are the same. 

The transmission coefficient calculated by DMM is a factor of 2 lower than the 

transmission coefficient calculated by AMM.  Thus, the thermal boundary resistance 

calculated by DMM is a factor of 2 higher than that calculated by AMM.  It has been 

observed through experiments that the actual thermal boundary resistance of the 

interface between two materials is between that calculated by DMM and AMM.  In 

essence, DMM and AMM calculate the upper and lower limits of the thermal 

boundary resistance, respectively.  It is thought that DMM is more appropriate than 

AMM to model interfacial heat transfer except for the most perfect, epitaxial 

interfaces between materials2.  Only for ideal epitaxial interfaces is AMM thought to 

be more appropriate because of the need to consider coherent reflection at the 

interface2. 



17 

Chapter  2: Examples of Reduced Thermal Conductivity in  
Nanostructured Mater ials 
 

2.1- Nanowires 

One way to reduce thermal conductivity in materials is to synthesize nanowires.  

As noted in chapter 1, if the device dimension of a material is made smaller than the 

mean free paths of low frequency phonons, the boundary of the material confine the 

mean free paths to those of high and medium frequency phonons, essentially screening 

out low frequency phonons.  Since low frequency phonons are usually the highest 

contributors to the thermal conductivity of materials, the thermal conductivity should 

decrease when these phonons are screened.  Nanowires are synthesized with diameters 

that are smaller than the mean free paths of phonons.  Advancements in nanowire 

synthesis have allowed the synthesis of smaller nanowire diameters such that the 

nanowires can scatter a wider spectrum of phonons.  This leads to larger reductions in 

the thermal conductivity of silicon (figure 2.1). 

 

Figure 2.1: Thermal conductivities of bulk silicon and silicon nanowires32  
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In addition, etching pores on the nanowires further increases the scattering of 

the phonons.  This has been synthesized using metal-assisted electroless etching 

method.  One particular method involves etching silicon nanowires on silicon wafers 

using hydrofluoric acid with silver nitrate12.  The silver ions in the hydrofluoric acid 

act as catalysts for the etching of the silicon nanowires, and the etching of micropores 

on the nanowires.  These micropores increase the surface roughness on the nanowires, 

introducing a secondary phase of scattering12,13.  The increased scattering at the 

boundary is said to be due to the increase in the surface to volume ratio of the 

nanowires.  The resulting reduction in the thermal conductivity of these nanowires is 

shown in the figure below.  Although nanowires have provided important insights into 

classical size-effects on thermal conductivity of nanomaterials, scaling up nanowires 

for thermal engineering based application would be difficult. 

 

Figure 2.2: Thermal conductivity of VLS nanowires (black) and porous nanowires (red) with various 
diameters12. 
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2.2 - Super lattices 

Another attempt to reduce thermal conductivity has been made through the 

creation of superlattice materials14.  Superlattices are thin films fabricated by layering 

two types of materials (such as GaAs/AlAs) in alternating layers of nanoscale 

thickness.  The nanoscale thickness is designed to confine the phonon mean free paths 

through classical size-effects and thus reduce the thermal conductivity.  The 

nanostructure consists of  periodic layers of two materials with different thermal 

properties.  This structure is fabricated to create a series of thermal boundary 

resistances at the interfaces of each layer in order to further reduce the thermal 

conductivity of the material14,15.   

 

 

 

 

 

 

Figure 2.3: (Left) Schematic of superlattice.  (Right) Comparison of thermal conductivity of bulk GaAs 
and superlattice GaAs/AlAs with 12x14 periods and 3x3 periods. 

 
The resistance can be attributed to the scattering of phonons at the interfaces, 

as described by the diffuse mismatch model.  However, coherent reflection and 

transmission of phonons at the interface, as described by the acoustic mismatch model 

must also be considered when analyzing the thermal boundary resistance of 
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superlattices2,14,15.  Recent research has shown that the phase of low frequency 

phonons in superlattices seem to be preserved despite the presence of interfaces, thus 

they are thus transmitted coherently through the superlattice15.  This allows the low 

frequency phonons to conduct a considerable fraction of heat through the material, 

thus resulting in a nearly linear dependence of thermal conductivity on the total 

superlattice thickness.  Therefore, although the thermal conductivity of the superlattice 

is certainly much lower than the bulk thermal conductivities of the individual 

materials, the coherent transmission of these low frequency phonons limits the 

reduction of thermal conductivity, especially when increasing the thickness of the 

superlattice.  In addition, scaling up ordered structures like superlattices for thermal 

engineering applications would also be very difficult and costly. 

 

2.3 - Nanocomposites 

Experimental and theoretical studies on heat conduction mechanisms suggest 

that an ordered superlattice structure is neither necessary nor optimal for reducing 

thermal conductivity16.  Random nanostructures with high interface densities can lead 

to a reduction in phonon thermal conductivity similar to that in superlattices.  This also 

provides a possibility of scaling up these nanosized structures into bulk size materials 

for thermal engineering applications. 

Nanocomposites are fabricated by compacting nanostructured materials into 

bulk composites.  The reduction in thermal conductivity is attributed to an increase in 

diffusive scattering at the interfaces between individual nanostructures in the 
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composite.  Reduced thermal conductivity has been demonstrated experimentally for 

different compacted nanoparticles such as compacted Si0.8Ge0.2
16.  The low thermal 

conductivity of compacted Si0.8Ge0.2 compared to the reference radioisotope 

thermoelectric generator (RTG) sample in the figure below. 

 

 

Figure 2.4: Thermal conductivity of Si0.8Ge0.2 with respect to temperature16. 
 

Nanocomposites open a new path to reducing thermal conductivity in materials 

by introducing nanostructures in bulk size materials.  Until recently, the study of 

nanocomposites was restricted to compacted nanoparticles.  It is of great interest to see 

the effects of compacting other forms of nanostructures into bulk nanocomposities.  

The results of compacting silicon nanowires will be discussed for the next three 

chapters. 
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Chapter  3: Fabr ication of Compacted Silicon Nanowires 

3.1 – Glove Box and Oxygen Purifier  Setup 

The compacted silicon nanowires sample examined in this paper was made 

using a DC induction heating hot pressing procedure.  The procedure was conducted 

in an argon environment within a glove box.  Oxygen was purged from the glove box 

by vacuuming the air in the glove box using the vacuum pump and filling the box with 

argon gas.  When moving items into the glove box via the transfer chamber, the 

transfer chamber was first purged using a similar procedure as the glove box purge. 

After purging the glove box of oxygen, the purified air was circulated from the 

glove box to an oxygen purifier to maintain an inert environment (O2 level: ~ 60 ppm).  

An oxygen monitor was connected to the glove box to measure the oxygen 

concentration within the glove box.  If the oxygen level rose past 300 ppm, the oxygen 

purifier was regenerated.  This was done by heating the oxygen purifier to 500 C and 

then flowing H2/N2 gas through the oxygen purifier.  The gas reacted with the oxygen 

absorbed on FeCl catalysts in the oxygen purifier to produce water vapors, which were 

then vented out of the purifier into the exhaust pipes.  After the regeneration process, 

the remaining hydrogen gas was vented out of the oxygen purifier using the vacuum 

pump.  A schematic of the setup is shown in the figure below along with a table 

indicating the valves opened during each glove box procedure. 
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Figure 3.1: Schematic of glovebox and oxygen purifier setup. 

