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ABSTRACT 

Oxide layers are very common in semiconductor Si technology, but their impact 

on the flow of heat has only been calculated by three groups using empirical 

methods. The present study is the first fully ab-initio molecular-dynamics 

simulation of this problem at and below room temperature. The simulations 

involve no thermostat. The host material is a piece of hydrogen-saturated Si 

nanowire in a 1D-periodic box larger than the nanowire in all directions. This 

periodic cluster is isolated and strictly microcanonical (no heat flows between 

adjacent image nanowire). The oxide layer is constructed in a manner that mimics 

the exposure to an O2 gas. The oxide is shown to be a substantial barrier to heat 

flow, a fact that should be considered when designing device structures and 

cooling processes. A novel method to calculate the Kapitza resistance directly 

from the MD runs is developed. The results bridge the apparent disagreement 

between the Kapitza resistances calculated by other authors in two different 

temperature ranges. 



Texas Tech University, Christopher M. Stanley, May 2018 

 
v 

LIST OF FIGURES 

Figure 1 Example of Kapitza Resistance Calculation. .................................. 8 
Figure 2 Optimized orbital radii. Left: CPU time vs pressure. 

Right: cut-off radii vs pressure ...................................................... 16 
Figure 3 Defect-free Si nanowire before oxide is added ............................. 17 
Figure 4 1D periodic nanowire: Si|Ge ......................................................... 17 
Figure 5 1D periodic cluster: Si|SiOx .......................................................... 18 
Figure 6 Comparison of Supercell Preparation and two 

leading thermostats........................................................................ 23 
Figure 7 Averaging over different numbers of microstates to 

improve averaging. ........................................................................ 24 
Figure 8 Typical placement of Oxygen molecule during 

construction of the oxide layer. ..................................................... 26 
Figure 9 Time-lapsed snapshots of the process of oxide-layer 

construction. .................................................................................. 27 
Figure 10 Final product of oxide layer construction.  The hot 

slice is shown with pink shading and the slices used 
in analysis are indicated. ............................................................... 27 

Figure 11 Phonon density of states for the Si nanowire (blue) 
and the Oxide (red) vs frequency. ................................................. 28 

Figure 12 The temperature of slices indicated in figure 10 are 
plotted vs time. This is the lower temperature 
gradient. Top: without oxide. Bottom: with oxide. ....................... 30 

Figure 13 The temperature of slices indicated in figure 10 are 
plotted vs time. This is the higher temperature 
gradient. Top: without oxide. Bottom: with oxide. ....................... 31 

Figure 14 The temperature difference between the left and 
right halves of the two systems from their respective 
equilibrium temperatures is plotted vs time.  Each 
curve is fit to an exponential ......................................................... 32 

Figure 15 Sections of thermal resistors used to calculate 
Kaptiza resistance are shown. ....................................................... 34 

Figure 16 Thermal resistances for the lower temperature 
gradient (top) and the higher temperature gradient 
(bottom); values are plotted against time. ..................................... 36 



Texas Tech University, Christopher M. Stanley, May 2018 

 
vi 

Figure 17 Kapitza resistance is plotted vs time for the lower 
(pink, top curve) and higher (bottom curve, green) 
temperature gradients .................................................................... 37 

Figure 18 My values of Kapitza resistance are compared to the 
other calculations of others and plotted against 
temperature. ................................................................................... 37 

Figure 19 Both systems are broken up into a series of resistors 
for the purposes of calculating thermal Kapitza 
Resistance. ..................................................................................... 47 

Figure 20 Similar to figures 12 and 13, the temperatures of the 
slices indicated in figure 10 as well as section Si3 in 
figure 19 are plotted against time. ................................................. 47 

 



Texas Tech University, Christopher M. Stanley, May 2018 

 
1 

CHAPTER I 

INTRODUCTION 

 Silicon is one of the world’s most important materials, with virtually all 

electronic devices based on Si [1].  Three factors made this possible: (a) the near-ideal 

size of its forbidden band gap, 1.12eV, (b) the ease with which it can be doped either 

p- or n-type, allowing its electrical conductivity to be changed by up to 12 orders of 

magnitude, and (c) the ease with which one can grow an insulating oxide layer on its 

surface.  The latter factor is a consequence of the remarkable strength of the S-O bond 

(about 8eV). 

 The mechanical, electrical, optical, and sometimes magnetic properties of Si 

can be manipulated with impurities.  For example, a few ppm (parts-per-million) of O 

or N impurities suffice to pin dislocations which increases the mechanical strength of 

Si wafers and allows them to be processed without breaking; B or P doping - which 

can be achieved by implantation up to about 1021 cm−3 - increases the hole or electron 

conductivities, while many transition metal impurities reduce the lifetime of charge 

carriers; Er doping produces a desirable (1.54 μm) emission [2][3]; Mn impurities can 

be used to control the spin of charge carriers. 

While the history of defects in Si and especially their relation to electrical 

properties is long and the research detailed, much less is understood about the atomic-

level interactions between heat flow and defects.  In his ground-breaking work on heat 

flow [4], Peierls proposed that “lattice waves” are scattered by “imperfections” — 

which he assumed to be static perturbations to the perfect crystal.  This description 

became known as phonon scattering [5].  Peierls’s ideas have been shown to work for 

perfect crystals [6-11], but they describe defects empirically at best, and this 

description relies on the existence of an underlying periodic system.  It was not until 

the mid-1950’s that Klemens [12] and Callaway [13] first tried to describe defect 
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dynamic in crystals by using a series of empirical parameters assigned to phonon 

scattering rates.  The degrees of freedom associated with defects were ignored. Such 

studies provide little or no atomic-level information about the details of the 

interactions taking place. Instead, they provide a macroscopic description of heat flow 

in the presence of defects. However, adding more parameters usually leads to better 

agreement with data. The predictive power of the theory is limited because the theory 

itself contains parameters fitted to existing experimental data which may or may not 

be transferable to situations that are different from those used for determining the 

parameters. 

In the presence of extended defects such as surfaces, grain boundaries, 

dislocation, or interfaces, the periodicity is lost and the concept of the Brillouin zone 

rapidly loses its meaning [14].  In such situations, the reliance on the periodicity of the 

crystal is questionable.  This is even more true in nanostructures which do not rely on 

any underlying periodicity at all.  In the end, defects exist in real space and their 

theoretical description should be done at the first principles level [15], without 

parameters fitted to an experimental database.  On the downside, this level of theory 

can only be applied to relatively small systems: a few hundred atoms at most.  

Empirical techniques are computationally much faster and can be applied to systems 

containing hundreds of thousands of atoms.  Compromises have to be made. 

The development of first-principles theory has been shown to be very 

successful in predicting a wide variety of thermal characteristics including: (1) 

vibrational lifetimes of impurity-associated modes [16]; (2) specific heat either at 

constant volume [17] or constant pressure [18]; (3) determining what role the surface 

plays in reducing the thermal conductivity [19]; (4) the impact of isotope substitutions 

[20][11]; (5) the role of an interface on heat flow, particularly how some defect-related 

modes are effectively non-propagating and why phonon trapping is a much better 

description than phonon scattering by defects [21]; or (6) phase changes such as 

melting temperatures [22], or turning graphite into diamond [18].  Many of these first-
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principle predictions have been confirmed by experiment, with the overwhelming 

majority showing excellent agreement. 

In this work, I study heat flow-defect interactions at the atomic level using 

density functional theory (DFT) and ab-initio, molecular-dynamics (MD) simulations 

in a system containing a few hundred atoms.  The dynamics involve all the normal 

vibrational modes of the system, including the defect and the surface. 

The system studied here is an oxide layer in Si.  As discussed above, oxides are 

ubiquitous in Si technology.  A Si wafer exposed to air will quickly grow an oxide on 

its surface.  Such oxides were a key component of MOS (metal-oxide-semiconductor) 

transistors.  Modern devices are now using so-called “high-κ” dielectrics instead of 

oxides but most of these devices are made in an SOI (silicon-on-insulator) layer which 

involves a thin layer of pure Si insulated from the Si substrate by a thick native oxide. 

The process involves wafer bonding and the Smart-Cut™ technology.  Further, 

Si|SiO2 interfaces are still used in certain designs such as finFETs (fin field-effect 

transistor) [23] [24].  Thus, it is very difficult to find a Si sample that does not contain 

an oxide layer somewhere. 

The Kapitza resistance 𝑅𝑅𝐾𝐾, a.k.a. interfacial or thermal boundary resistance 

[25], is the thermal resistance associated with the interface between two materials.  It 

is defined via  𝐽𝐽 =  ∆𝑇𝑇
𝑅𝑅𝐾𝐾

, which relates the heat flux 𝐽𝐽 = 𝑄𝑄
𝐴𝐴Δ𝑡𝑡

 to the temperature 

discontinuity at the interface (Δ𝑇𝑇) during the time Δ𝑡𝑡 across the area 𝐴𝐴 of the interface 

(Fig. 1). Although the existence of 𝑅𝑅𝐾𝐾 was first suggested in 1936 [26], the authors 

assumed that this effect was small and could be ignored.  A few months later it was 

observed again, and this time the researchers recognized that the effect was non-

negligible, but for whatever reason did not pursue further research [27].  In 1941, 

Kapitza documented his measurements of the thermal boundary resistance between 

liquid He and solid platinum and bronze walls [28]. Since Kapitza was using liquid He 

and metals, the first theories were based on liquid|solid interfaces [29] [30]. A theory 

describing the solid|solid boundary was not proposed until 1959 [31]: the acoustic 
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mismatch model. It models the resistance using the relative speed of sound in each 

material and is very similar to theory developed by Khalatnikov in 1952.  This model 

was only capable of qualitative agreement with experimental data.  In 1989, Swartz 

and Pohl proposed the diffuse mismatch model which linked the probability of phonon 

transport across the interface to the mismatch between the two materials’ phonon 

density of states [32].  “Diffusive” refers to the assumption that the incident phonon 

loses all memory of the vibrational mode it initially occupied once it scatters at the 

interface.  Today there is still no atomic-level understanding of the origin of the 

Kapitza resistance.  This is essential if one wishes to minimize or otherwise control its 

impact. 

 Controlling Kapitza resistance has many important applications, including 

thermoelectric devices or quantum dot lasers [33].  But the most familiar example is 

probably in integrated circuits, where quite a lot of money is spent on fans, 

refrigeration/air conditioning, heat sinks and liquid-cooling systems.  Moreover the 

general study of Kapitza resistance is relevant to a broad range of material interfaces 

including Si|high-κ dielectrics and even metal|dielectric interfaces [34] [35]. 

My thesis is organized as follows. Chapter 2 discusses the status of the field. 

Chapter 3 explains my contributions to the field. Chapter 4 is a description of my 

theoretical tools. Chapter 5 goes over the construction of the oxide layer. Section 6 

discusses my results. Chapter 7 summarizes the key points. Chapter 9 (Appendix) 

deals with my calculation of the Kapitza resistance. 
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CHAPTER II 

STATUS OF THE FIELD 

2.1 Experiments 

Only three experimental studies have measured the thermal properties of the Si|SiO2 

interface [36] [37] [38].  All of them were done at room temperature but resulted in 

vastly different values for the Si|SiOx Kapitza resistance. This could be due to 

different types of oxides: dry or wet oxide because of exposure to air with or without 

water vapor, differences in the density and type of oxide because of different growth 

temperature, etc. 

 Katto and Hatta [37], measured the Kapitza resistance and reported a value of 

±4.5 (×10-9Km2/W).  They used a thermo-reflectance technique in which a small 

amount of Au was evaporated or rf-sputtered onto a Si wafer substrate.  Silver paste 

was applied on each side of the deposited gold where an AC current was passed 

through the Au-Ag transducer complex which was used to heat the Si substrate.  The 

heat passed through the Si to the thermally oxidized SiO2 on the other side which was 

kept at a constant 25oC.  The entire sample was 10×20mm2 and the thickness of the 

thermally oxidized SiO2 layer varied from 20 to 500nm as measured by ellipsometry.  

The Kapitza resistance of the Au|Si interface was measured first (with a substantial 

error bar) and later subtracted off from the total resistance measurement.  The purpose 

of their experiment was to look at the difference in Kapitza resistance between 

contacts that were deposited with evaporation vs rf-sputtering.  But the significant 

scatter in the Si|SiO2 Kapitza resistance data means that they were not able to make 

any firm conclusions. 
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 Lee and Cahill [36] used plasma enhanced chemical vapor deposition to create 

variable-thickness SiO2 layers on a Si wafer.  They used the same method as ref [37] 

discussed above, but did not subtract the metal|Si Kapitza resistance nor the thermal 

resistance of the highly resistant a-SiO2 layer.  Naturally, they obtained a very large 

value for the boundary resistance, 20 (×10-9 Km2/W). It was understood at the time 

that this was an upper bound. 

 In the most recent experiment, Hurley et al. [38] used the thermo-reflectance 

technique, but Hurley was able to remove the Ag-Au-Ag transducer complex and use 

the probe laser to measure directly from the Si and SiO2.  This was made possible due 

to a high carrier injection density (~1020 cm−3) along with fast carrier recombination 

promoted by a highly polished surface. Another Si wafer was bonded to the other side 

of the oxide at 200°C and then annealed at 1000°C.  This second wafer was twisted 

43.6 degrees, creating a highly disordered amorphous oxide layer which is attached to 

two crystalline Si samples with each at a different orientation.  The authors believe 

that since the system was annealed at 1000°C that the oxide is SiOx=2.  The pump was 

from a Ti:sapphire laser which applied a constant 5K temperature gradient across the 

Si|SiO2 interface.  The temperature fields of each of the three regions were measured 

by the probe laser and fit to a continuum model, from which the Kapitza resistance 

was extracted.  The value that they found, 𝑅𝑅𝐾𝐾 = 2.3 (×10-9Km2/W) at room 

temperature, is the closest experimental value to the existing theoretical predictions. 

2.2 Theory 

Despite considerable research being done for many decades, there is no 

universally accepted way to calculate Kapitza resistance [39].  None of the continuum 

methods that have been attempted so far have been capable of making reliable, 

quantitative predictions or have any kind of consistent accuracy with experiment at 

temperatures above 100K [40]. Note that some theories show good agreement with 

some experiments [34], but these results are never reliably transferable to different 

systems. For this reason, many researchers have turned to MD simulations where there 
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is more consistency in the results and more certainty in atomic descriptions.  But 

because of the shortfalls associated with the use of empirical potentials, the results are 

often far from perfect [41-44].  Broido shows that empirical potentials can also lead to 

large errors in calculating thermal conductivities [42].  And Siegel [43] and Schelling 

[44] independently show that empirical potentials are often least accurate where they 

need to be most accurate (i.e. at the interface) since this region involves hybrid 

chemical bonds (metallic/ionic in the case of the above-cited papers).  In addition, 

Henry points out that the use of a thermostat probably does artificially change the 

value of 𝑅𝑅𝐾𝐾, even when it is set as far as 60nm away from the interface [41].  In spite 

of these problems, MD simulations (sec. 2.2.1) with empirical potentials and 

thermostats are (probably) the most common way to calculate Kapitza resistance, and 

the only way it has been calculated in the Si|SiO2 system [45-47]. These results will be 

compared to my own predictions in Sec. 6. The alternative involves continuum models 

(sec. 2.2.2). 

2.2.1 MD Simulations 

There are a number of ways to use MD simulations to calculate Kapitza resistance.  

The most popular method involves holding two ends of a nanowire at constant 

temperature using two thermostats kept at 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝑇𝑇ℎ𝑐𝑐𝑡𝑡, respectively.  The system is 

run continuously until a steady-state (constant flow of heat) is achieved at which point 

the temperature discontinuity at the interface is obtained by extrapolating a fit to the 

temperature data from each side and calculating the temperature difference at the 

interface.  Fourier’s Law is then used to extract 𝑅𝑅𝐾𝐾 via 𝐽𝐽𝐾𝐾 = Δ𝑇𝑇𝐾𝐾
𝑅𝑅𝐾𝐾

 (Fig. 1). An example 

of this method for a Si|SiO2 system is in ref [46]. 
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Figure 1: Common method of calculating the Kapitza resistance using MD 

simulations. The temperature discontinuity between materials 1 (red, left) and 2 (blue, 

right) is obtained by extrapolating to the interface the linear fits of the temperature 

calculated in each material. 

 Another method was developed by Lampin [48].  It involves measuring the 

total thermal resistance for several systems, each with a smaller oxide-layer length, 

and then extrapolating the thickness of the oxide layer to zero width using a linear fit 

and subtracting off the thermal resistance of silicon.  The results give reasonable 

agreement with other methods. 

 Wave-packet dynamics can also be used.  In this method, a (typically 

Gaussian) phonon wave-packet is constructed by sampling one phonon branch of the 

hotter material.  This wave packet is set up so that it moves toward the interface.  The 

reflected and transmitted wave packets are Fourier-analyzed to determine the 

transmission and reflection coefficients of each of the modes involved.  The advantage 

is that one can calculate which individual modes have the greatest probability of 

transferring energy to the other side.  The disadvantages are that each wave packet can 

only come from one phonon branch.  Even if one is calculates at least one wave packet 

for each phonon branch, the potential interactions between branches are distorted.  In 

addition, the use of empirical potentials to model phonon-phonon interactions is 

questionable (see ref [42] and discussion below). 
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All MD simulations used to calculate Kapitza resistance of which I am aware 

use empirical potentials [41] [45-49].  While they allow one to use much larger 

systems than first-principles methods, they have some major inconveniences [50] as 

well as a routine error of 10-60% among them when calculating thermal conductivities 

in general [42].  Furthermore, electronic-structure calculations involving defects are 

best handled using first-principles theory rather than semi-empirical methods. Indeed, 

parameters fitted to an experimental database are rarely transferable to defects which 

often exhibit strained configurations distinct from those to which the parameters have 

been fitted, whereas DFT calculations have consistently proved reliable [6-11][15][17-

22]. 