 

Table 3.1: Valves opened (O) and closed (X) during different procedures of the glove box.   
For three-way valves (1,2,3,7,8), the two opened positions are identifies as left (OL) and right (OR). 

 

Valves Glove box 
Purging 

Transfer 
Chamber 
Purging 

Circulation to 
Oxygen 
Purifier 

Oxygen 
Purifier 

Regeneration 

Hydrogen 
Removal 

1 X X OL OR OR 
2 X X X OR X 
3 X X X OL OR 
4 X O X X X 
5 X O X X X 
6 O X X X X 
7 OL X OR X X 
8 OL X OR X X 
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3.2 – Hot Press Setup 

 The hot pressing procedure involved a DC induction heater and a pellet press.  

The pellet press was placed inside the glove box, and the coil of the DC induction 

heater was passed through the wall of the glove box until it was suspended within the 

pellet press.  A radiation shield was placed around the pellet press to keep the heat 

localized inside the pellet press in order to reach high temperatures. 

 

Figure 3.2: Picture of pellet press in glove box during hot pressing procedure. 

 

 

Figure 3.3: Picture of induction heater (red circle) with the oxygen monitor (blue circle) and 
thermometer (yellow circle). 
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During a hot pressing procedure, the sample powder would be placed in the 

graphite die between two graphite spacers (6.35 mm dia., 3 mm thickness) and two 

alumina rods, with the long rod on top and the short rod on the bottom (long rod: 35 

mm, 6.35 mm dia.; short rod: 25 mm, 6.35 mm dia.).  The die used for this procedure 

was a graphite die surrounded by a nickel shell (Alloy HX, McMaster-Carr).  The 

graphite die had an ID of 6.35 mm and an OD of 12.7 mm and the nickel shell had an 

ID of 12.7 mm and OD of 25.4 mm.  The assembly is shown in figure 3.4. 

  

 

 

 

 

 

 

Figure 3.4: Front and isometric CAD drawings of the graphite die assembly. 

The die would be placed on the press’  lower piston within the induction 

heating coil, and secured by the upper piston.   An insulation layer (alumina silicate) 

was placed between the die and the lower piston.  After heat is applied to the die, the 

pellet press would then raise the lower piston, to apply pressure to the sample via the 

long rod.  A thermocouple was placed through the nickel shell and on the graphite die 

to measure the temperature of the die during the procedure.   

Graphite Spacer 

Graphite Spacer 

Alumina rod (long) 

Alumina rod 
(short) 

Sample 

Nickel Shell 

Graphite die 

Thermocouple 
Hole 



26 

 

 

 

Figure 3.5: Close up photo of hot pressing set-up. 

During the hot pressing procedure, the air inside the glove box was 

continuously vacuumed while argon gas flowed into the glove box.  This allowed the 

procedure to be performed in an atmosphere of 2-5 ppm oxygen, thereby reducing the 

chance of the sample oxidizing during heating. 

 

3.3 – Sample Preparation 

The compacted silicon nanowires sample examined for this thesis was 

fabricated from vapor-liquid-solid (VLS) nanowires.  The nanowires were grown on 

silicon wafers using gold as a catalyst.  The average diameter of the nanowires was 

190 nm.  The images of the nanowires and the distribution of the nanowire diameters 

are shown below.  About 1.5 wafers were used to grow the silicon nanowires for this 

sample, from which around 35 mg of nanowires were extracted. 

 

Radiation Shield 

Thermocouple 

Insulating Layer 

Hot Press Die 

Induction Coil 

Lower Piston 

Upper Piston 
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Figure 3.6: Distribution of silicon nanowire diameters. 

 

 

Figure 3.7: SEM image of silicon nanowires 
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After the nanowires were grown, they were treated in a 20:1 buffered oxide 

etch (BOE) solution for one minute to remove the oxide layer from the nanowires.  

The wafers were then rinsed in methanol for at least 10 min to remove the etchant 

from the wafers.  The wafers were rinsed at least 3 times in methanol.  Methanol was 

used instead of DI water to reduce the possibility of the nanowires oxidizing.  The 

nanowires were then removed from the wafers in methanol by scratching the wafer 

with a razor blade (figure 3.8).  The wafers were scratched until a gray surface was 

seen, indicating a large percentage of the nanowires have been removed.  However, 

the scratching procedure also removed large debris of silicon from the wafers. 

  

 

 

 

 

 

Figure 3.8: Picture of nanowire extraction using a razor blade. 

To remove the silicon debris, the methanol-nanowire solution was then poured 

into an appropriate number of centrifuge vials.  Each vial was then sonicated for 2-3 

min, after which the solution was poured into a new vial, leaving behind the large 

silicon debris.  This process was repeated at least 3 times. 

Afterwards, the methanol-nanowire solution was then centrifuged at 10000 

rpm for 5 min and then at 4000 rpm for 30 min.  As much of the methanol liquid as 

possible was removed from the vials, leaving behind dense masses of silicon 
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nanowires in small amounts of methanol.  The procedure was repeated until all the 

silicon nanowires were condensed into a single vial.  The nanowires were then dried 

overnight in the transfer chamber of the glove box before being placed inside the 

glove box.  The nanowires were hot pressed at 1190 C under 150 MPa of pressure for 

40 min. 

 

3.4 – Sample Character istics 

The resulting pellet was measured to be 0.665 mm thick with a mass of 

0.0349g.  The diameter was estimated to be 6.35 mm (the ID of the graphite die).  

However, the pellet broke into four pieces before this could be confirmed (figure 3.9).  

The pellet came out of the procedure with cracks, making it fragile.  Using the above 

measurements, the pellet was estimated to have a density of 1.657 g/cm^3, 71.2% of 

bulk silicon density. 

                        

                   Figure 3.9: Picture of compacted silicon nanowire sample. 
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Figure 3.10: SEM images of inside of sample.  a) Porous section of sample. b) More compacted section 
of sample. 

 
A small piece of the sample was extracted and examined with the SEM to see 

the silicon nanowire interfaces inside the sample (Figures 3.10).  The images show 

that there are areas where the sample is highly porous and areas where it is more 

compacted.  Nonetheless, it can be seen that hot pressing silicon nanowires have 

created numerous solid-solid interfaces between nanowires. 

 

 

 

 

 

 

 

Figure 3.11:  EDX composition spectrum of the sample.  

a) b) 
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To check if the sample has oxide layers inside, the piece was also examined 

using energy dispersive x-ray spectroscopy (EDX).  The EDX analyzed the elemental 

composition of the inside layer of the sample, the results of which are shown in the 

figure 3.11.  The carbon shown may be due to diffusion of carbon from the graphite 

spacers into the silicon surface.  Since the amount of oxygen present was only ~3 at%, 

it is safe to say that the inside of the sample was not heavily oxidized.  Therefore, the 

thermal conductivity measured for this sample will be only of the silicon nanowires 

composite. 

To get a clearer picture of the interfaces between the silicon nanowires in the 

sample, the sample was also examined using Focused Ion Beam (FIB).  The image 

shows the individual nanowires (within red circle) connecting with highly compacted 

areas of the sample (within yellow circle).  These large compacted areas may be the 

result of some fusion of the nanowires into new crystalline structures.  This may 

change the scattering behavior of the phonons at the interfaces.   