2.2.2 Continuum Models 

The predominant continuum model used to calculate the Kapitza resistance is given by 

the phonon gas model [39]. Unfortunately, it produces consistently unreliable results 

[40].  By far the most common way to describe phonons as a gas is through the 

Landauer-Büttiker formalism, which for heat flow in one dimension is given by 

 

𝑞𝑞1→2 =
1
𝑉𝑉1

�
ħ𝜔𝜔

𝑒𝑒ħ𝜔𝜔/𝑘𝑘𝐵𝐵𝑇𝑇 − 1
𝐴𝐴𝑐𝑐𝑐𝑐 𝑚𝑚𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 

𝑖𝑖𝑖𝑖 𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑐𝑐 1

𝑔𝑔(𝜔𝜔)𝑣𝑣𝑔𝑔𝛼𝛼1→2 

𝑅𝑅𝑘𝑘 =  
𝑇𝑇1 − 𝑇𝑇2

𝑞𝑞1→2 − 𝑞𝑞2→1
. 

Where 𝑣𝑣𝑔𝑔 is the phonon group velocity, 𝑔𝑔(𝜔𝜔) is the density of states, 𝑞𝑞1→2 is the heat 

flux from material 1 to material 2, 𝛼𝛼1→2 is the probability of a phonon with velocity 𝑣𝑣𝑔𝑔 

being transmitted from material 1 to material 2, T1 is the temperature of material 1, V1 

is the volume of material 1 and RK is the Kapitza resistance.  There are a number of 

problems with this equation: 
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Modeling the Transmissivity (α): Virtually all continuum models for the last several 

decades have been based on finding an appropriate approximation for this term 

[32][39][40][51].  Within the acoustic mismatch model, one assumes that 𝛼𝛼 can be 

calculated by using ratio of the speed of sound of the materials involved [31].  This 

does not give very good results beyond ~30K [32].  Within the diffuse mismatch 

model, one assumes that phonons, once “scattered” at the interface, do so completely 

randomly and thus lose any memory of which side they came from.  One also assumes 

that α can be modeled from the mismatch between the density of states of the two 

materials involved [39] [32].  This approach is also most appropriate at low 

temperatures [40]. If the exact dispersion relations are used, the agreement with 

experiment can be good up to ~100K [40][51], but this was only shown to be the case 

with one interface (Si|Al), and transferability to other systems is often questionable 

[34].  Other attempts at calculating the transmissivity include taking into account the 

electron-phonon interactions at the interface [52], inelastic phonon scattering [34], or 

accounting for multiple elastic scattering events around the interface [53] [54].  None 

of these attempts have produced consistently reliable predictions which is one of the 

reasons that MD simulations have become the de facto standard. 

Standing waves vs traveling waves: The second problem is that the phonon gas model 

is not derived from any first-principles equation, but rather by intuition alone [55].  

This would be fine except that one of its fundamental assumptions is that phonons 

represent traveling waves and this is demonstrably false. 

The most basic thermal picture of any material is the harmonic approximation: 

the standing vibrational waves of a material are completely orthogonal with each other 

and do not interact.  Heat flow comes about when anharmonic effects take place, 

standing modes couple to become traveling waves which carry the energy (heat).  This 

can readily be seen from the basic common knowledge that thermal conductivity of 

dielectrics goes to zero at 0K—at low temperatures standings waves do not interact 

(couple) and heat becomes difficult to transfer [56].  However, the phonon gas model 

assumes that vibrational modes are always traveling (the 𝑣𝑣𝑔𝑔 in Eq. 1 is the phonon 
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group velocity).  In order for a group velocity to exist, one must have a traveling wave, 

and in order to have a traveling wave, one needs at least two coupled standing-wave 

phonons so that the center of mass of vibration can move forward. This basic 

argument has been confirmed many times over by the inability of the phonon-gas-

model to achieve any useful results for Kapitza resistance above (at most) 100K 

[34][32][40]. 

2.2.3 Green’s Functions 

Green’s functions, (or atomistic Green’s functions) have also been used but, until very 

recently, were only valid at low temperatures due to their harmonic nature [40] [57-

59].  In the past five years, Green’s function methods have been developed which 

incorporate anharmonic terms [57] from first-principles density functional 

perturbation theory [60-64]. But these include only the first (cubic) anharmonic term 

and may not be valid for high temperatures or strongly anharmonic materials. The 

majority of these studies have looked at weakly bound interfaces:  single-molecule 

sheets of weakly-binding graphene [63-65], or Van der Waals forces [62].  Or have 

only been applied to very small systems (68 atoms) [60].  To the best of my 

knowledge, the only one that has tried to model covalently-bound interfaces is given 

in ref. [61], where the authors had to substantially modify the traditional Green’s 

functions method. While the experimental data did fit well with their results, this is 

still a new method and the quality of the results has yet to be reproduced.  As 

discussed in Sec. 6.2, I propose a novel method to calculate 𝑅𝑅𝐾𝐾 directly from ab-initio 

MD simulations. It includes all anharmonic interactions. 
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CHAPTER III 

 MY CONTRIBUTIONS TO THE FIELD 

Even though the interactions between a heat front and an oxide layer in Si has 

been investigated experimentally [36-38] and theoretically using empirical potentials 

[45-48], my study is the first that uses ab-initio MD, with forces obtained from the 

total-energy derivatives calculated from first principles using DFT. These simulations 

are performed without thermostat and with extremely good temperature control thanks 

to the supercell preparation technique. These calculations of heat flow allowed me to 

quantify how much an oxide layer inhibits the flow of heat for various T windows. 

I also developed a novel way to construct the oxide layer within Si. This 

method mimics the way an oxide grows in the lab. The way other authors do this is to 

select a crystalline structure such as the β-quartz, β-tridymite, or α-cristobalite, and 

then insert the selected structure within a supercell. My approach is to literally expose 

Si to an O2 gas, one molecule at a time, then let the molecule dissociate and find its 

preferred location by optimizing the geometry before inserting a new molecule. The 

procedure is much slower but has several advantages. First, it does mimic the exposure 

to oxygen in air; second, I can monitor the generation of the self-interstitials that are 

known to accompany the growth of oxides in Si. 

 Finally, I developed a new method to calculate the Kapitza resistance 

associated with the Si|SiOx interface directly from the ab-initio MD simulations at two 

different temperatures. This can be done without reaching thermal equilibrium. My 

results bridge two sets of apparently contradictory theoretical predictions in two 

different temperature ranges. 

 I also contributed in a variety of ways to the problem of heat flow and defects 

in semiconductors, and have co-authored the following papers: 
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CHAPTER IV 

METHODOLOGY 

4.1 Electronic structure calculations 

My system contains hundreds of atoms and thousands of electrons. A brute-force 

calculation of the Hamiltonian for such a system is impractical. Ab-initio Hartree-

Fock type methods are far too slow and do not include electron correlation. In the 

1960’s, Hohenberg, Kohn, and Sham proposed a formal method to calculate the total 

ground state energy and electronic density by solving their Kohn-Sham equation for a 

system of non-interacting effective particles. These particles do resemble electrons and 

are sometimes interpreted as such, but this is formally incorrect. The solution is exact 

if the exchange-correlation functional is known: 

𝐸𝐸 = �𝜀𝜀𝑗𝑗 + 𝐸𝐸𝑥𝑥𝑐𝑐[𝑛𝑛(𝑟𝑟)]−�𝑣𝑣𝑥𝑥𝑐𝑐(𝑟𝑟)𝑛𝑛(𝑟𝑟)𝑑𝑑𝑣𝑣 −
1
2
�
𝑛𝑛(𝑟𝑟)𝑛𝑛(𝑟𝑟′)

|𝑟𝑟 − 𝑟𝑟′|
 

where 𝜀𝜀𝑗𝑗 are the energy eigenvalues of the chosen eigenvectors, 𝑣𝑣𝑥𝑥𝑐𝑐(𝑟𝑟) is the local 

exchange correlation potential, 𝑛𝑛(𝑟𝑟) is the charge (electron) density, and 𝐸𝐸𝑥𝑥𝑐𝑐 is the 

total exchange correlation energy. In the present case, the electronic ground state is all 

we really need since the bandgap of Si is ~1.12eV and the electronic excited states are 

unoccupied in the temperature range of interest to us here (at most 500K). 

The details of the method are well-known [66] and have been implemented in 

numerous software packages such as VASP, Quantum Espresso, Ab-Init, etc. In all 

cases, the Born-Oppenheimer approximation is used to separate the nuclear and 

electronic problems, and the nuclei are treated classically.  The core regions are 

normally removed from the calculations using ab-initio type pseudopotentials [22] 

[67-69] but a few codes have been developed which perform all-electron calculations 

[70][71]. These solve the Dirac equation for core electrons since these are often 



Texas Tech University, Christopher M. Stanley, May 2018 

 
15 

relativistic. Such refinements are not included here. Our method is called SIESTA 

(Spanish Initiative for the Electronic Structure with Thousands of Atoms) [72-74]. 