 

Figure 3.12: FIB image of the sample 
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Chapter  4:  Theoretical Models of Thermal Conductivity of  
   Compacted Silicon Nanowires 

 
4.1 – Introduction to Analytical Modeling for  the Thermal Conductivity of 
Compacted Silicon Nanowires 
  
 The thermal conductivity of any material is contributed by the lattice or 

phonons, kl, and the electrons, ke.  The total thermal conductivity can therefore be 

expressed as: 

 ktotal  =  kl + ke         (4.1) 

 In the case of a semiconductor like silicon, the contribution to the thermal 

conductivity would be dominated by the lattice rather than the electrons.  Hence, from 

this point forward, the thermal conductivity k will refer to the lattice thermal 

conductivity. 

This paper presents an attempt to create a relatively simple analytical model 

for the thermal conductivity of the compacted silicon nanowire sample.  The model 

consists of two parts: the effective thermal conductivity of the sample due to silicon-

silicon interfaces and the effective thermal conductivity of the sample due to porosity 

effects.  The model first calculates the effective thermal conductivity due to thermal 

boundary resistance at the interfaces, and then considers the porosity effect to 

calculate the effective thermal conductivity due to the combined effect of thermal 

boundary resistance and porosity. 
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4.2 –Effective Thermal Conductivity of Silicon-Silicon Inter faces 

The thermal resistance at the interfaces between silicon nanowires can be 

modeled using the diffuse mismatch model (see Chapter 1).  For this analysis, let us 

assume that the nanowires compacted in the nanocomposite have uniform diameters (d 

~ 190 nm) and that the nanowires have a [001] crystal orientation.  Since the 

compacted silicon nanowires only involves interfaces between similar sized silicon 

nanowires, we can also assume that the acoustic properties of the nanowires are 

uniform (at the interface between two nanowires, c1,j = c2,j).  Therefore, we can take 

the transmission coefficient α to be 0.5 and the transmission probability Γ to be 0.25.  

After inputting these values into 1.9, the heat conductance at the silicon-silicon 

interface is: 

ℎ�� =	 �
���	

ħ	
��	��,�	

∑ � ω� 	 �
( ħ����

)

[�(
ħ�
���

)��]	
		dω !

"#                 (4.2) 

 Knowing that c1,1 = 8.970 x 103 m/s and c1,2 = c1,3  5.332 x 103 m/s, we can 

calculate ℎ�� by numerical integration of the integral from 0 Hz to the Debye cut-off 

frequency $%.  Afterwards, we can take the reciprocal of ℎ�� to find the thermal 

boundary resistance RBd. The MatLab script used for this calculation is presented in 

the appendix. 

With the calculated RBd, we can then calculate the effective thermal 

conductivity of the sample as a result of the interface resistance.  There are two 

popular analytical models used for this calculation: the Nan et al. model17 and the 
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Yang et al. model18.  The Yang et al. model was found to better describe the thermal 

interfaces between the silicon nanowires and was thus used for the analytical model. 

The Yang et al. model begins by examining the temperature profile across a 

polycrystalline system in response to an applied heat flux.18 Using the Fourier law, the 

temperature profile can be modeled as shown in figure 4.1. 

 

Figure 4.1: Temperature profile across polycrystalline compound with grains of size d. 

 The temperature difference across a single grain of size d is expressed as: 

T* = To + Tgb        (4.3) 

where To is the temperature difference across the interior of the grain and Tgb is 

the temperature difference at the grain boundary.  If we take T*/d to equal dT/dx in 

Fourier’s law, we can define the effective thermal conductivity, keff of the 

polycrystalline material as: 

&�'' =	 �(�)*+),�
          (4.4) 

Since -. =	�(��/  and -01 =	−34��, where ki is the single-crystal thermal 

conductivity, 4.4 can be rewritten as: 
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&�'' =		 5 ��/ +
789
� :

��
		       (4.5) 

This expression is valid for samples with d greater than the phonon 

wavelengths.  If d is close to the phonon wavelength, an additional parameter will be 

needed in equation 4.5.  However, for the compacted silicon nanowire sample 

discussed in this paper, where we take d = 190 nm, equation 4.5 is sufficient. 

 As stated earlier, another popular model used to calculate keff is the Nan et al. 

model.  The only difference from the Yang et al. model is the presence of a factor 2 in 

front of the RBd term19.  This might have occurred because the models take two 

different perspectives of the heat transfer across the grain boundaries (see figure 4.2).  

Nan et. al model images a single particle surrounded by grain boundaries, such that a 

heat flux through the particle experiences resistances at two grain boundaries.  Yang et. 

al model accounts for the fact that a grain boundary is shared by two particles, so it is 

only necessary to account for one grain boundary resistance.  Therefore, the Nan et al. 

model seems to count RBd twice and is not appropriate for the analytical model. 

 

Figure 4.2: Diagram of heat transfer across the silicon nanowire and grain boundaries 
according to Nan et al. model (left) and Yang et al. model (right).   
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4.3 - Effective Thermal Conductivity of Porous Medium 

 Proper modeling heat transfer in a porous medium has been a subject of debate 

for many decades.  The problem of heat transfer in a porous medium was first 

addressed by Maxwell20,21,22.  He addressed the problem using the effective medium 

approximation.  According to this approximation, the pores are assumed to be 

spherical bodies uniformly distributed within a continuous medium of uniform thermal 

conductivity, &..  Each pore is said to cause a temperature perturbation at its location, 

resulting in a change in the conductivity of the medium.  The resulting conductivity is 

known as the effective conductivity of the medium, km.  Maxwell further assumed that 

the spacing between the pores sufficiently far enough away from each other such that 

temperature perturbations caused by one pore does not affect the temperature 

perturbations caused by other pores.  In other words, the pores do not interact with 

each other.  The Maxwell model for a medium with spherical pores is: 

�;
�*
= 1 − =

>?           (4.6) 

where P is the porosity of the medium. 

The assumption that the pores do not interact with each other is said to be 

plausible only in mediums with vary dilute pore distributions (P < 0.1).  Therefore, the 

Maxwell model is limited only to porous mediums with very specific conditions.  An 

attempt was made by Bruggeman to model heat transfer in porous mediums that have 

higher porosity and randomly distributed pores.  He assumed that the sphere radius of 

the pores varied within an infinite range of values and the each single sphere was 

embedded within the continuous matrix.  In essence he extended the dilute dispersion 
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assumption made by Maxwell to cover all pore dispersions (0 < P < 1).  The model he 

derived for spherical pores is: 

�;
�*
= (1 − ?)

@
	          (4.7) 

However, the Bruggeman model, like the Maxwell model, does not consider 

the effects of pore interactions, which has proven to be more significant for mediums 

with higher porosity.  The pore interaction effects have been considered by D.J. 

Jeffery when he derived a second order term in the Maxwell model 100 years after the 

derivation of the Maxwell equation34.  Pore interaction effects have also been 

examined by R.E. Meredith and C.W. Tobias.  The model they derived, known as the 

Meredith-Tobias model, has been used to model the thermal conductivity of mediums 

with randomly oriented spheroidal pores22.  The model is expressed as: 

�;
�*
= 	 (>�A)

>+(B��)A
>(��A)

>(��A)+BA       (4.8) 

 where C =	 �= (
�
>D +

>
��D) and F is the shape factor of the pores.  For spherical 

pores, F = 1/3, meaning that equation 4.8 becomes: 

�;
�*
= 	 (>�A)(��A)(>�".�>FA	)        (4.9) 

The compacted silicon nanowire composite is viewed as a continuous medium 

filled with spherical pores.  Since the porosity of the sample is estimated to be around 

0.288, the Maxwell model would not be an appropriate model.  The Meredith-Tobias 

model is the preferred model because it considers pore interactions. 
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4.4 – The Analytical Model of the Thermal Conductivity of Compacted Silicon 

Nanowires 

 The analytical model estimates the thermal conductivity of the compacted 

silicon nanowires by considering both the thermal boundary resistance effects and the 

porosity effect.  The Yang et al. model (4.5) was used to calculate the effective 

thermal conductivity keff of the nanowires due to the thermal boundary resistance at 

the interfaces of the nanowires.  This was calculated by entering the temperature 

dependent thermal conductivity for a single crystal 190 nm diameter nanowire as ki in 

4.5.  However, since actual experimental k for a 190 nm nanowire was not available, 

ki was extrapolated from experimental k of 37 nm, 56 nm, and 115 nm nanowires.  By 

examining the differences between the k of these nanowires, a factor was derived 

based on temperature and diameter, and used to extrapolate k for 190 nm nanowires. 

The temperature T used in the model ranged from 30 K to 320 K.  As said before, the 

grain size d was assumed to be the same as the diameter of the nanowires (d = 190 

nm). 

 keff is now considered to be the thermal conductivity of the sample medium.  

After keff is calculated, it is entered into the Meredith-Tobias model (4.9) as ko.  The 

porosity P was calculated using the density of the sample and bulk silicon,  

? = 1 −	GHI;JKLG�MK�	N/
, which was calculated to be 0.288.  In summary, the expression of the 

analytical model is: 

&O =	 (>�A)(��A)(>�".�>FA	) 	 5
�
�/
+ 789

� :
��
	      (4.10) 



39 

 

4.5 – Monte Car lo Simulation of Phonon Tranpor t in Compacted Silicon 

Nanowires 

 A theoretical study of compacted silicon nanowires thermal conductivity had 

already been performed by Weixue Tian and Ronggui Yang.  They used a Monte 

Carlo simulation to study phonon transport within the silicon nanowire composite24.  

First, they simplified the structure of the composite into a chess board-like structure as 

shown in the figure below.  The structure can then be broken down into two types of 

unit cells as shown below.  Each square in the unit cell represents a different phase of 

material in the composite structure.  The model structure was originally designed to 

study phonon transport in a compacted composite consisting of Si and Ge nanowires, 

but Tian and Yang also performed a comparative study on compacted composites 

containing only silicon nanowires.  They probably used a unit cell similar to the ones 

shown in the figure below, replacing the Ge phases with Si phases.  As can be seen in 

the figure, the nanowires are assumed to be perfectly aligned, with no pores in the 

medium. 

 

 

 

 

 

Figure 4.3: Theoretical structure and unit cells of compacted nanowire composites used in Monte Carlo 
Simulation.24 
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 Second, within each square of the unit cell, they averaged the properties of the 

phonons at equilibrium and assigned them into phonon energy bundles.  The phonon 

energy bundles are assumed to drift in the nanocomposites with average velocity (vavg) 

and average frequency, both of which were estimated by averaging the equilibrium 

phonon dispersion curves of the three acoustic phonon branches.  Thus, the phonons in 

each energy bundle at the initiation of the simulation were assumed to exist at the 

same frequency and group velocity, corresponding to the gray media approximation24.  

Only the mean free paths of the phonons were temperature dependent, which were 

estimated using experimental bulk thermal conductivity.  These temperature 

dependent properties were pre-calculated and stored into the computer memory before 

the simulation began.   

The basic principle of the Monte Carlo Simulation used by Tian and Yang is to 

track down the phonon energy bundles as they drift and collide through the 

computation domain or unit cell.  The domain was typically divided into 24 x 24 

subcells each containing 10,000 phonons which were assigned to an energy bundle.  

The phonon energy bundles underwent “ intrinsic”  and interface scattering as they 

passed through the nanocomposite.  Intrinsic scattering mechanisms included isotropic 

scattering (most likely meaning phonon-phonon scattering), defect scattering, and 

electron phonon scattering.  The intrinsic scattering effects were lumped together 

through approximate mean free path estimated from experimental thermal 

conductivity kbulk and heat capacity Cac of bulk silicon.  The following equation was 

used to calculate the mean free paths at different temperatures: 
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Λ�T� =	 =	��MK�())RIS,TIU())
        (4.11) 

 The estimated mean free paths were then used to calculate the scattering 

probability of the phonons using the following equation: 

 ?V = 1 −	W�
SIS,∆Y
Z(�) 		       (4.12) 

 The assumption made in equation 4.12 was that the “ intrinsic”  scattering 

events happens similarly in bulk materials as that in nanocomposites.25  At the end of 

each time step, ∆t, each phonon was treated for phonon-intrinsic scattering, during 

which Ps was calculated and a random number between 0 and 1 was drawn.  The 

random number was than compared to Ps.  If the number was less than Ps, the phonon 

was considered scattered.  If scattered, two more random numbers, R1 and R2 (both 

between 0 to 1), were selected to determine the scattering direction using: 

[\ = sin(`) cos(c) d̂ + 	sin(`) sin(c) f̂ + cos(`) &g   (4.13) 

 where cos(θ) = 2R1 – 1 and Ψ = 2πR2.  θ is the angle between the vector si and 

direction k (range: 0 to π), and Ψ is the angle between the vector si and the direction i 

(range: 0 to 2π).  For interface scattering, the interface was assumed to be diffuse24,25.  

The coefficient of transmission, α1-2 (ω), at a diffusive interface is given by equation 

1.11 according to the diffusive mismatch model. 

h�→>($) = 	
∑ �	,�j	,�( ,))�

∑ ��,�j�,�( ,))� +∑ �	,�j	,�( ,))�
    (1.11) 

h�→>($)	was estimated based on the average phonon group velocity and energy 

density at both sides of the interface, simplifying equation 1.11 to: 
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 h�→> = 	
RIS,,	j	())

RIS,,�j�())+RIS,,	j	())
      (4.14) 

 Here h�→> is not frequency dependent.  The interface scattering event was 

considered when a phonon hits an interface, during which a random number (between 

0 and 1) was drawn and h�→>	is calculated25.  If the random number was larger than 

α1-2, the phonon was transmitted.  Otherwise, the phonon was reflected.  At this point, 

two more random numbers were chosen, R1 and R2, and inputted into the following 

expression to calculate the transmission or reflection direction. 

[k = sin(`) cos(c) l�m +	sin(`) sin(c) l>m + cos(`) no    (4.15) 

 where sin2(θ) = R1 and Ψ = 2πR2.  l�m  and l>m  represent the directions tangent to 

the interface plane, while no is the direction normal to the interface plane.  Similar to 

the intrinsic scattering expression, θ is the angle between the vector sr and direction n 

(range: 0 to 
�
> for reflection and 0 to -

�
> for transmittance), and Ψ is the angle between 

the vector sr and the direction t1 (range: 0 to 2π).  Diagrams of the scattering events are 

shown below. 