 The core regions are described using Kleinman-Bylander pseudopotentials [75] 

which have been optimized for SIESTA. In the valence regions, systems containing 

only light elements (H to Ar) are described using the Local Density Approximation 

(LDA). We use the Ceperly-Alder form [76] as parameterized by Perdew-Zunger [77]. 

LDA is used as an approximation to the exchange-correlation potential which assumes 

that the electrons can be described by a non-interacting gas.  Heavier elements such as 

transition metals are best described using the generalized gradient approximation. 

For the electrons in valence regions, the Kohn-Sham equations are solved 

using a basis set of numerical pseudo-atomic orbitals (PAO’s) [78].  Each PAO is 

truncated and then renormalized to guarantee charge conservation. This process 

produces sparse overlap matrices and saves a considerable amount of CPU time. The 

cut-off radius of each orbital has been optimized for atoms in the bulk. For example, 

the largest cutoff radius of Si is about 7𝑎𝑎𝐵𝐵, meaning that two Si atoms that are 14𝑎𝑎𝐵𝐵 

apart do not overlap. In bulk Si, this corresponds to 7th- nearest-neighbor interactions.  

 The orbital radii that work well in the bulk do not work well for surface atoms 

who have no neighbors in one direction. The cutoff radii (𝑟𝑟𝑐𝑐) for surface orbitals can 

be obtained using an approach first proposed by Anglada [79]. The trick involves a 

fictitious enthalpy 𝐻𝐻 = 𝐸𝐸 + 𝑃𝑃𝑉𝑉where 𝐻𝐻 is the energy of the system, 𝑃𝑃 is a “pressure” 

parameter, and 𝑉𝑉 = 4𝜋𝜋
3
∑ 𝑟𝑟𝜇𝜇,𝑐𝑐

3
𝜇𝜇  is the sum of volumes of the basis orbitals 𝜇𝜇.  The 

minimization of this enthalpy vs. pressure leads to optimal cutoff radii. In this work, 

the orbitals for surface Si and H atoms were optimized by Kang [19] using the method 

described Garcia-Gil [80]. The optimal pressure was found to be 0.2 GPa (Fig. 2). For 

the O atoms near the surface of our nanowire, the default values for SIESTA were 

used. The bulk and surface orbital radii are listed in Table I. 
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Figure 2: Calculated optimized orbital radii [19].  Left: CPU time vs. fictitious pressure.  

Right: cut-off radii in aB vs. fictitious pressure. The dotted vertical line shows the chosen 

pressure. 

Table 1: Optimized orbital radii [19]. 

 

4.2 The Host Material 

The host material studied in this work is a 1D-periodic Si nanowire (Fig. 3) extending 

along the <100> direction.  The surface dangling bonds are terminated with H.  An 

oxide layer is then added (Sec. 5).  Note that in typical experimental conditions, an 

oxide layer grows on the surface of Si nanowires.  But nothing is known 

experimentally about the thickness or atomistic structures of such surface layers, but 

they appear to be quite complicated, and my focus is on oxide layers within Si rather 

than on its surface. In a controlled experimental setting, a real nanowire could in 

principle be dipped in an HF solution, leaving the surface H-saturated.  The nanowire 

would remain unchanged as long as it is kept in vacuum, in this way our results could 

in principle be tested. 
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Figure 3: Defect-free Si234H56 nanowire, before the oxide is added. 

 SIESTA, as well as most standard DFT codes, assumes a periodic system. This 

is often a 3D-periodic supercell: a very large unit cell repeated in all direction of space 

such that no surface exists. The calculations are of course done in a single cell.  In the 

case of a nanowire, the standard construction involves a 1D-periodic cell constructed 

in such a way that the nanowires in adjacent cells match along the x-direction, while 

the y and z directions are open (large box) in order to allow a complete relaxation of 

the surface [19, 21] (see Fig. 4).  

 
Figure 4: 1D-periodic nanowire [21]. The ends of the nanowire in each box are connected to 

their images. In this construction, the heat in a hot region flows initially to the left and to the 

right. 

 Since the present work requires a strict control of heat flow in a 

microcanonical environment, this construction has one undesirable feature: if the “hot 

slice” is set-up at time t=0, heat flows in both directions (into the cell as well as into 

its nearest image cell) as soon as the MD run begins. This is fine if one calculates 

thermal conductivities, but not for monitoring heat flow as heat comes from more than 

one direction (more than one source). 

 Several solutions were tried, and one involved making the border Si atoms 

hugely massive (~2,000,000 amu), thus turning them into an effective thermal barrier. 

This did not work because low-frequency modes eventually do transfer heat across 

this barrier, albeit at a much slower rate. Making the Si atoms of trivial mass didn’t 
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work either, because the time step in the MD runs would have to be reduced to 

compensate for the increased frequency of the low-mass atoms and this would 

unacceptably increase the amount of cpu time.  Other researchers have solved this 

problem by placing the oxide in the center of the wire. This causes heat from the cell 

and its nearest image to approach both sides of the oxide simultaneously [48].  

 An interesting solution was developed by Bebek [21]: he increased the size of 

the box in all directions of space beyond the cutoff radius of the surface atoms so that 

there would be no interaction at all with any image cell.  This is like placing the 

nanowire inside a perfect thermos bottle, and the bottle is repeated periodically. We 

call this a periodic cluster. In this configuration, the heat is forced to flow in one 

direction only at the beginning of the MD run, because the system is completely 

isolated from anything outside of the box (Fig. 5). 

 
Figure 5: 1-D periodic cluster of the Si wire with oxide.  Each segment of nanowire is 

completely isolated from its images by about 22Å of vacuum (cf. figure 4). 

4.3 Nuclear Dynamics and Temperature 

Car-Parinello (for plane wave basis sets) [81] and Sankey (for atomic-like basis sets) 

[78] independently developed a method to use the total energy to calculate the force 

on each nucleus via the Hellman-Feynman theorem. In a nutshell, one calculates the 

total energy of the system at time t (electronic energy plus e-nuclear and nuclear-

nuclear terms) as a function of the nuclear coordinates. Then, the derivatives of this 

energy relative to the nuclear coordinates gives the force on each nucleus. This gives 

the (classical) acceleration of all the nuclei at time t. Solving Newton’s laws of motion 

[82] produces the velocity and position of each nucleus at time 𝑡𝑡 + ∆𝑡𝑡. Finally, the 

nuclei are moved to their new positions, assigned their new velocity, and a new total 

energy calculation is performed. 
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            The MD time step ∆𝑡𝑡 must be such that the fastest oscillator in the system is 

properly described: 30-40 time steps per period of oscillation. Our fastest vibrational 

mode is the Si-H stretch mode where the Si is in the oxide layer (2407 cm−1) and we 

chose ∆𝑡𝑡 to be 1.0 fs.  

 The temperature of the system and of various “slices” in the system can be 

obtained directly from the MD simulation data. We use the equipartition theorem and 

assume that the average energy is equal to twice the kinetic energy: 〈𝐸𝐸〉 = 2〈𝐾𝐾𝐸𝐸〉 and 

〈𝐸𝐸〉 = 3𝑁𝑁−3
𝑘𝑘𝐵𝐵𝑇𝑇

, then 〈𝐾𝐾𝐸𝐸〉 = 3𝑁𝑁−3
2𝑘𝑘𝐵𝐵𝑇𝑇

, and we can solve for 𝑇𝑇.  Here, 𝑁𝑁 is the number of 

atoms and 3𝑁𝑁-3 is the number of degrees of freedom less the three translational 

modes. 

The conventional way to begin an MD run is with all nuclei in their 

equilibrium positions. The temperature 𝑇𝑇0 is assigned via a Maxwell-Boltzmann 

distribution of nuclear velocities. This does produce the desired temperature, but 

presents a big problem: The nuclei start at their equilibrium positions (no potential 

energy) and only have kinetic energy. In other words, all the normal vibrational modes 

start in phase. This is an unphysical situation since the oscillators are at a local entropy 

minimum—a violation of the second law of thermodynamics. As the MD run begins, 

all the nuclei lose and then gain kinetic energy together, causing huge temperature 

fluctuations. In order to reduce their amplitude, a thermostat has to be introduced. This 

is a piece of code that subtracts excessive kinetic energy every few time steps and then 

redistributes the temperature. After extensive thermalization runs (tens, or sometimes 

hundreds [49], of thousands of time steps), the temperature fluctuations stabilize, but 

are still large. By that time, the system has achieved a steady-state type situation, 

while we want to study the system while it is truly away from equilibrium. The initial 

distribution of velocities (no potential energy) is the only reason why thermostats and 

thermalization runs are necessary when performing conventional MD simulations. 

There are many drawbacks to using a thermostat [41] [50], not least of which is 

that the normal vibrational modes couple to the thermostat much faster than they 
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couple to each other.  Thermostats can also lead to overestimates of the Kapitza 

resistance [41], introduce an artificial Kapitza resistance [50], or bias the system into 

preferentially exciting certain vibrational modes [50].  For my purposes, thermostats 

are inappropriate because I want to see the interactions between the normal modes of 

the system while the system is truly away from equilibrium (not in a steady state). I 

also need to strictly control the temperature fluctuations. For this purpose, the method 

of choice is supercell preparation (discussed below). 