 

 

 

 

 
 
 

Figure 4.4: Diagrams of intrinsic scattering event (left figure) and interfacial scattering event (right 
figure) used for Monte Carlo Simulation 
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 The Monte Carlo Simulation began by setting up a unit cell as shown in figure 

4.6 with boundary conditions at y = 0, y = Ly (size of unit cell in y direction), x = 0 

and x = Lx (size of unit cell in x direction).  The boundary conditions at y = 0 and y = 

Ly were set to be periodic, such that for each phonon leaving a cell boundary, another 

phonon with exactly the same properties (direction, position, and velocity) enters the 

cell from the opposite boundary.  The boundary conditions at x = 0 and x = Lx were 

also set to be periodic.  A heat flux q was applied to the unit cell such that q(0 , y) = 

q(Lx , y).  This generated a temperature gradient from x = 0 to x = Lx.   

After the boundary conditions were set, the simulation then tracked down 

phonons leaving the boundaries.  Whenever a phonon encountered a scattering event, 

that phonon was said to have been deleted and replaced with a new phonon (with new 

direction, position, and velocity based on local conditions at the scattering event).  The 

new phonon then continued to move in a new direction randomly chosen by the 

scattering events (eq. 4.23 and 4.25) until it encounters another scattering event.  Each 

phonon was tracked down with a certain time step, ∆t.  At the end of each ∆t, the 

energy of the phonons were recorded.  Any difference in energy that occurred at a 

scattering event within a subcell of the unit cell was noted in order to display a 

temperature distribution across the unit cell (figure 4.8a).  From the distribution, 

temperature gradients can then be calculated across the unit cell, which can be used to 

calculate the thermal conductivity of the unit cell.  Although this explanation mainly 

covered 2-D heat transfer within compacted nanocomposite, the simulation can also be 

expanded to analyze 3-D heat transfer. 
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Figure 4.5: a) Normalized temperature distribution in a unit cell of compacted nanocomposite.  
b) Temperature at Y = 0.5 and Y = 1 indicated by the two dashed lines in (a) 

a) 

b) 
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Chapter  5: Measurement of Thermal Conductivity of 
Compacted Silicon Nanowires 
 
5.1 – The 3ω Method 

 One of the most widely accepted methods for measuring the thermal 

conductivity of materials is the 3ω method.  The 3ω method is a frequency domain 

thermal conductance method developed by Cahill26,27.  The method was designed to 

measure the thermal conductance of thin film samples.  The schematic setup of the 

sample is shown below. 

 

Figure 5.1: Schematic arrangement of the sample for 3ω method.26  

 The thin film sample is bonded to a dielectric substrate (usually silicon) using 

an epoxy.  A micropattern four-point metal film heater (usually gold) is deposited on 

the sample, where an AC current is applied along the narrow metal line of the heater 

as shown in Figure 5.1.  Voltage readings are taken at the two points connected to the 

heater.  The AC current source supplies a sinusoidal current with frequency ω, which 

can be expressed as: 

� = ��sin	(	
)        (5.1) 
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 where Io is the amplitude of the AC current.  The current produces joule 

heating in the heater expressed as: 

� = 	 �� = 	 �����(	
)���      (5.2) 

 where Rso is the sample resistance without considering temperature effects.  

The expression above can then be simplified as: 

� = 	 ��
����
 − ������

 cos	(2	
)  

� = 	��� + �� cos(2	
)      (5.3) 

The current generates both DC heat and heat at 2ω frequency.  This means that 

the temperature of the sample also fluctuates at 2ω with an amplitude of ∆T2ω.  The 

temperature is typically out of phase of the generated heat by φ.  The temperature 

fluctuation causes a small change in the resistance felt by the sample, which is 

described by the temperature coefficient of resistance (TCR).  The resistance of the 

sample is thus expressed as: 

�� =	��� + ( � !)∆#�cos	(2	
 + $)     (5.4) 

The voltage drop across the heater is then expressed as: 

% = ��� =	 ����� sin(	
) + �� & � !' ∆#� cos(2	
 + $) sin	(	
)  

% = %� sin(	
) + & (����' &	
 �
 !' &

∆!�)
 ' [sin(3	
 + 	$) − sin(	
 + $)]  

 % = -%� sin(	
) − & (����' &	
 �
 !' &

∆!�)
 ' sin(	
 + $). + 

[& (����' &	
 �
 !' &

∆!�)
 ' sin(3	
 + $)]  

 % = 	%/� sin(	
 + 0) + %1�sin	(3	
 + 	$)    (5.5) 
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Measurements of the voltage drop across the heater include both V1ω and V3ω.  

However, by connecting a lock-in amplifier along with a potentiometer to the 3ω 

circuit, the V1ω reading can be cancelled out to extract the desired V3ω  reading.  A 

schematic of the circuit is shown below. 

 

Figure 5.2: Schematic of 3ω circuit.26 

By rearranging the V3ω component in equation 5.5, ∆T2ω can then be related to V3ω as: 

 ∆#� = 2( ! �)���(
(2)
(�
) 

∆#� = 2(#3�)4/((2)(� )          (5.6) 

In most experimental setups, the temperature fluctuation is so small such that Vo ~ V1ω.  

The transient heat equation for this setup with a heater of L length and 2b width is 

given as: 

 ∆#� = 5
678�

9 �:;�(<=)

[<�=�(<�>?�)
@
�]
ABC

D  

 E = :�F�
8�

        (5.7) 



48 

 

where p is the heater power, K is the wave vector, C is the sample specific heat, 

ρ is the sample density, and ks is the sample thermal conductivity.  δ is known as the 

thermal penetration depth.  According to Cahill, if the heater is thin compared to the 

sample such that ≪	 /= , equation 5.7 can simplify to27: 

∆#� = 5
678�

[0.5 ln & 8�
LM=�' − 0.5 ln(2	) + 	N − � &7O']   (5.8) 

By taking the derivative of ∆T2ω with respect to ln(2ω), the thermal conductivity of the 

sample can be evaluated by: 

 P� = 45
76

 (QR(�))
 (S!�))

       (5.9) 

Using equation 5.9, the thermal conductivity of the sample can be evaluated 

based on the slope of ln(2ω) with respect to ∆T2ω.  This is known as the “slope 

method” .  By combining equation 5.6 with 5.9, ks can be evaluated based on the slope 

of ln(2ω) with respect to V3ω as shown in the following equation: 

P� = 45(!��)(@)
O76

 (QR(�))
 ((2))

       (5.10) 

The slope method is useful to quickly calculate the thermal conductivity of the 

sample from the frequency and V3ω data collected by through the 3ω method.  The 

method is valid if V3ω is linearly dependent on ln(2ω).  However, this was not the case 

when measuring the compacted silicon nanowire sample.  It was more appropriate to 

use equation 5.7, which can be evaluated using a numerical analysis program such as 

MatLab.  This method will be explained in more detail later. 
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5.2 – Sample Set-up 

 A piece of the compacted silicon nanowires pellet was selected for the thermal 

conductivity measurement.  Because of the brittleness of the sample, the piece was 

first placed into an epoxy mold to provide support for the sample.  After curing for at 

least 24 hours, the epoxy mold was polished until a smooth flat sample surface was 

exposed on one side. 

 PMMA was then spin-coated onto the sample surface in order to form a 

dielectric layer between the sample and the heater.  Afterwards, the gold heater was 

deposited onto the PMMA layer using plasma sputtering deposition.  The four point 

heater was formed by placing a shadow mask template unto the sample when 

sputtering gold.  The sample was then bonded to a silicon chip as shown below. 

 

Figure 5.3:  Sample with heater. 

 Gold wires were then bonded to the heater and chip assembly using silver 

epoxy in order make the electronic connections needed to apply current to the heater 

and to measure the voltage drop across the heater.  The bonded wires are shown in the 

picture below. 
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Figure 5.4: Gold wire bonded to heater 

 The sample was then connected to the 3ω circuit and placed into a vacuum 

chamber.  The 3ω voltages were measured for current frequencies from 5 to 2000 hz at 

temperatures from 300 K to 40 K.  Liquid nitrogen was flowed into the chamber in 

order to lower the chamber temperature down to 40 K.    The power input into the 

heater, the sample resistance, 1ω DC voltage, and the temperature of the sample were 

also measured at each temperature.  The voltage data was then converted to 

temperature rise ∆T2ω using the calculated TCR and the measured 1ω DC voltages 

through equation 5.6. 

 

Figure 5.5:  3ω measurement setup before (left) and after (right) closing the vacuum chamber 
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5.3- Results and Discussion 

The thermal conductivity of the compacted silicon nanowire sample was 

calculated for temperatures between 60 K and 300 K.  Because the heater broke at 

40K, no useful data was collected at this temperature.  The thermal conductivity was 

calculated from the data by a curve fitting method using MatLab.   The sample had a 

finite thickness and was composed of multiple layers, making the slope method 

inappropriate for this calculation. 

The compacted Si nanowire composite sample, the sample has a layer of 

PMMA on the Si nanowire composite layer and an epoxy mold layer under the Si 

nanowire layer.  The thermal conductivity of the Si nanowire layer would definitely be 

higher than those of PMMA or the epoxy layers, but the presence of the PMMA and 

epoxy layer may affect the heat transfer through the sample.  A more generalized 

formula of equation 5.7 had been developed by Borca-Tasciuc, et. al, to describe 2-D 

heat conduction across a multilayer-film-on-substrate system28.  This formula was 

numerically integrated by MatLab to calculate temperature rise (∆T) for each 

frequency (ω):  
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   (5.11) 
 

where i is the layer number (with 1 being the top layer and N being the bottom layer), 

p is the power input, L is the heater length, b is half the heater width, α is the thermal 

diffusivity, and d is the layer thickness.  (note: only here is the wave vector (K) 

labeled as λ) .  The ratio of the in-plane and cross-plane thermal conductivities (η) is 

close to 1, as previous experimental work has shown2, 27,28.  B is equivalent to  

(K2 + q2)1/2 in equation 5.7.   A is a multiplying factor that considers the effects of heat 

transfer through layers of different material.  When i = N, AN depends on the boundary 

condition of the bottom surface of the sample.  For the compacted Si nanowire 

composite sample measured, the bottom surface was considered isothermal, such that 

TU = 	 4/
VWRX	(YZ Z)

 . 

The curve fitting method was initialized using literature values of k, C, ρ, for 

PMMA, the Epoxy, and silicon, as well as measured values for b, d, L, and p. 

From the initial boundary condition AN, A and B were calculated for each layer until 

the A1 and B1 were calculated.  Afterwards, the ∆T was calculated for each ω, and 

then plotted with respect to ω.  The experimental data for ∆T were also plotted with 

respect to ω and compared to the calculated values (figure 5.6).  The calculated curve 
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was then fitted onto the experimental curve by adjusting the values of k for PMMA 

and silicon (figure 5.7).  After fitting the curve, the k for silicon was then recorded. 

 

Figure 5.6: Initial output of the curve fitting method 

 

 

 

Figure 5.7: Output of the curve fitting method after adjusting thermal conductivity of Si Nanowire and 
PMMA 
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The experimental thermal conductivity of the compacted Si nanowire sample is 

shown below.  It is compared to the data of the 190 nm and 115 nm silicon nanowire. 

 

 

Figure 5.8: Thermal conductivity of compacted silicon nanowires and single crystal nanowires. 
  

Figure 5.8 clearly shows that the composite sample’s thermal conductivity is 

lower than the thermal conductivity of the 190 nm silicon nanowire by almost a factor 

of 2.  The reduction in thermal conductivity can be attributed to diffusive scattering at 

the interfaces between the silicon nanowires as well as boundary scattering within the 

individual nanowires.  One interesting note to make is that the thermal conductivity of 

the compacted silicon nanowire sample follows a similar trend to that of smooth single 

crystal nanowires with d = 115 nm (figure 5.11).  Despite the fact that the sample was 

created from nanowires with diameters that were nearly two times larger, the thermal 

conductivity of the compacted sample is similar to that of a 115 nm nanowire.  This 

suggests that scattering within the compacted silicon nanowire sample results in a 

thermal conductivity similar to that of a single crystal nanowire of a smaller diameter. 
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Figure 5.9: Experimental thermal conductivity of compacted silicon nanowires compared to Monte 
Carlo model and analytical model. 

 

The comparison between the experimental thermal conductivity of the 

compacted silicon nanowire sample and the Monte Carlo and analytical models is 

shown in Figure 5.9.  The experimental values of k from 200 K to 300 K seem to be 

close to the values predicted by the Monte Carlo simulation performed by Tian and 

Yang24.  The experimental values also seem to follow the same trend as that predicted 

by the Monte Carlo Simulation for this temperature range.  The Monte Carlo 

simulation assumed that the scattering events within the nanocomposite sample would 

be very similar to those observed in bulk silicon, and used gray media approximation 

and bulk silicon thermal conductivity and heat capacity values to initiate the 

simulation.  So far, this method seems to have been appropriate to predict the thermal 

conductivity of sample for high temperatures.  There is insufficient data to say if the 
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Monte Carlo simulation will hold for lower temperatures.  It should be noted that 

Monte Carlo simulation did not consider porosity effects, which brings some curious 

questions about the structure of the compacted silicon nanowire sample. 

The values predicted by the analytical model, however, are noticeably lower 

than the experimental values.  The analytical model assumed diffusive interface 

scattering at all nanowire interfaces as well as spherical pores uniformly dispersed 

within the sample.  A plot comparing the analytical model with P = 0 (assuming no 

porosity) with the experimental values is shown below. 

 

Figure 5.10: Comparison of thermal conductivity of compacted Si nanowire composite with 
analytical model (where P = 0). 

 

When P = 0, the analytical model considers only the thermal boundary 

resistance effect at the silicon nanowire interfaces, as descried by Yang et al. model.  

Figure 5.11 shows that when considering only the thermal boundary resistance effects, 

the analytical model follows a similar trend to the experimental values for higher 
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temperatures (T > 200 K in the figure).  When the analytical model considers the 

porosity effect, it assumes that the sample is a continuous medium with insulating 

spherical inclusions.  We can infer from the experimental results that this may not be 

an accurate view of the sample’s structure.  A more detailed analysis on the structure 

of the compacted silicon nanowire sample would be needed to make a more accurate 

model. 