4.4 Dynamical Matrices 

In order to carry out the process of supercell preparation, one needs to know the 

eigenvalues and eigenvectors of the entire dynamical matrix (DM) of the system.  It is 

obtained here by numerically calculating the second derivative of the energy relative 

to atomic displacements using the frozen-phonon method: the nuclei are displaced by 

a very small amount in each direction and the curvature of the energy is calculated.  

This gives the force constant matrix which is then used to calculate the DM. Its 

elements are given by 

𝐴𝐴𝛽𝛽+𝑗𝑗−1,𝛼𝛼+𝑖𝑖−1 =  
1

�𝑚𝑚𝛼𝛼𝑚𝑚𝛽𝛽

𝜕𝜕2𝑈𝑈
𝜕𝜕𝜂𝜂𝛽𝛽𝑗𝑗𝜕𝜕𝜂𝜂𝛼𝛼𝑖𝑖

 

where 𝜂𝜂𝛼𝛼𝑖𝑖and 𝜂𝜂𝛽𝛽𝑗𝑗 are displacements of nuclei 𝛼𝛼 and 𝛽𝛽 in the Cartesian directions 𝑖𝑖 and 

𝑗𝑗, respectively. The DM is then diagonalized. The eigenvalues (𝜔𝜔𝑚𝑚2) give the square of 

the normal-mode frequencies and eigenvectors (𝑒𝑒𝛼𝛼𝑖𝑖𝑚𝑚 ) give the relative displacement of 

each nucleus in each mode. When the system is in a true minimum of the 3𝑁𝑁-3 

potential energy surface, all the eigenvalues are positive (or zero for the translational 

modes).  However, in practice, there are often a few negative eigenvalues (the so-

called “imaginary modes”).  One method to eliminate (at least some of) them was 

developed by Kang [19] [21].  He nudged the atoms associated with the imaginary 

modes along the direction of the corresponding eigenvector of the DM, performed a 
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new conjugate gradient, and calculated the new DM.  A few iterations usually suffice 

to eliminate the imaginary modes or reduce their number to just one or two. 

This problem is sometimes related to insufficiently accurate geometry 

optimizations, by a very flat potential energy surface in some directions of the 

(3𝑁𝑁-3)-dimensional space, or by a strong coupling between specific modes.  The 

former case would be cured by the method used by Kang.  But amorphous silica is 

notorious for soft modes [83-85].  In the present case, the Kang method of getting rid 

of imaginary modes did not work.  I also tried to remove many of the usual 

approximations in the code (cutoff radius, mesh cutoff, etc.), and then re-relaxed the 

system to a maximum force component of 0.0025 eV/Å, but even then the imaginary 

modes persisted.  The imaginary modes are twist modes associated with the SiO4 

tetrahedron.  They have been found previously by neutron scattering experiments [85] 

and theoretical studies [83] [84].  I suspect that the few imaginary modes in my 

calculation are in fact a property of the oxide itself and not an artifact of the 

calculation.  For the purposes of the heat flow simulation and supercell preparation 

(Sec. 4.5), these modes were assigned an initial zero amplitude. 

4.5 Supercell Preparation 

The supercell preparation method was developed by D. West in this group [16] to 

calculate the temperature dependence of vibrational mode lifetimes.  It was later refined 

by several graduate students in Estreicher’s group [20].  Its purpose is to prepare a 

supercell in a proper linear combination of normal modes with random mode phases 

and random energies that produce the desired initial temperature distribution.  The 

method uses no thermostat, requires no thermalization runs, and has very low thermal 

noise starting from 𝑡𝑡=0. 

 In order to prepare one initial microstate, the positions and velocities of all nuclei 

α in the system must be known. They are obtained from the eigenvectors of the 
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dynamical matrix of the system, which are related to the Cartesian coordinates of the 

nuclei via 

𝑟𝑟𝑖𝑖𝛼𝛼𝑚𝑚 (𝑇𝑇) =
1

�(𝑚𝑚𝛼𝛼)
𝑞𝑞𝑚𝑚(𝑇𝑇)𝑒𝑒𝑖𝑖𝛼𝛼𝑚𝑚   (1) 

The normal mode coordinates 𝑞𝑞𝑚𝑚(𝑇𝑇) are not known, but at low and even moderately 

high temperatures—800K for Si [17] and 1200K for SiO2 [86]—we can assume that 

they are approximately harmonic: 

𝑞𝑞𝑚𝑚(𝑇𝑇) = 𝐴𝐴𝑚𝑚(𝑇𝑇) cos(𝜔𝜔𝑚𝑚𝑡𝑡 + 𝜙𝜙𝑚𝑚) (2) 

Note that the harmonic approximation is only used to convert Cartesian-to-normal 

coordinates and vice versa. The calculations themselves are fully anharmonic, since the 

forces are obtained from total energies. Equation (2) introduces random phases 𝜙𝜙𝑚𝑚 

which determine the kinetic/potential energy ratio for each mode at time 𝑡𝑡 = 0. 

The average energy of each mode at temperature 𝑇𝑇0 is 𝑘𝑘𝐵𝐵𝑇𝑇0. We randomly 

assign the actual mode energies via an inverse-transform method with a Boltzmann 

distribution: 

𝛾𝛾𝑚𝑚 = � 𝛽𝛽𝑒𝑒−𝐸𝐸𝛽𝛽𝑑𝑑𝐸𝐸
𝐸𝐸𝑠𝑠

0
  (3) 

Where 𝛾𝛾𝑚𝑚is a random number in the range [0,1] and 𝛽𝛽 = 1
𝑘𝑘𝐵𝐵𝑇𝑇

.  Since the energy of mode 

𝑠𝑠 is 𝐸𝐸𝑚𝑚 = 1
2
𝐴𝐴𝑚𝑚2𝜔𝜔𝑚𝑚2, this gives 𝐴𝐴𝑚𝑚2(𝑇𝑇) =  −2𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑛𝑛(1 − 𝛾𝛾𝑚𝑚) 1

𝜔𝜔𝑠𝑠
2. Thus, to obtain a 

microstate, we randomly pick a set of 𝜙𝜙𝑚𝑚 and 𝛾𝛾𝑚𝑚. This determines the mode amplitudes, 

and the nuclear positions are then given by Eq.’s (1) and (2). The velocities are obtained 

from the derivative of Eq. (1).  The result is a supercell prepared very close to thermal 

equilibrium at the temperature 𝑇𝑇0 with a random distribution of kinetic and potential 

energies.  Of course, this process only specifies one microstate and there are an 

uncountably large number of microstates that correspond to the same macrostate. One 

must run many MD simulations starting with a range of initial microstates, and then 
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average the results in order in ensure that the phase space of the system is sufficiently 

surveyed. 

 
Figure 6: Constant-temperature MD runs for the Si250H40 nanowire at 125K (∆t=1fs). 

Using a Maxwell-Boltzmann distribution of velocities at t = 0 with the Nose-Hoover (top, 

fictitious mass q = 100 Ryd s2) or Langevin (middle, damping constant γ = 100 fs-1) 

thermostat, compared to a single supercell preparation run without thermostat (bottom).  

Note the huge noise in the two conventional MD runs for the first 300 or 400 time steps.  

There is virtually no noise with supercell preparation.  The thin horizontal red lines show 

the standard deviation of temperature fluctuations which is dramatically reduced by 

averaging [20]. 

In order to study heat flow, we need some parts of our system to have excess 

heat. This part is a “slice” of the nanowire containing 25 atoms.  This means changing 

the amplitude of all the eigenvectors, but only for the terms in each eigenvector which 

correspond to the atoms that we want to heat up.  This can be done while keeping each 

mode in phase at the 𝑇𝑇ℎ𝑐𝑐𝑡𝑡|𝑇𝑇0 interface. All we need to do is to change the amplitude 

(𝐴𝐴𝑚𝑚) of each mode 𝑠𝑠–that is the position and velocity of each atom in that thin slice–

until the temperature 𝑇𝑇ℎ𝑐𝑐𝑡𝑡 is achieved. Since the nuclear positions and velocities are 
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proportional to 𝑇𝑇1 2� , we introduce a scaling factor 𝑆𝑆 = �𝑇𝑇ℎ𝑜𝑜𝑜𝑜
𝑇𝑇0
�
1
2� , and then 𝑟𝑟𝛼𝛼 → 𝑆𝑆𝑟𝑟𝛼𝛼 

and 𝑣𝑣𝛼𝛼 → 𝑆𝑆𝑣𝑣𝛼𝛼.  That is, each term in each eigenvector which corresponds to an atom 

in the hot slice is multiplied by 𝑆𝑆.  In this way a thin slice of the cell is prepared at 

temperature 𝑇𝑇ℎ𝑐𝑐𝑡𝑡. 

 The temperature fluctuations are substantially reduced by averaging MD runs 

over many initial microstates. Our record for smallest fluctuations, having a standard 

deviation Δ𝑇𝑇 = 0.15K at 125K, was set by Kang [20] after averaging over 3,000 initial 

microstates (Fig 7).  In the present study, my MD runs are averaged over ~30 initial 

microstates. 