However, as shown in figure 5.11, the analytical model does not follow the 

thermal conductivity of compacted silicon nanowire composites for lower 

temperatures (T < 200 K in the figure).  This result is somewhat counter-intuitive, 

since phonons in a sample have longer mean free paths at lower temperatures, it is 

expected that more phonons would be scattered at the interfaces of the nanowires.   

One explanation for this discrepancy is that the analytical model did not 

consider the frequency dependence of mean free paths.  According to thermal 

conductivity measurements of nanocrystalline silicon performed by Wang, et al., the 

frequency dependence of the mean free paths becomes important at lower 

temperatures.29  These measurements have shown that the mean free paths for grain 

boundary scattering have ω-1 frequency dependence.  This has been used to explain the 

appearance of a k proportion to T2 trend observed at low temperatures, instead of the 

expected T3 trend.  This would decrease the thermal resistance at the interfaces, 

leading to higher thermal conductivity values.  The experimental results may infer a 

similar effect occurred in this compacted nanowire sample. 
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Chapter  6: Conclusions and Future Works 

 This research has experimentally demonstrated the reduced thermal 

conductivity of compacted silicon nanowires that have been predicted by previous 

theoretical models.  The reduction in thermal conductivity can be attributed to 

diffusive scattering at the interfaces between the silicon nanowires as well as boundary 

scattering within the individual nanowires.  The diffusive mismatch model seems to 

have been an appropriate starting point to describe the thermal resistance at the 

interfaces of the silicon nanowires, as indicated by the Monte Carlo simulation 

performed by Tian and Yang24.  The result of the Yang et. al model also suggests that 

diffusive scattering occurs at the interfaces. 

A simple analytical model that combined a thermal boundary resistance model 

with a porous medium model has not been accurate in describing the heat transfer 

within the compacted silicon nanowire composite.  A more detailed analysis on the 

compacted silicon nanowire structure is needed to find an appropriate model.  The 

Yang et. al model proved effective at predicting thermal conductivity values for high 

temperatures .  However, the model cannot accurately account for the thermal 

conductivity of the composite material for low temperatures.  The experimental results 

have infer that the diffusive mismatch model does not describe the trend for the 

thermal conductivity at these low temperatures.  A frequency dependent effective 

mean free path for boundary scattering may need to be considered in order to more 

accurately describe this trend.  Tests need to be performed on compacted silicon 
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nanowire composites at temperatures lower than 60 K and higher than 300 K in order 

to get a better understanding about these two distinct trends of the thermal 

conductivity of the nanowire composite. 

There is also a need to test the effects compacting nanowires of other sizes into 

composites.  It has already been demonstrated that a composite made of silicon 

nanowires of d = 190 nm exhibit thermal conductivity that is similar to that of single 

115 nm nanowire.  Not only were the values in the same order of magnitude as those 

of the single 115 nm nanowire, but the values followed a similar trend as that of the 

115 nm nanowire (especially at lower temperatures).  This suggests that scattering 

within compacted nanowire composites results in thermal conductivity values similar 

to smooth single crystal nanowires of smaller diameters. 

This research has provided thermal conductivity data on a new type of 

nanocomposite material.  It has also pointed out the difficulties of modeling the 

thermal conductivity of compacted silicon nanowire materials, especially at low 

temperatures.  However, the thermal conductivity of this material does seem to follow 

the trend that had been predicted by the Monte Carlo Simulation, which merits further 

study of this material’s behavior at higher temperatures.  The compaction of silicon 

nanowires into a composite provides a possible new way to reduce the thermal 

conductivity of silicon nanowires, and fabricate a bulk material with low thermal 

conductivity.  
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APPENDIX 
 

A1 – MatLab Codes 

nanocompk.m 

f unct i on [ k_o_1]  = nanocompk( k_i , d, P, T_si nw)  
  
%Cal cul at es t her mal  conduct i v i t y  of  nanocomposi t e mat er i al  
  
%k_i :  t her mal  conduct i v i t y  of  no boundar y r esi s t ance mat er i al  
%d:  gr ai n boundar y di amet er  ( m)  
%P:  sampl e por osi t y  
  
DMM_Tdependent ;  
  
A = ( k_i ) . ^ - 1 + ( R_b) . / d;  % Yang model  
k_o_1 = A. ^ - 1;  
  
k_o_1 = ( ( 2- P) / ( 2- . 125* P^2) ) * ( 1- P) * k_o_1;  %Mer edi t h/ Tobi as model  
  
pl ot ( T_si nw, k_o_1, ' * ' )  
 
end 

 

DMM_Tdependent.m 

kb = 1. 38e- 23;   %Bol t zmann const ant  
hbar =1. 054571726e- 34;    %Reduced Pl anck' s  const ant  
mode_mat r i x  = 1: 3;  %( TA = 1, 2;  LA = 3)  
wD_Al ong = 9. 65738e13;  %Debye f r equency,  l ongi t udi nal  
wD_At r ans =6. 0849e13;  %Debye f r equency,  t r ansver se 
wD_mat r i x = [ wD_At r ans wD_At r ans wD_Al ong] ;  
  
v j A = [ 5332 5332 8970] ; % mat er i al  A phonon speeds [ TA1, TA2, LA]  i n m/ s 
v j B = [ 5332 5332 8970] ; % mat er i al  B phonon speeds [ TA1, TA2, LA]  i n m/ s 
al pha = sum( vj B. ^ - 2) / ( sum( vj B. ^ - 2) +sum( vj A. ^ - 2) ) ;  %Tr ansmi ssi v i t y  
count =0;  
  
T_mat r i x  = T_si nw;  %Temper at ur es ( K)  
nT = l engt h( T_mat r i x) ;  
h = zer os( 1, nT) ;  
h_mode = zer os( 1, 3) ;  
 
%Cal cul at i ng h f or  al l  t emper at ur es 
f or  T = T_mat r i x  
count  = count +1;  
h_i nt =0;  
K = 1/ ( 8* pi ^2) * hbar ^2/ kb/ T^2* al pha;  
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n = 5000;  
 
%cal cul at i ng h f or  al l  modes 
f or  mode = mode_mat r i x  
   dw = ( wD_mat r i x( mode) - 1) / n;  
 
 %Numer i cal  i nt egr at i on f or  al l  f r equenci es up t o wD 
   f or  w = l i nspace( 1, wD_mat r i x( mode) , n) ;  
    h_di sc = v j A( mode) ^ - 2* ŵ 4* exp( hbar * w/ kb/ T) / ( exp( hbar * w/ kb/ T) -
1) ^2* dw;  
    h_i nt  = h_di sc+h_i nt ;  
   end  
   h_mode( mode)  = K* h_i nt ;  
end 
h( count )  = sum( h_mode) ;  
end 
 
R_b = ( h) . ^ - 1;  %Ther mal  Boundar y Resi st ance 
 
 
A1.2 MatLab Fitting of Thermal Conductivity  

dTcalcmold_SiNW_PMMA.m 

%cal cul at es t emper at ur e r i se ( dT)  f or  each f r equency and pl ot s  t he 
r esul t s  al ong wi t h t he exper i ment al  val ues of  dT and f r equency.  The 
sampl e consi s t s of  t hr ee l ayer s ( PMMA,  Si NW,  and Epoxy Mol d)  
 
cl ear  al l ;  
cl ose al l ;  
cl c;  
l engt h=1. 429e- 3;  %heat er  l engt h 
Power  = 0. 007540962;  %power  i nput  i nt o t he heat er  
  
gl obal  omega;   
gl obal  k3;  
gl obal  k2;  
gl obal  k1;  
gl obal  k3xy;  
gl obal  d1 d2 d3 
gl obal  b;  
  
  
b=44e- 6/ 2;  %heat er  wi dt h /  2 
  
  
l oad( ' Si NWcomp60K. t x t ' , ' - asc i i ' ) ;  %l oads exper i ment al  val ues of  dT 
and  

%f r equency f r om a f i l e 
Fr eqExp=Si NWcomp60K( : , 1) ;  %f r equency val ues  
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dTExp=Si NWcomp60K( : , 2) ;   %dT val ues  
  
Nf r eq=si ze( Fr eqExp, 1) ;  
  
  
f r eqar r ay=Fr eqExp;  
omegaar r ay=f r eqar r ay* 2* pi ;  
  
dSi NW=. 6e- 3;  %t hi ckness of  compact ed Si  nanowi r e sampl e 
dMol d = 0. 1e- 9;  %t hi ckness of  epoxy mol d l ayer  ( under  t he sampl e)  
dPMMA= 1. 5e- 6;  %t hi ckness of  PMMA l ayer  ( above t he sampl e)  
  
  
d3=dMol d;  
d2=dSi NW;   
d1=dPMMA;  
  
  
kMol d=. 2;  %t her mal  conduct i v i t y of  epoxy mol d 
 
kSi NW = 44;  %t her mal  conduct i v i t y of  s i  nanowi r es ( change t o f i t   

%cal cul at ed dT vs.  f r equency wi t h exper i ment al  val ues)  
 
kPMMA=. 12;  %t her mal  conduct i v i t y of  PMMA ( change t o f i t   

%cal cul at ed dT vs.  f r equency wi t h exper i ment al  val ues)  
  
k3=kMol d;  
k2=kSi NW;   
k1=kPMMA;  
k3xy = 1;  %r at i o kx/ ky 
 
%cal cul at es dT f or  each f r equency usi ng t he gener al i zed f or mul a f or  
2D  
%conduct i on heat i ng of  a mul t i l ayer - f i l m- on subst r at e syst em  
%( see eq.  5. 11 i n chapt er  5)  
 
f or  i =1: 1: Nf r eq 
    omega=omegaar r ay( i ) ;  
    dT=-
Power / ( pi * l engt h* k1) * quadl ( @dTf uncMol d_Si NW_PMMA, 0. 001, 1e11, 1e- 3) ;  
    dTar r ay1( i , 1) =dT;  
end 
 
 
%pl ot s cal cul at ed dT vs f r equency on a l ogar i t hmi c scal e 
 
semi l ogx( f r eqar r ay, abs( dTar r ay1) , ' b' , ' Li neWi dt h' , 2) ;  
hol d on;  
 
%pl ot s exper i ment al  dT vs f r equency on a l ogar i t hmi c scal e 
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semi l ogx( f r eqar r ay, dTExp, ' * bl ue' )  
 
xl abel ( ' Fr equency [ Hz] ' , ' Font Si ze' , 18)  
yl abel ( ' T r i se [ K] ' , ' Font Si ze' , 18)  
set ( gca, ' Font Si ze' , 15)  
gr i d on 
hol d of f ;  
  
dTfuncMold_SiNW_PMMA.m 
 
%cal cul at es t he val ues i n t he i nt egr al  of  t he gener al i zed f or mul a f or   
%2D conduct i on heat i ng of  a mul t i l ayer - f i l m- on subst r at e syst em  
%( see eq.  5. 11 i n chapt er  5)  
 
%i . e,  cal cul at es A_1 and B_1,  and t hen i nt egr at es over  t he r ange of   
%l ambda 
 
 
 
f unct i on dT=dTf uncMol d_Si NW_PMMA( l ambda)  
  
gl obal  b;  
gl obal  omega;  
gl obal  k3;  
gl obal  k2;  
gl obal  k1;  
gl obal  d1 d2 d3;  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Sub l ayer  3:  Mol d 
densi t y3=1. 18e3;  
cp3= 1500;     %Heat  capaci t y  of  epoxy mol d 
al pha3=k3/ ( densi t y3* cp3) ;  %Ther mal  di f f usi v i t y  of  epoxy mol d 
B3=sqr t ( ( 1* l ambda. ^2+2* i * omega/ al pha3) ) ;  
t het a3 = B3* d3;  
A3=- 1. / t anh( B3* d3) ;  %A of  t he boundar y l ayer ,  i sot her mal  condi t i on 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Si NWcomposi t e l ayer :  
densi t y2=1. 657e3;  
cp2=710;  %Heat  capaci t y  of  s i l i con 
al pha2=k2/ ( densi t y2* cp2) ;  %Ther mal  di f f us i v i t y  of  si l i con 
  
B2=sqr t ( 1* l ambda. ^2+i * 2* omega. / al pha2) ;  
t het a2 = B2. * d2;  
t er m2=A3. * k3. * B3. / k2. / B2;  
A2=( t er m2- t anh( t het a2) ) . / ( 1- t er m2. * t anh( t het a2) ) ;  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%f or  PMMA:  
densi t y1=1. 18e3;  
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cp1=1500;  %Heat  capaci t y of  PMMA 
al pha1=k1/ ( densi t y1* cp1) ;  %Ther mal  di f f us i v i t y  of  PMMA 
 
B1=sqr t ( 1* l ambda. ^2+i * 2* omega. / al pha1) ;  
t het a1 = B1. * d1;  
t er m1=A2. * k2. * B2. / k1. / B1;  
A1=( t er m1- t anh( t het a1) ) . / ( 1- t er m1. * t anh( t het a1) ) ;  
  
%Val ue t o be i nt egr at ed over  l ambda  
dT=1. / ( A1. * B1) . * ( si n( b* l ambda) ) . ^2. / ( b* l ambda) . ^2;  
end 
 
 
A.2 - Raw Data 
 

Table A.1: Monte Carlo Simulation of thermal conductivity of compacted Si nanowire composite 

 
 
 

Table A.2: Measured thermal conductivity of compacted Si nanowire composite 
 

T sample (K) 75.034 92.461 111.775 129.642 148.45 167.521 
k(exp,190nm) 44 53 56 56 56 56 

 
T sample (K) 185.685 204.533 222.784 241.382 259.747 278.071 296.702 
k(exp,190nm) 53.2 51.5 48.3 47.5 47 45.5 43 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T (K) 200.3488 250.2522 300.6632 350.4795 401.5421 452.1653 
k(MC, 191 nm) 42.94594 42.74559 40.75941 40.62823 38.21811 35.96401 
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Table A.3: Thermal conductivity of 190 nm Si nanowire and calculated thermal conductivity of compacted Si nanowire composite 
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Table A.4: Thermal conductivity of 115 nm Si nanowire  
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Table A.5: Frequency and V(3w) data 
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Table A.6: Data for Slope and Curve Fitting Method 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes: 

1. Green highlights -  measured values 
2. Orange highlights – calculated values from green highlights 
3. Yellow highlights – slope method thermal conductivity 
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