 
Figure 7: Averaging was tested up to n=3000 initial microstates [20]. 
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CHAPTER V 

CONSTRUCTION OF THE OXIDE LAYER 

A number of distinct oxide layers can be grown on Si, depending on the temperature 

and the type of ambient gas, from air to pure O2, with or without water vapor. Similarly, 

various SiOx structures can be constructed within our supercell. Several ordered oxide 

structures have been examined [87] and their energies minimized, with β-quartz and β-

tridymite found to be energetically preferred over α-cristobalite.  The formation of three 

oxide layers in Si has also been calculated [88] with ab-initio MD to understand the 

oxidation process at the atomic level. 

 Except for the fact that we consider a dry oxide (no H is included within the 

oxide), the details of the oxide are mostly irrelevant for our purposes.  Indeed, all the 

SiOx structures with x≈2 are characterized by strong Si-O bonds, with O in a slightly 

puckered Si–O–Si configuration.  The characteristic modes of such structures are within 

narrow ranges: the O asymmetric stretch is around 1150-1200cm−1, the symmetric 

stretch of its Si nearest-neighbor is around 640cm−1, the O wag modes are near 220-

250cm−1, etc. The phonon densities of states of these oxides will be very similar and 

these vibrational modes will be affected by the heat front in comparable ways. 

I constructed the SiOx layer in a way that mimics the exposure to a pure O2 gas.  

I started with one O2 molecule near an interstitial site and performed a conjugate-

gradient energy optimization (Fig. 8).  This caused the molecule to dissociate and 

resulted in the formation of two adjacent Si–O–Si bonds.  A second O2 molecule was 

then added at another near-tetrahedral interstitial site and a second conjugate-gradient 

performed.  The process was repeated until the entire oxide layer was in place (Fig.’s 8 

and 9). 

Every once in a while, a Si atom was pushed far away from its expected site 

toward an interstitial region.  This Si self-interstitial was removed, a new O2 molecule 
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was introduced, and the geometry was optimized again.  The generation of self-

interstitials is expected during the growth of an oxide [89][90].  In our calculations, one 

Si self-interstitial was created (and removed) every dozen or so O atoms.  Thus, fewer 

self-interstitials were generated in our nanowire than has been estimated for the 

precipitation of O in bulk Si [90].  Our final Si230O54H56 oxidized nanowire is shown in 

figure 10. 

 
Figure 8: Typical placement of an O2 molecule in the host Si nanowire as the oxide 

layer is under construction.  The O2 is placed in an interstitial void. A simple 

conjugate-gradient calculation will cause it to break apart and form two puckered Si-

O-Si bonds. 
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Figure 9: Snapshots of the nanowire as the oxide layer grows. 

 

 
Figure 10: The Si230O54H56 nanowire is inside a large 1D-periodic box (not shown). 

The Si, O, and H atoms are blue, red, and white, respectively. The reddish box on the 

left shows the “hot” region that generates the temperature gradient at 𝑡𝑡=0. The 

arrows show the four slices used to monitor heat flow. 
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 In our oxide construction, the geometry is optimized every time a single O2 is 

added. The final structure is a minimum of the potential-energy surface with no residual 

strain (the maximum force component is smaller than 0.008eV/Å). The phonon density 

of states of the nanowire is shown in figure 11. The few Si-H stretch modes around 2400 

cm−1 are associated with the surface Si atoms within the oxide layer: each of these Si 

atoms is bound to three O’s and one H. 

 
Figure 11: Phonon density of states of the Si230O54H56 nanowire. The upper scale is in 

K, via  𝑇𝑇 = ℏ𝜔𝜔
𝑘𝑘𝐵𝐵

. The solid (blue), dashed (red), and dotted (black) lines correspond to 

modes primarily associated with Si, O, and H atoms, respectively. The H-related 

modes around 2400cm−1 are the surface Si-H stretch modes within the oxide layer: 

each of these Si atoms is bound to three O and one H atoms. The Si-H wag modes are 

around 850 cm−1. 
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CHAPTER VI 

RESULTS 

6.1 Heat Flow 

We selected two background temperatures 𝑇𝑇0 and prepared “hot” regions (left side of 

the nanowire, Fig. 10) such that the heat-front reaches the oxide layer at 𝑇𝑇=𝑇𝑇ℎ𝑓𝑓. The 

two temperature windows we consider here are [𝑇𝑇0, 𝑇𝑇ℎ𝑓𝑓] = [155, 245] K (the resulting 

equilibrium temperature of the nanowire is 𝑇𝑇𝑚𝑚𝑒𝑒=201K) and [300, 390] K (𝑇𝑇𝑚𝑚𝑒𝑒=347K). 

These correspond to the frequency windows [𝜔𝜔0, 𝜔𝜔ℎ𝑓𝑓] = [108, 170] and [208, 271] 

cm−1, respectively. As can be seen in Fig. 11, both windows contain vibrational modes 

associated with some oxide-related modes. However, the oxide layer contains many 

more high-frequency modes than the Si region of the nanowire. Exciting these modes 

requires slow, two-phonon processes. Thus, after the modes at the Si|SiOx interface trap 

phonons, more of them decay back to the Si side than into the oxide layer because there 

are more receiving modes in the Si than the SiOx region. 

 In order to monitor heat flow along the nanowire, we divided it into slices (Fig. 

10). The same slices were used in a reference nanowire (no oxide layer) except of course 

slice 4 which now contains only Si atoms.  Each slice must be small enough to provide 

the desired sense of spatial continuity.  It must also contain enough atoms to allow the 

calculation of a meaningful slice temperature.  This is achieved by averaging over about 

30 initial microstates.  As mentioned above, the averaging is statistically equivalent to 

increasing the size of the system, leading to much better defined temperatures.  Thus 

after averaging, the temperature of a slice containing 40 atoms really uses an average 

over 1,200 atoms.  As shown in Ref. [20], for the temperatures considered here, standard 

deviations of the temperature fluctuations Δ𝑇𝑇 for the whole cell are typically smaller 

than 1K.  A 250-time-step running average was used to smooth the 𝑇𝑇(𝑡𝑡) curves.  The 

results are in Figs. 12 (lower-𝑇𝑇 window) and 13 (higher-𝑇𝑇 window). 
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Figure 12: Temperature (K) vs. time (ps) in slices 1 through 4 (Fig. 10) in the 

nanowire without (top curves) and with (bottom curves) the oxide layer. The initial 

temperature is 𝑇𝑇0=155K, the heat front reaches the location of the oxide layer at 

𝑇𝑇ℎ𝑓𝑓=245K, and the final equilibrium temperature is 𝑇𝑇𝑚𝑚𝑒𝑒=201K. When no oxide is 

present, the temperatures of all the slices converge smoothly toward 𝑇𝑇𝑚𝑚𝑒𝑒 after about 

12ps. When the oxide layer is present, the temperatures of the slices are still well 

above 𝑇𝑇𝑚𝑚𝑒𝑒 except the oxide layer which remains substantially colder. 
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Figure 13: Temperature (K) vs. time (ps) in slices 1 through 4 (Fig. 10) without (top 

curves) and with (bottom curves) the oxide layer. The initial temperature is 𝑇𝑇0=300K, 

the heat front reaches the location of the oxide layer at 𝑇𝑇ℎ𝑓𝑓=390K, and the final 

equilibrium temperature is 𝑇𝑇𝑚𝑚𝑒𝑒=347K. 

 For the perfect (no oxide) nanowire, the temperature of all the slices smoothly 

converges toward 𝑇𝑇𝑚𝑚𝑒𝑒 and are very close to it after ~12ps. When the oxide layer is 

present, the slices are above 𝑇𝑇𝑚𝑚𝑒𝑒 after the same length of time while the oxide layer 

remains substantially colder. 

 In order to quantify the impact of the oxide layer, we also plotted the temperature 

of all the Si atoms (average for the left and right sides of slice 4) and fitted the result to 

a simple exponential (Fig. 5). For the lower temperature window, the time constant 

without the oxide layer is 6.7ps vs.14.2ps with the oxide, an increase by a factor of 2.1. 

For the higher temperature bracket, these time constants are 7.2ps and 12.8ps, 

respectively, an increase by a factor of 1.8. The main difference between the low- and 
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high-𝑇𝑇 windows is caused by the difference in thermal conductivities at these two 

temperatures [91], the rest being due to the density of SLMs within the two temperature 

windows. But in both cases, the oxide substantially increases the length of time required 

for heat to leave the region where it was generated. 

 
Figure 14: Temperature (K) vs. time (ps) of the average, absolute distance to 

equilibrium between the left side (before oxide layer) and right side (after the oxide 

layer) in the nanowire for the colder (top) and warmer (bottom) temperature windows, 

without (dashed curves) and with (solid curves) the oxide layer. Smooth solid black 

curves are fits to a simple exponential with zero set at 𝑇𝑇𝑚𝑚𝑒𝑒. 

 Although these numbers strictly apply only to our small nanowire with the 

particular oxide it contains, the physical reason for the reduction in heat flow is related 

to the fact that oxide layers have more high-frequency and fewer low-frequency modes 

than Si does. Consequently, the phonons trapped at the Si|SiOx interface are much more 

likely to decay back into the Si side than into the oxide. 
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6.2 Kapitza Resistance 

As discussed in section 2.2.1, the Kapitza resistance 𝑅𝑅𝐾𝐾 is defined as 𝐽𝐽 = Δ𝑇𝑇
𝑅𝑅𝐾𝐾

, which 

relates the heat flux 𝐽𝐽 = 𝑄𝑄
𝐴𝐴Δ𝑡𝑡

 to the temperature gradient ∆T during the time ∆t across 

the area A. This gives the simple equation 𝑅𝑅𝐾𝐾 = 𝐴𝐴Δ𝑡𝑡Δ𝑇𝑇
𝑄𝑄

.  Since the axis of our nanowire 

is <100>, we take the cross-sectional area of the nanowire to be a square with half-

diagonal going from the center of the wire to the farthest Si atom plus its core radius 

(0.26Å). The heat 𝑄𝑄, temperature difference Δ𝑇𝑇, and time interval Δ𝑡𝑡 come directly from 

the MD runs (see below). This is possible since we use 1D-periodic clusters: each 

nanowire is strictly microcanonical with no thermal contamination between image 

nanowires. 

 In order to calculate these terms, we compare the perfect nanowire to that 

containing the oxide layer. Figure 15 shows the oxidized and perfect nanowires divided 

into 3 regions: Si1 (before the interface), Si2 or SiO2 the location of the layer or the 

layer, and Si3 (region beyond the layer). Without the oxide, the net thermal resistance 

of the perfect nanowire is 𝑅𝑅𝑆𝑆𝑖𝑖 = 𝑅𝑅𝑆𝑆𝑖𝑖1 + 𝑅𝑅𝑆𝑆𝑖𝑖2 + 𝑅𝑅𝑆𝑆𝑖𝑖3.  Of course, 𝑅𝑅𝑆𝑆𝑖𝑖1 and 𝑅𝑅𝑆𝑆𝑖𝑖3 are the 

same with or without the oxide.  The “interface” itself is just a plane that contains no 

atoms.  We can now calculate the flow of heat in both systems with identical hot regions 

and background temperatures, and calculate 𝑄𝑄(𝑡𝑡) and Δ𝑇𝑇(𝑡𝑡).  We extract 𝑅𝑅𝐾𝐾 by 

comparing the results for the two nanowires. 
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Figure 15: The key quantities required to calculate RK are obtained from ab-initio 

MD runs by comparing heat flow in nanowires, with (top) and without (bottom) the 

oxide layer. The regions Si1 and Si3 are the same in both nanowires. The first vertical 

line from the left denotes the approximate location of the interface in addition to the 

boundary between region Si1 and SiO2\ Si2. 

 

 In the perfect nanowire (no oxide), 𝑅𝑅𝑆𝑆𝑖𝑖 = 𝑅𝑅𝑆𝑆𝑖𝑖1 + 𝑅𝑅𝑆𝑆𝑖𝑖2 + 𝑅𝑅𝑆𝑆𝑖𝑖3 = 𝐴𝐴Δ𝑡𝑡Δ𝑇𝑇𝑆𝑆𝑆𝑆
𝑄𝑄𝑆𝑆𝑆𝑆

. With 

the oxide, it is 𝑅𝑅𝑆𝑆𝑖𝑖1 + 𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2 + 𝑅𝑅𝑆𝑆𝑖𝑖3 + 𝑅𝑅𝐾𝐾 = 𝐴𝐴Δ𝑡𝑡Δ𝑇𝑇𝑜𝑜𝑜𝑜𝑆𝑆𝑜𝑜𝑜𝑜
𝑄𝑄𝑜𝑜𝑜𝑜𝑆𝑆𝑜𝑜𝑜𝑜

.  Since 𝑅𝑅𝑆𝑆𝑖𝑖1 and 𝑅𝑅𝑆𝑆𝑖𝑖3 are the same 

in both cases, this gives 𝑅𝑅𝐾𝐾 = 𝐴𝐴Δ𝑡𝑡Δ𝑇𝑇𝑜𝑜𝑜𝑜𝑆𝑆𝑜𝑜𝑜𝑜
𝑄𝑄𝑜𝑜𝑜𝑜𝑆𝑆𝑜𝑜𝑜𝑜

− 𝐴𝐴Δ𝑡𝑡Δ𝑇𝑇𝑆𝑆𝑆𝑆
𝑄𝑄𝑆𝑆𝑆𝑆

.  This assumes that the 𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2 − 𝑅𝑅𝑆𝑆𝑖𝑖2 

term is small enough to be ignored.  The concept of “Kapitza length” gives a general 

rule of thumb for when this approximation is valid.  The Kapitza length is the length of 

a material (here, SiO2) needed to produce a thermal resistance equal to the Kapitza 

resistance. Therefore, this relation will hold whenever the oxide layer is much thinner 

than the Kapitza length of the oxide.  A conservative estimate of the Kapitza length for 

amorphous SiO2 is >~3nm [48], whereas our oxide layer is ~0.1nm. This gives an upper 

bound on the error of the calculation of 0.1nm/3nm~3.3%. Given the size of my system, 

this approximation should hold true for many different materials.  Verification of this 

approximation for my data and further details are given in appendix 8.  Calculated in 
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this way, 𝑅𝑅𝐾𝐾 is time-dependent, but its values converge quickly as shown below (Figs. 

16 and 17). 

 We set 𝑡𝑡0=0 to be the time when the heat front reaches the location of the 

interface in the pure-Si cell.  The temperature difference Δ𝑇𝑇(𝑡𝑡) is the difference in the 

temperature of the left (Si1) and right (SiO2\Si2+Si3) sides obtained from the kinetic 

energy of all the atoms on each side calculated from 𝑡𝑡0=0 to 𝑡𝑡.  The left side (Si1) is the 

same for both nanowires. The right side includes all the Si atoms beyond the interface 

(perfect nanowire) or all the O and Si atoms beyond the interface (nanowire with the 

oxide). We have verified that, at the temperatures considered here, the contribution of 

the surface H atoms is negligible.  The probability of excitation of the lowest-frequency 

surface modes (Si-H wag modes around 850cm−1) is very tiny indeed at the temperatures 

considered here. The heat 𝑄𝑄(𝑡𝑡) is the kinetic energy lost (gained) by the left (right) side 

of the nanowire from 𝑡𝑡0=0 to  𝑡𝑡. These give 𝑅𝑅𝑆𝑆𝑖𝑖(𝑡𝑡) for the perfect nanowire and 

𝑅𝑅𝑆𝑆𝑖𝑖(𝑡𝑡) +  𝑅𝑅𝐾𝐾(𝑡𝑡) for the nanowire containing the oxide (Fig. 16). 
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Figure 16: Calculated thermal resistances 𝑅𝑅 = 𝑅𝑅𝑆𝑆𝑖𝑖 (blue circles) and 𝑅𝑅 = 𝑅𝑅𝑆𝑆𝑖𝑖 + 𝑅𝑅𝐾𝐾 

(red diamonds) for the two temperature windows. The curves are labeled with the 

equilibrium temperatures 𝑇𝑇𝑚𝑚𝑒𝑒=201K (top) and 𝑇𝑇𝑚𝑚𝑒𝑒=347K (bottom), respectively. 𝑅𝑅(𝑡𝑡) 

runs from 𝑡𝑡0=0 (time when the heat front reaches the interface) to 𝑡𝑡. The dotted 

horizontal lines show the converged values. 𝑅𝑅𝐾𝐾(𝑡𝑡) is the difference between the two 

curves. 

 Figure 17 shows the time evolution of the calculated 𝑅𝑅𝐾𝐾 for the two temperature 

windows we considered. For 𝑇𝑇𝑚𝑚𝑒𝑒=347K and 𝑡𝑡 =14.25ps, the values are 𝑅𝑅𝑆𝑆𝑖𝑖=1.617 and 

𝑅𝑅𝑆𝑆𝑖𝑖 + 𝑅𝑅𝐾𝐾=2.313 (×10−9 Km2/W), giving 𝑅𝑅𝐾𝐾=0.696 (×10−9Km2/W). We take this 

converged value to be the Kapitza resistance of our Si|SiOx interface. For 𝑇𝑇𝑚𝑚𝑒𝑒=201K and 

𝑡𝑡=14.25ps, the values are 𝑅𝑅𝑆𝑆𝑖𝑖=1.52 and 𝑅𝑅𝑆𝑆𝑖𝑖 + 𝑅𝑅𝐾𝐾=3.08 (×10−9 Km2/W), giving 𝑅𝑅𝐾𝐾=1.56 

(×10−9Km2/W). Figure 18 shows a comparison of various calculated and measured 

values of 𝑅𝑅𝐾𝐾 vs. temperature. 
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Figure 17: Calculated Kapitza resistance RK for the two temperature windows, 

Teq=201K (top, purple circles) and Teq=347K (bottom, green triangles) for MD runs. 

The time t runs from t0=0 (time when the heat front reaches the interface) and t. The 

dotted horizontal lines show the converged values. 

 

 
Figure 18: Comparison of measured (a) and calculated (b)-(f) Kapitza resistances: 

(a) green cross, Ref. [38]; (b) open blue diamonds, Ref. [47]; (c) open black triangle, 

Ref. [46]; (d) open green squares, Ref. [45]; (e) open blue circle, Ref. [48]; (f) solid 

red diamonds at 201 and 347 K, present results. 
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 Our Kapitza resistance is substantially larger at 201K than at 347K.  This could 

be related to the fact that there are no (or very few) O-related SLMs in the low-T window 

while many more such modes are present in the higher-𝑇𝑇 window (Fig. 11).  Thus, in 

the low-𝑇𝑇 window, two-phonon processes are required in order for the vibrational 

modes in the oxide to trap phonons. This delays the flow of heat and increases 𝑅𝑅𝐾𝐾.  

Energy can be transferred via one-phonon excitations in the high-𝑇𝑇 window.  Studies of 

different types of interfaces are needed to support this idea, but it is consistent with what 

we have observed with other systems [21]. 
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CHAPTER VII 

KEY POINTS AND CONCLUSIONS 

The goal of my PhD research was to produce the first-principles studies of the dynamics 

of Si|SiOx interfaces at the atomic level.  This required overcoming a number of 

theoretical hurdles. 

First, I had to design a supercell in which strictly microcanonical, ab-initio, non-

equilibrium, MD simulations could be performed without the use of any thermostat and 

with the best temperature control possible.  This was accomplished using a 1D-periodic 

cluster construction (which was first developed in this group by M.B. Bebek a few years 

ago) and the supercell preparation technique (which was also developed in this group 

by D. West [16], then improved by T.M. Gibbons and others including myself) [20].  

The supercell design ensures that heat flows in just one direction at the beginning of the 

MD run, without any heat leaking into (or out of) the image cells. The MD technique 

allows me to calculate heat flow with unprecedented accuracy and monitor temperature 

changes as small as 1 or 2K at room temperature. 

Second, I had to construct an oxide layer within my Si nanowire that does not 

assume some existing oxide structure.  Instead, I had to design an amorphous oxide that 

resembles a structure that could be experimentally grown in Si.  I used ab-initio MD to 

insert one O2 molecule at a time and allowed it to interact with a Si nanowire.  I was 

able to optimize the geometry one molecule at a time, monitor the generation of Si self-

interstitials, and grow the entire oxide to the desirable thickness.  The same process 

could be used to mimic a wet oxide or exposure to air (with the appropriate combination 

of O2 and N2).  The dynamical matrix of the resulting system still had a small number 

of negative eigenvalues, despite a few months of work trying my best to eliminate them.  

The amplitude of the corresponding modes was set to zero at the beginning of the MD 

runs. 
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Third, the supercell preparation technique was used to set-up an initial thermal 

gradient, and then heat flow was monitored with and without an oxide layer in the 

nanowire, as the systems evolved toward thermal equilibrium. The two temperature 

windows considered were [𝑇𝑇0, 𝑇𝑇ℎ𝑓𝑓] = [155, 245] and [300, 390] K, where 𝑇𝑇ℎ𝑓𝑓 is the 

temperature of the heat front as it reaches the location of the Si|SiOx interface and 𝑇𝑇0 is 

the initial background temperature. The MD runs were averaged over about 30 initial 

microstates.  In both cases, we observe that the oxide layer is a substantial barrier to 

heat flow. The presence of the oxide layer increases the time constant for return to 

thermal equilibrium by a factor of 1.8 to 2.1. The physical origin of the delay is related 

to the large number of higher-frequency vibrational modes in the oxide region relative 

to the Si region. This causes most of the phonons trapped at the interface to decay back 

into Si rather than move forward into the oxide layer. Indeed, exciting high-frequency 

modes with lower-frequency ones requires slow two- (or sometimes three-) phonon 

processes. This process is likely to be the reason why a temperature discontinuity exists 

at the interface, and therefore to be the atomistic origin of the Kapitza resistance. 

            The outcome of the interactions between heat flow and the interface between 

materials A and B depends on the coupling between the normal vibrational modes at the 

interface between the two materials, not on their relative thermal conductivities. We see 

here that a SiOx layer (just like a C layer [21]) delays heat flow even though SiOx has a 

lower (and C a higher) thermal conductivity than Si. This effect is substantial and should 

not be ignored when evaluating the thermal properties of Si-based materials. 

Fourth, I developed a novel technique to calculate the Kapitza resistance 

RK directly from the ab-initio MD simulations. This works because we use 1-D periodic 

clusters, constructed in such a way that there is no thermal contamination between image 

nanowires. My calculated values of 𝑅𝑅𝐾𝐾 at 201 and 347K are consistent with those 

obtained by other authors. These results show that 𝑅𝑅𝐾𝐾 is temperature dependent. My 

results match the results of four previously published studies which appeared to be 

inconsistent with each other. But they span two different ranges of temperatures and my 

results reconcile the two.  However, more research needs to be done on different 
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interfaces using the same approach before a comprehensive picture of the atomistic 

origin of the Kapitza resistance and its temperature dependence emerges. 
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APPENDIX 

Approximations to the Kapitza Resistance Calculation 

My calculation of the Kapitza resistance begins with the basic definition of the thermal 

conductivity which is used to derive the equation in the text: 𝐽𝐽 = 𝐺𝐺Δ𝑇𝑇, where 𝐺𝐺 = 1
𝑅𝑅
 is 

the thermal conductance, 𝑅𝑅 the thermal resistance, and Δ𝑇𝑇 the temperature gradient; J 

= Q/(Δt)(A) 𝐽𝐽 = 𝑄𝑄
Δ𝑡𝑡𝐴𝐴

 is the heat flux 𝑄𝑄 per unit time Δ𝑡𝑡 per unit area 𝐴𝐴. Thus,  𝑅𝑅 =

Δ𝑇𝑇Δ𝑡𝑡𝐴𝐴
𝑄𝑄

.  I now consider the two systems (Fig. 19) to be thermal resistors which can be 

broken up in series: 

 

 

Figure 19: Both nanowires are broken up into a series of thermal resistors, two of 

which are identical. 

The total thermal resistance of each system is described by 𝑅𝑅𝑐𝑐𝑥𝑥𝑖𝑖𝑐𝑐𝑚𝑚 = 𝑅𝑅𝑆𝑆𝑖𝑖1 +

𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2 + 𝑅𝑅𝐾𝐾 + 𝑅𝑅𝑆𝑆𝑖𝑖3 and 𝑅𝑅𝑆𝑆𝑖𝑖 = 𝑅𝑅𝑆𝑆𝑖𝑖1 + 𝑅𝑅𝑆𝑆𝑖𝑖2 + 𝑅𝑅𝑆𝑆𝑖𝑖3. Subtracting the two gives 𝑅𝑅𝑐𝑐𝑥𝑥𝑖𝑖𝑐𝑐𝑚𝑚 −

𝑅𝑅𝑆𝑆𝑖𝑖 = 𝑅𝑅𝐾𝐾 + 𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2 − 𝑅𝑅𝑆𝑆𝑖𝑖2.  As can be seen in Figure 20, the term 𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2 − 𝑅𝑅𝑆𝑆𝑖𝑖2 is very 

small and can be neglected. Thus, we find that 𝑅𝑅𝐾𝐾 =  𝑅𝑅𝑐𝑐𝑥𝑥𝑖𝑖𝑐𝑐𝑚𝑚 − 𝑅𝑅𝑆𝑆𝑖𝑖, which is the 

equation we use in the main text. 

The estimate of our error bar starts with a comparison of the “Kapitza length”  

𝑇𝑇𝐾𝐾 of a SiO2 layer and the actual length of our oxide layer.  𝑇𝑇𝐾𝐾 is the length of an SiO2 

layer needed to obtain a thermal resistance equal to 𝑅𝑅𝐾𝐾.  For SiO2 in Si, 𝑇𝑇𝐾𝐾 ≥ 3.0nm 



Texas Tech University, Christopher M. Stanley, May 2018 

 
48 

[48] and our layer is 0.1nm.  Thus, the upper bound of the error associated with setting 

𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2 − 𝑅𝑅𝑆𝑆𝑖𝑖2=0 is 0.1/3.0~3.3%.  Further, figure 20 shows that the temperature of the 

Si3 region is right on top of the temperature of the oxide layer.  Thus, we can safely 

claim that the neglected term is about ~1-2% of 𝑅𝑅𝐾𝐾. 

 
Figure 20: The slices are those in Fig. 10. The temperature of the Si3 region follows 

that of the oxide layer.  Thus, 𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2 is very small compared to 𝑅𝑅𝐾𝐾, and 𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2 − 𝑅𝑅𝑆𝑆𝑖𝑖2 is 

even smaller. 


	Acknowledgments
	Table of Contents
	Abstract
	List of Figures

